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Abstract

After metabolic surgery, patients with type 2 diabetes (T2DM) typically experience a rapid improvement in
glycemic control before any significant weight loss occurs. Furthermore, a significant proportion of patients are able
to achieve long-term T2DM remission and improvement in B-cell function. While historically believed to be related
to weight loss and caloric restriction, multiple weight loss independent mechanisms have been identified to
contribute to the long-term glycemic effects induced by metabolic surgery. There are changes in bile acid
metabolism, the gut microbiome, incretins, and other gut hormones after surgery that are implicated. It is also
becoming increasingly evident that adipose tissue, specifically visceral adipose tissue, is implicated in the
pathogenesis of insulin resistance (IR) and T2DM through inflammatory changes involving the host immune
system. Therefore, metabolic surgery may exert its effects by reducing the inflammatory response through
reduction of adipose. While these mechanisms may seem discrete, there is a significant cross-talk between all
these factors that contributes to the regulation of glucose homeostasis. Together, this leads to reduced
gluconeogenesis, improved glucose tissue uptake, reduced IR, and improved B-cell function after metabolic surgery.
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INTRODUCTION

Almost 30 years ago, Pories et al. described their observations that morbidly obese patients rapidly improve
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their blood glucose control and experience remission of type 2 diabetes (T2DM) after Roux-en-Y gastric
bypass (RYGB)"\. Even more striking was that almost 90% maintained diabetes remission a decade later.
Since then, many other investigators have demonstrated the benefits of metabolic surgery on T2DM"7.
Given the magnitude and rapidity by which glucose homeostasis is achieved and hyperglycemia is
improved, the American Diabetes Association (ADA) recommends metabolic surgery to treat T2DM in
severely obese patients and suggests its consideration even in the absence of severe obesity"”. Therefore,
there has been an increased emphasis placed on the underlying mechanisms by which metabolic surgery

confers its benefits to T2DM.

Historically, metabolic surgery was thought to induce weight loss and thus, improvement in glycemic
control by calorie restriction or malabsorption. For example, the improvement in T2DM control after
laparoscopic adjustable gastric banding (LAGB) was mainly dependent on the proportion of weight loss>*'.
While weight loss is a significant contributing factor, it is apparent that there are multiple important
mechanisms that primarily regulate the glycemic benefit in T2DM patients after metabolic surgery. This can
be observed in the difference in T2DM remission rates amongst different metabolic surgeries, such as LABG

versus vertical sleeve gastrectomy (VSG) or RYGB!"""?\.

Based on these observations, many mechanisms, in addition to calorie restriction and weight loss, have been
proposed, so-called weight loss-independent mechanisms, to explain the improvement in T2DM after
metabolic surgery versus diet-alone. These include changes in changes in bile acid (BA) metabolism,
gastrointestinal (GI) hormone regulation, the intestinal microbiome, and physiologic mechanisms such as
GI motility. While our understanding of metabolic surgery mechanisms on T2DM has increased
significantly, it has also highlighted the complexity of the underlying factors involved. Consequently, the
improvement in T2DM after metabolic surgery is more realistically an inter-play between all of these
factors.

IMPACT OF CALORIE RESTRICTION AND WEIGHT LOSS

Within days of surgery, improvements in glucose homeostasis and control occur well before significant
weight loss. As such, the early improvements in glucose control are unlikely attributable to total weight loss.
This observation is one of the main reasons and part of the rationale for weight loss-independent
mechanisms for glycemic improvement after metabolic surgery. Indeed, in studies of diabetic patients who
had early matched weight loss after RYGB versus diet-alone, RYGB patients demonstrated greater oral
glucose tolerance, as well as improvements in insulin resistance (IR) and sensitivity, compared to the diet-

[13,14]

alone group'>'*.

While impressive, a few issues were identified with the design of these studies. There was a statistically
significant difference in time to achieve equivalent weight loss between the groups, with diet-alone taking
twice as long as RYGB. This would imply that the RYGB group had a significantly greater calorie restriction
compared to the diet-alone group, which could potentially impact the results. Also, after RYGB, oral glucose
reaches the intestine more quickly, resulting in earlier blood glucose and insulin peaks compared to diet-
alone, which would make oral glucose tolerance testing (OGTT) difficult to compare.

In order to address these issues, Yoshino et al. devised an elegant study in which insulin sensitivity was
tested before and after matched weight loss (~18%) in 22 obese T2DM patients who either underwent
RYGB or diet-alone”. There was no significant difference in time to weight loss between the groups, and
both groups had no differences in weight variability three weeks after weight loss, suggesting similar caloric
intake/energy expenditure. Patients underwent intensive testing to assess tissue insulin sensitivity and
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insulin kinetics at the level of muscle, liver, and adipose tissue. Compared to before weight loss, both diet-
alone and RYGB demonstrated decreased post-prandial plasma glucose, decreased endogenous glucose
production, improved insulin sensitivity in the liver, skeletal muscle, and adipose tissue, and improved
B-cell function. However, there were no significant differences in these parameters between the diet-alone
and RYGB groups. The authors suggested that the early metabolic benefits of surgery were related to the
weight loss itself and not independent factors.

Based on these results, it could be argued that calorie restriction, rather than weight loss, is the reason for
early glycemic improvement. This argument is supported by several factors: (1) similar time to weight loss
between both groups, suggesting similar caloric restriction; (2) both groups had a three-week post-weight
loss period in which weight was maintained, indicating an equivalent energy balance; and (3) as previously
stated, marked improvements in glucose control are seen after surgery and before significant weight loss. To
this end, Jackness et al. sought to determine if the early glycemic effects of surgery were inherent to the
procedure or were secondary to caloric restriction"?. In this study, they compared patients who underwent
RYGB with patients on a very low-calorie diet (VLCD) consisting of 500 kcal/day; the rationale being
500 kcal/day is similar to the typical early-post RYGB intake. Frequent intravenous (IV) glucose tolerance
tests were performed before intervention and at a mean of 21 days post-intervention. The authors observed
similar improvements in insulin sensitivity, insulin secretion after IV glucose administration, and p-cell
function between the VLCD and RYGB groups. Taking the findings of these studies together suggests that
in the post-operative period, the acute post-operative caloric restriction imparted by the surgery is a main
factor for the early improvements in glucose homeostasis and insulin action.

While acute caloric restriction is important, it is well known that long-term weight loss leads to
improvements in glycemic control in T2DM"”*", highlighting the importance of weight loss in long-term
glucose homeostasis. Knowing that obesity is a critical risk factor for T2DM development, research has
demonstrated obesity-driven IR in white adipose tissue (WAT), liver, and skeletal muscle as a primary
driver of T2DM. Furthermore, dysfunction of WAT in obese individuals is associated with disrupted
metabolic homeostasis and increased risk for T2DM™ . Visceral adipose tissue (VAT) has been
increasingly implicated in the development of T2DM and metabolic syndrome (MetS)*"??, further
highlighting the importance of weight loss for long-term metabolic improvement.

Therefore, metabolic surgery can improve glycemic control in T2DM both acutely, through caloric
restriction, and long-term through weight loss and a reduction in obesity-driven IR. However, there are
factors uniquely induced by metabolic surgery that can lead to long-term durability of weight loss and
improvements in glucose homeostasis. We will discuss this further in the following sections.

PHYSIOLOGIC ROLE OF G| HORMONES AND THE IMPACT OF SURGERY

Upon ingestion of food, a cascade of signals is triggered by the GI tract eliciting gut, neural, and hormonal
responses. These various signals and responses are needed for digestion, but more importantly, they are
critical in glucose and energy regulation. These signals are constantly incorporated along with peripheral
signals related to energy stores and nutrient availability by the gut-brain axis, subsequently impacting
nutrient utilization and influencing behavior. For example, leptin secreted from adipocytes and insulin serve
as peripheral signals for long-term energy stores and can suppress appetite”*.. Conversely, ghrelin secreted
in oxyntic glands of the fundus stimulates appetite and energy intake with increasing levels in the fasted
state>*,
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Many different peptide hormones are synthesized in enteroendocrine cells and secreted throughout the GI
tract. The L cells, particularly in the distal intestine, produce glucagon-like peptide-1 (GLP-1) and peptide
YY3-36 (PYY) and secrete them in response to nutrient ingestion””. Both GLP-1 and PYY exhibit appetite-
suppressant effects"*, but GLP-1 is heavily implicated in glucose homeostasis. Oral glucose intake
stimulates a greater insulin response in comparison to iso-glycemic parenteral glucose administration; this
is known as the incretin effect and is largely mediated by GLP-1""*". As such, GLP-1 receptor agonists
(GLP-1 RAs) are a major pharmaceutical target in the management of T2DM.

In the obese state, there is a disruption of normal energy and glucose homeostatic signals, resulting in
multiple pathophysiologic changes, including leptin and IR. Additionally, there is reduced circulating PYY
and GLP-1 following nutrient intake and post-prandial suppression of ghrelin is reduced"". These changes
function as a positive feed-back loop, bolstering appetite stimulation while impairing satiety, which
perpetuates obesity, increasing IR and the risk of T2DM. Indeed, a decreased incretin effect is an early
feature of T2DM™.

While lifestyle intervention can lead to weight loss, long-term adherence is often poor, and many
individuals experience weight regain®. This can be due to the compensatory changes in the body, including
decreased energy expenditure™, reduced circulating leptin, GLP-1, and PYY with increased levels of
ghrelin®. This aligns with the evolutionary understanding that weight loss was typically associated with
reduced survival. Interestingly, RYGB and VSG, in addition to inducing weight loss, are associated with
reduced overall hunger"”.

To understand why the normal compensatory response of hunger was blunted in RYGB, Cummings et al.
postulated that the surgery was impacting the circulating levels of ghrelin®’. They compared ghrelin
levels before and after weight loss in a diet-alone group versus the RYGB group and demonstrated that in
the diet-alone group, there was a compensatory increase in ghrelin from baseline, whereas the surgery
group, despite a greater weight loss, demonstrated a significantly reduced circulating ghrelin level. In
VSG, the major source of ghrelin production, the gastric fundus, is excised and can explain the reduction

[34]

in ghrelin levels™*.

It has now been widely demonstrated that following VSG, RYGB, and duodenal-jejunal bypass (DJB), there
is marked elevation in GLP-1"" and PYY" in comparison to restriction, whether caloric or from LABG. In
RYGB, nutrients and bile bypass a significant portion of the intestinal tract and are delivered to the distal
intestine, where a large portion of L cells reside, leading to the increase in GLP-1 and PYY. This has been
demonstrated in numerous animal studies that have translated to humans"". Previously, the mechanism
behind the elevation of GLP-1 and PYY after VSG was not completely understood, given the lack of GI
diversion. However, in patients who have undergone VSG, multiple authors have demonstrated faster
gastric emptying"™ . The mechanism behind this is thought to be potentially related to higher intraluminal
pressures within the sleeve after surgery'*”. Interestingly, through the use of cine magnetic resonance
imaging (MRI), there is increased small bowel motility independent of increased gastric emptying after
VSG™*!, which may explain how VSG increases post-prandial release of these GI peptides.

As previously discussed, despite elevations in GLP-1 following metabolic surgery, the initial improvement
in glycemic control is most likely attributable to caloric restriction. However, as pointed out by Manning
et al., there are several lines of evidence supporting GLP-1 as a central factor in sustained improvements in
glycemic control after VSG and RYGB"™. First, in patients with T2DM who undergo RYGB, recovery of
B-cell function either early or long-term following surgery only occurs with oral glucose challenges and not
iso-glycemic IV administration, highlighting the importance of the incretin effect*’. Second, following
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RYGB in severely obese and non-diabetic patients, insulin secretion was significantly increased compared to
control and was tightly correlated with increased GLP-1 secretion'*. Third, preoperative post-prandial
GLP-1 measurements are the strongest predictors of T2DM remission within one year following surgery
and long-term B-cell recovery after surgery***. Lastly, in studies using the GLP-1 R antagonist exendin
(9-39), the increased GLP-1 post-prandial response following RYGB is the main reason for the restoration
of the incretin effect in T2DM patients'”*\. In rats, increased secretion of GLP-1 after VSG has been

suggested to improve insulin secretion and hepatic insulin sensitivity*.

With the abundance of studies investigating the relationship of GLP-1 and glucose control, it was also
observed that GLP-1 RAs produced weight loss that was advantageous given that most T2DM patients are
overweight or obese” ™. In a meta-analysis of 21 trials of obese or overweight patients with or without
T2DM, those treated with GLP-1 RAs lost on average 2.9 kg compared to control; this weight loss was seen
for both diabetics and non-diabetics™. While it is known that GLP-1 inhibits appetite®™*, the complete
mechanisms by which GLP-1 RAs mediate weight loss are not fully understood. In energy-deficient states,
such as after metabolic surgery, higher levels of soluble leptin receptors are seen, which are thought to bind
and sequester circulating leptin, thus inhibiting the appetite-reducing effect of hormones””. In a
randomized controlled trial of 52 obese non-diabetic patients, Iepsen et al. showed that GLP-1 RA-treated
patients had decreased appetite, greater weight loss, increased leptin, decreased soluble leptin receptor, and
lower fasting glucose compared to control®®. They also noted an increase in PYY meal response, suggesting
that the appetite-inhibiting effect of GLP-1 RAs involves increased PYY levels.

These findings may also provide an understanding of the variation in weight loss after surgery. In one
observational study following RYGB, patients were grouped into poor weight loss and good weight loss,
with the former reporting less satiation and increased hunger along with lower PYY and GLP-1 and higher
ghrelin in circulation compared to the latter group"™. In support of gut hormones playing a role in weight
loss following metabolic surgery, other studies have demonstrated that patients have increased appetite and
weight gain with octreotide administration after RYGB™ and blockade of both GLP-1 and PYY (but not
either alone) counteracted the appetite-inhibition of RYGB, causing a ~20% increased food intake
comparatively'®'..

To summarize, following RYGB and VSG, there is an elevated post-prandial response involving GLP-1 and
PYY with a decreased level of circulating ghrelin. GLP-1 RAs have been shown to induce weight loss and
improve glycemic control; therefore, the exaggerated GLP-1 response following surgery may play a
significant role in the long-term restoration of p-cell function and improved glucose homeostasis in T2DM
patients. The increased GLP-1 and PYY and decreased ghrelin following RYGB and VSG can result in
decreased hunger, food intake, and weight gain, thus assisting in weight loss and its maintenance. Given the
growing understanding of the impact of VAT on T2DM and IR, long-term weight loss after metabolic
surgery may be a major factor in improved B-cell function and T2DM remission.

GUT MICROBIOME AND METABOLIC SURGERY

The impact of the gut microbiome on health and disease is becoming increasingly apparent with alterations
in the intestinal flora contributing to the development of several disorders'®’. Human studies have
demonstrated that alterations in gut microbiome occur in metabolic diseases, including obesity and
T2DM'®). Furthermore, it is now understood that the gut microbiome has the ability to produce bioactive
compounds that can elicit various responses in the host'*”. Considering this, there is significant interest in
whether the gut microbiome contributes to the impact of metabolic surgery on glucose control.
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Multiple studies have now demonstrated that metabolic surgery affects the composition and the activity of
intestinal microbiota*”. In one study comparing obese patients before and after RYGB, researchers
observed increased diversity and altered composition of the gut microbiome in addition to weight loss and
improved glycemic control after RYGB - a significant portion of these altered species was maintained long-
term as well'. While weight loss from lifestyle modification is also associated with changes in the gut
microbiota”, metabolic surgery was able to augment the gut microbiome of obese individuals, making it
more similar to the profile observed in lean individuals. Most studies have demonstrated a relative
reduction in Firmicutes and an increase of Bacteroidetes'*”*”"7? with an increased Bacteroidetes to Firmicutes

[65]

ratio reported after metabolic surgery in obese patients

While metabolic surgery obviously influences the gut microbiome, it raises the question of whether these
alterations contribute to the metabolic improvements following surgery. Multiple studies in mice have
shown weight loss and decreased fat mass in germ-free mice after fecal transplants from mice and humans
treated with metabolic surgery”>”*. Similarly, Jahansouz et al. showed that after VSG in mice, exposure to
antibiotics induced dysbiosis and resulted in significantly increased adiposity and impaired glucose
homeostasis compared to control VSG mice!®.

Despite these findings in rodent studies, there is still a lack of understanding regarding the impact of the
microbiome after metabolic surgery. Indeed, a recent systematic review conducted in 2019 revealed that
while many alterations in the microbiome are described after surgery, there are few metabolic observations
consistently reported across the studies”. While it seems that there is a profound effect on the microbiome
following metabolic surgery, further research is needed to determine how this contributes to the metabolic
effects after surgery. In the following section, we will discuss a potential mechanism by which the gut
microbiome may impart a metabolic effect through its involvement in BA metabolism.

ROLE OF BILE ACIDS IN GLUCOSE AND LIPID METABOLISM IMPROVEMENT

BAs are organic acids synthesized from cholesterol in the liver and conjugated to taurine or glycine before
excretion into bile. BAs are then released into the GI tract, where they function as surfactants in the
digestion and absorption of lipids through micelle formation. Following metabolic surgery in patients
with obesity, it has been shown that the serum BA level is elevated. Although it is still controversial, there is
an opinion that BA is one of the mechanisms for improving metabolism.

BAs are classified into primary BAs, which are synthesized in the liver, and secondary Bas, which are
deconjugated by intestinal microbiota. In humans, the primary BAs are cholic acid (CA) and
chenodeoxycholic acid (CDCA), while the secondary BAs include deoxycholic acid (DCA), lithocholic acid
(LCA), and ursodeoxycholic acid (UDCA)". More than 95% of BAs are actively reabsorbed in the GI tract,
particularly in the distal ileum, through active transporters such as ileal BA transporter (IBAT) or apical
sodium-dependent bile salt transporter (ASBT). These BAs then return to the liver via the portal vein. In the
liver, BAs are taken up by active transporters, including sodium-taurocholate co-transporting polypeptide
(NTCP) and organic anion transporting polypeptide (OATP)"”, into hepatocytes. They are subsequently
excreted again into bile as conjugated BAs. This is referred to as the enterohepatic circulation of BAs.

While the synthesis of BAs is complex, it can be broken into two pathways. The classical pathway, which is
normally responsible for at least 75% of BA production, involves the rate-limiting enzyme cholesterol 7
a-hydroxylase (CYP7A1). The alternate pathway of synthesis starts with sterol-27-hydroxylase (CYP27A1)
and subsequently requires oxysterol 7 a-hydroxylase (CYP7B1)"7*”l. CYP7A1, along with sterol 12
a-hydroxylase (CYP8B1), another enzyme in the classical pathway, are both feedback-regulated by BAs



Leishman et al. Mini-invasive Surg 2023;7:27 | https://dx.doi.org/10.20517/2574-1225.2023.29 Page 7 of 17

themselves!7e780¢1]

BAs have also been shown to regulate the expression of various genes via intracellular nuclear receptors and
cell surface receptors™ ™. Importantly, BAs serve as ligands for the farnesoid X receptor (FXR), a
transcription factor that is involved in the initiation and regulation of various target gene expression'®!. FXR
is expressed in multiple tissues, but its relevance is particularly notable in the liver and ileum", where
activation can greatly affect BA transport. As previously described, primary BAs are synthesized through the
enzymes CYP7A1 or CYP8B1; their expression is regulated by small heterodimeric partners (SHP), target
proteins of FXR. Therefore, CYP7A1 and CYP8B1 are inhibited by SHP, which functions to prevent a rapid
rise in BAs that is cytotoxic in vivo'®*. In addition, FXR activation promotes transcription of bile salt
export pump (BSEP or ABCB11), multi-drug resistance protein 2 (MRP2), and multi-drug resistance
protein 3 (MDR3). These are transporters that export BAs into the bile ducts from hepatocytes. Conversely,
SHP suppresses the expression of NTCP and OATP, decreasing BA uptake from the portal vein'®.

In the small intestine, intestinal BA-binding protein (IBABP) is upregulated by FXR activation***>*. IBABP
is involved in the transport of conjugated BAs, which are taken up by enterocytes via IBAT/ASBT, leading
to the efficient handover of intracellular BAs to FXR**. In the presence of physiological concentrations of
BAs, the activity and regulation of IBAT, IBABP, and FXR promote efficient BA uptake in the small
intestine. When BAs accumulate excessively in cells, FXR activation increases organic solute transporter-a
(OST-0) and -p (OST-B) expression on the basolateral side of enterocytes while suppressing IBAT
expression on the apical side of enterocytes; the net action promotes BA traffic from the cells into the portal

[84,87,88]

vein .

Given their responsibility for the formation of secondary BAs through modification of primary BAs,
research has demonstrated that the gut microbiome plays a role in BA regulation and homeostasis as well.
In terms of primary BA synthesis, it has been shown that the gut microbiome regulates multiple enzymes in
both the classical and alternate synthesis pathways, including CYP7A1, CYP27A1, and CYP7B1.
Furthermore, the microbiome is also involved in the regulation of taurine synthesis and one of the first
enzymes necessary for BA conjugation. In the gut, microbial deconjugation occurs through bile salt
hydrolase (BSH), preventing the reuptake of primary BAs by ASBT. In the colon, these deconjugated BAs
are then metabolized into secondary BAs that also have roles in cell signaling. However, this is a
bidirectional relationship with BAs having the capability to alter the microbiome community. BAs can
directly affect the microbiome pool by damaging bacterial membranes due to their detergent properties.

While BAs are involved in the regulation of their own transport and production through their interactions
with FXR, they have additional functions as cell-signaling molecules. Specifically, BAs play a significant role
in the regulation of glucose and lipid metabolism in the body. This is achieved through two pathways, which
include the FXR-mediated pathway and their binding of transmembrane G-coupled protein receptor 5
(TGRs5).

BAs are able to suppress liver gluconeogenesis through their binding of FXR. BA-bound FXR leads to the
suppression of phosphoenolpyruvate carboxykinase (PEPCK) and glucose 6-phosphatase (GePase)
expression in hepatocytes”.. In ileal epithelial cells, the expression of fibroblast growth factor 19 (FGF19)
increases due to FXR activation by BAs. FGF19 functions in an insulin-independent manner to promote
hepatic protein synthesis and inhibit gluconeogenesis within the liver®. Additionally, FGF19 is involved in
BA homeostasis through the inhibition of CYP7A1 and, thus, BA synthesis, demonstrating another way in
which BAs regulate their synthesis.
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In the liver, SHP, through the activation of FXR, influences lipid metabolism by its suppression of the
transcription factor sterol response element binding protein-1c (SREBP-1c). SREBP-1c is involved in the
regulation of fatty acid metabolism and suppresses triglyceride synthesis*”. High levels of SREBP-1c have
also been implicated in the development of hepatic IR through its inhibition of insulin receptor substrate-2
(IRS-2), an important feature of T2DM and MetS"". Therefore FXR, through downstream suppression of
SREBP-1c, may improve IR””. Additionally, FXR activates peroxisome proliferator-activated receptor-a
(PPAR-a) in hepatocytes, which is known to enhance fatty acid oxidation"".

TGRs5 is another target of BAs involved in host metabolism. TGR5 is a G-coupled protein receptor that is
expressed in tissues such as the liver, GI tract, skeletal muscle, and brown adipocytes, as well as monocytes,
macrophages, and Kupffer cells””'*. The main agonists for the receptor are the secondary BAs, LCA, and
DCA, thus linking the gut microbiome to TGR5 activation. In brown adipose tissue, activation of TGR5
through BA binding promotes the conversion of thyroxine (T4) to triiodothyronine (T3) and induces the
expression of uncoupling protein-1 (UCP-1), resulting in increased thermogenesis"*. TGR5 activation in
intestinal L cells has been shown to increase GLP-1 release!'*” as well. In macrophages, activation of TGR5
suppresses lipopolysaccharide (LPS)-induced secretion of inflammatory cytokines, such as TNF-alpha,
interleukin-1 (IL-1), IL-6, and IL-8".

Thus, BA signaling, either directly or through FXR/TGR5 and microbiome interactions, leads to (1)
suppression of gluconeogenesis, suppression of lipogenesis, and improvement of IR through FXR pathway
[Figure 1] and (2) enhancement of energy expenditure, suppression of inflammatory cytokine secretion, and
enhancement of GLP-1 secretion through TGR5 pathway [Figure 2]. All these phenomena are highly
effective in improving diabetes and dyslipidemia.

EFFECTS OF METABOLIC SURGERY ON BILE ACIDS

It is well known that serum BA levels are significantly increased in obese patients following metabolic
surgery; for example, after RYGB, these levels are increased two-four years after surgery. These levels were
correlated with the increased secretion of GLP-1 after surgery, along with a decrease in post-prandial blood
glucose™*!, demonstrating that BAs may be involved in these metabolic improvements. Similarly, FGF19
was seen to increase after RYGB and VSG, but no changes in BAs or FGF19 were observed in LABG or
caloric restriction"*. In patients with T2DM, circulating BAs and FGF19 are less than in normoglycemic
individuals, while after RYGB, these levels are higher in those who have T2DM remission versus those who

106]

do not!,

The mechanisms by which BAs are elevated following metabolic surgery are different depending on the
procedure. In RYGB, the anatomic rearrangements lead to more direct delivery of bile to the ileum,
resulting in increased BA reuptake"*” in a similar fashion to GLP-1. Interestingly, recent studies have
demonstrated that longer biliopancreatic limb (BPL) length is more effective for weight loss and diabetes
improvement"*'*. In addition, several animal studies have similarly shown that a longer BPL in obese mice
results in enhanced weight loss and improved glucose tolerance*' and that these effects are strongly
related to the increase in serum BA concentration after surgery"'""?. Furthermore, in terms of the BA
fraction after DJB, it was found that BAs with high affinity for FXR, such as CDCA and DCA, were
increased!"”.

In a rat model study in which DJB was performed, Ise et al. injected labeled BAs through the duodenal
stump, and the number of labeled BAs excreted into the bile duct was measured to determine the rate of
enterohepatic circulation"”. Both rapid turnover of BAs and higher levels of peak BA concentration were
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Figure 1. Metabolism regulation through the FXR pathway. Red arrows indicated the elevated factors by FXR activation, while blue
arrows indicated the decreased factors. Bile acid signaling suppresses gluconeogenesis and lipogenesis, stimulates fatty-acid oxidation,
improves insulin resistance, and downregulates bile acid synthesis through the FXR pathway. ASBT: Apical sodium-dependent bile salt
transporter; BSEP: bile salt export pump; CYP7AT: rate-limiting enzyme cholesterol 7 a-hydroxylase; FABP: fatty acid binding protein;
FGFR: fibroblast growth factor receptor; FGF19: fibroblast growth factor 19; FXR: farnesoid X receptor; IBAT: ileal BA transporter; IRS-2:
insulin receptor substrate-2; NTCP: sodium-taurocholate co-transporting polypeptide; OATP: organic anion transporting polypeptide;
OST: organic solute transporter; PEPCK: phosphoenolpyruvate carboxykinase; PPAR-a: peroxisome proliferator-activated receptor-o;
SHP: small heterodimeric partners; SREBP-1c: sterol response element binding protein-Tc.
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Figure 2. Metabolism regulation through the TGR5 pathway. Red arrows indicated the elevated factors by TGR5 activation, while blue
arrows indicated the decreased factors. Bile acid signaling stimulates energy expenditure, suppresses inflammatory cytokine secretion,
and increases GLP-1 secretion through the TGR5 pathway. cAMP: Fibroblast growth factor receptor; GLP-1: glucagon-like peptide-1; LPS:
lipopolysaccharide; TGR5: transmembrane G-coupled protein receptor 5; UCP-1: uncoupling protein-1.
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observed in the long BPL model. They also revealed that the absorption of BAs in the small intestine was
more efficient in the monomer form than in the micellar form. The monomer form is representative of BP-
limb contents that are not mixed with food, whereas the micellar form represents intestinal contents mixed
with lipids in the diet"". Therefore, the increase in serum BA concentration after gastric bypass may be
attributed to the shortening of enterohepatic circulation as a result of the rapid reabsorption of digestate-
free BAs in the long BPL due to prolonged contact with the intestinal epithelium in monomeric form
[Figure 3].

[96]

Elevations in BA levels have been demonstrated in VSG in a nonhuman primate (NHP) study”* as well as
in patients""""”, though more modest than in RYGB or DJB. As discussed earlier, there is increased
intragastric pressure leading to faster gastric emptying as well as increased gut motility following VSG. This
reduces the mixing of BA with food before reaching the distal intestine and may explain the rise in serum
BA levels. In mice, decreased ghrelin was shown to enhance the IBAT expression in the intestine!**. It is
known that VSG leads to a sustained reduction in ghrelin levels due to removal of the fundus®*** and thus

may further explain the elevated serum BA levels after surgery.

Understanding the impact of BAs on the regulation of glucose and lipid metabolism in the body provides
mechanistic reasons behind the improvements following metabolic surgery aside from weight loss and
caloric restriction. Elevations in BAs after surgery can further suppress gluconeogenesis and improve IR
through the FXR and FGF19 pathways while increasing energy expenditure and GLP-1 secretion via TGR5.
Interestingly, VSG has been shown to induce the differentiation of intestinal stem cells into enteroendocrine
cells in mice. While unclear if this translates to humans, this effect could be mediated through FXR-BA
signaling and may result in an increase in GLP-1-positive cells. Many of these studies have been conducted
in models such as rodents, and it should be noted that there is room for debate as to whether it is
appropriate to directly apply them to the mechanism of metabolic improvement after metabolic surgery in
humans.

IMPACT OF VISCERAL ADIPOSE TISSUE AND INFLAMMATION ON DIABETES

It was briefly discussed how weight loss following metabolic surgery could improve glycemic control
through a reduction in WAT. Again, WAT and, specifically, VAT have been implicated in the development
of IR and T2DM. However, the mechanism by which this occurs is complex and is a major focus in diabetes
and MetS research. Furthermore, understanding the impact of metabolic surgery on these mechanisms has
also garnered significant attention.

It is now understood that a key driver of the peripheral and hepatic IR in T2DM is due to adipose tissue
inflammation, specifically local inflammation in VAT"***). Macrophages have been implicated in the control
and development of VAT inflammation and have classically been described phenotypically as M2 (anti-
inflammatory) versus M1 (pro-inflammatory)"*"*". These M2-like macrophages work in concern with
resident regulatory T-cells (Tregs) in VAT to control inflammation and IR"". In mouse models of obesity,
decreased M2-like macrophages and resident Tregs are associated with VAT inflammation and IR, while in
lean mice, VAT is enriched with these cell populations'**'). The observations that several clusters of
macrophage subpopulations exist and that there may be associations between the presence of lipid-
associated macrophages and metabolic disease open the door to further study of the role of bariatric surgery
in this context.

Interestingly, BAs have been shown to control immune cell phenotypes, including macrophage polarization
and Treg differentiation"””. Furthermore, as has been discussed, obesity and T2DM alter the normal gut
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Long BPL exposed to un-mixed Bile Juice

BPL

cC Increase of BA absorption in the bypassed BPL

Shortening the enterohepatic circulation

Figure 3. Shortening of enterohepatic bile acid circulation after duodenal-jejunal bypass. Rapid reabsorption of bile acids in the long BPL
due to long contact of un-micellized bile acids to the intestinal epithelium seemed essential. AL: Alimentary limb; BA: bile acid; BPL:
biliopancreatic limb; CC: common channel.

microbial communities. This suggests that the bidirectional interaction between the gut microbiome and
BAs influences host immunity and inflammation, providing another mechanism by which metabolic
surgery might impact glucose hemostasis.

To expand upon this theory, Nugent et al. reported the results of VSG versus sham surgery in an NHP
model and monitored various outcomes for one year, including weight loss, glucose metabolism parameters,
gut hormones, microbiome, metabolites, and immune cell phenotypes”. They demonstrated durable
weight loss with a reduction in adiposity, increased post-prandial secretion, microbiome changes, and
elevations in BA levels mimicking outcomes in patients. Of great interest was the impact of VSG on VAT
inflammation. Early changes within one month demonstrated a shift in VAT immunocytes towards a
regulatory phenotype, with VSG inducing expansion of regulatory macrophages and Tregs. These immune
changes were evident up to a year later, suggesting that VSG can modulate the obesogenic memory of VAT.

VAGAL NERVE PHYSIOLOGY AND IMPACT OF SURGERY

The vagus nerve is known to influence upper GI function and metabolism"*”. Afferent vagal nerve fibers are
sensitive to the mechanical stretch of the stomach after ingestion of food. Furthermore, gut hormones,
including ghrelin, GLP-1, and PYY, have been suggested to interact with vagal nerve receptors**. Studies
investigating the impact of intermittent vagal nerve blockade on weight loss have shown some promise, but
more work is necessary before drawing conclusions">***". It has been shown that after RYGB and VSG,
gastric branches of the vagus nerve are cut, causing damage to efferent and afferent fibers"*. The
significance of this and whether or not it is related to the metabolic effects of surgery require further
investigation.
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CONCLUSIONS

While impressive improvements in glycemic control and remission of T2DM have been observed following
metabolic surgery for decades, the underlying mechanisms remained unclear for nearly as long. Previously,
the anti-diabetes effect of metabolic surgery was once believed to be purely related to weight loss and calorie
restriction; however, it is now abundantly clear that a multitude of complex factors underlies this effect.
Studies have demonstrated that the rapid improvement in glycemic control in the immediate post-operative
period is due to the caloric restriction imparted by surgery. Long-term improvement in B-cell function and
T2DM remission after metabolic surgery is related to weight loss and its maintenance, with multiple
changes induced by the surgery contributing to this. An increase in circulating BAs and change in the gut
microbiome after surgery may be implicated in the metabolic improvements observed post-surgery. Post-
prandial GLP-1, the primary driver of the incretin effect, is also elevated following surgery as a result of
anatomic factors and through BA signaling, likely contributing to the long-term improvements in glucose
homeostasis after surgery. Increased GLP-1 and PYY suppress appetite after surgery, which may contribute
to reduced weight recidivism compared to diet-alone. Weight loss, particularly reduction in adipose tissue,
reduces VAT inflammation that may contribute to the reversal of T2DM and IR.

Following metabolic surgery, there exists a complex cross-talk between gut hormones, BAs, gut
microbiome, the immune system, and adipose tissue, all of which contribute to the efficacy of the surgery
and its improvements in glycemic control. While many mechanisms have been identified, more
investigation is necessary to completely understand how all these systems interact to improve patient health.
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