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1  | INTRODUC TION

Bariatric surgery is currently our most effective strategy for sus‐
tained weight loss and improvements in the metabolic co‐morbidi‐
ties	of	obesity.	Weight	loss	averages	≥	30%	over	10	years	and	leads	
to	 a	 40%	 remission	 of	 type	 2	 diabetes	 mellitus	 (T2DM),1,2 often 
allowing	 complete	discontinuation	of	T2DM‐directed	medications.	
No	other	treatment	can	claim	this	kind	of	remission	of	T2DM.	The	
most popular bariatric surgeries worldwide are vertical sleeve gas‐
trectomy	(VSG)	and	Roux‐en‐Y	gastric	bypass	(RYGB).3	After	RYGB,	
ingested	food	bypasses	approximately	95%	of	the	stomach,	the	en‐
tire	duodenum	and	a	short	portion	of	the	 jejunum.	VSG,	a	distinct	
surgery	 in	which	80%	of	 the	 stomach	along	 the	greater	 curvature	
is	 removed	with	no	 intestinal	 rearrangement,	 is	 the	most	common	
bariatric	procedure	performed	 in	the	USA	 (58	vs	19%	of	 total	sur‐
geries	 for	 VSG	 vs	 RYGB,	 respectively4,5)	 (for	 a	 schematic	 of	 each	
surgery,	see	Figure	1).	Regardless	of	the	success	of	bariatric	surgery,	
the invasiveness and the infrastructure required to perform surgery 
continues to drive the need to find alternative strategies for treating 
obesity	and	T2DM.

The	most	 simplistic	 hypothesis	 for	 the	benefits	 of	VSG	 is	 that	
a	 smaller	 stomach	physically	 restricts	meal	 size,	 leading	 to	weight	

loss and improved metabolic endpoints secondary to weight loss. 
However,	 data	 in	 humans	 and	 rodents	 both	 demonstrate	 changes	
in feeding behaviour that go beyond mechanical restriction of meal 
size.	 Indeed,	 we	 have	 generated	 considerable	 data	 in	 our	 rodent	
model	 of	 VSG	 that	 challenge	 this	 hypothesis.	 We	 find	 sustained	
weight loss and decreased body fat but preserved lean mass with 
VSG	 alongside	 an	 early	 post‐operative	 reduction	 in	 food	 intake.6 
Although the reduction in food intake might suggest a restrictive 
mechanism,	 food	 intake	 returns	 to	 the	 level	 of	 sham	 animals	 ap‐
proximately	2	weeks	post‐operatively.	Furthermore,	if	exposed	to	a	
period	of	 food‐restricted	weight	 loss,	VSG	animals	become	as	hy‐
perphagic as sham animals when returned to ad lib access to food.6 
In	 another	 physiological	 model	 of	 hyperphagia,	 lactating	 female	
rodents	who	have	had	VSG	increase	feeding	to	the	same	extent	as	
sham surgery females.7	These	 latter	two	studies	demonstrate	that	
any hypothesised physical restriction does not prevent hyperphagia 
when	 the	physiology	demands	 it.	 Lastly,	VSG	animals	 consistently	
avoid	calorically‐dense	high‐fat	 foods,	 indicating	 that	 they	are	not	
attempting to overcome physical restriction by choosing more ca‐
lorically‐dense foods.8,9 In humans10,11	and	rodents,12 nutrients rap‐
idly	empty	from	the	pouch	or	sleeve	from	RYGB	and	VSG	surgeries,	
respectively,	further	suggesting	that	mechanical	restriction	does	not	
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To	date,	bariatric	surgery	remains	the	most	effective	strategy	for	the	treatment	of	
obesity	and	its	comorbidities.	However,	given	the	enormity	of	the	obesity	epidemic,	
and	sometimes	variable	results,	 it	 is	not	a	feasible	strategy	for	the	treatment	of	all	
obese	patients.	A	simple	PubMed	search	for	‘bariatric	surgery’	reveals	over	28	000	
papers that have been published since the 1940s when the first bariatric surgeries 
were	performed.	However,	there	is	still	an	incomplete	understanding	of	the	mecha‐
nisms for the weight loss and metabolic success of surgery. An understanding of the 
mechanisms is important because it may lead to greater understanding of the patho‐
physiology of obesity and thus surgery‐alternative strategies for the treatment of all 
obese	patients.	In	this	review,	the	potential	mechanisms	that	underlie	the	success	of	
surgery	are	discussed,	with	a	focus	on	the	potential	endocrine,	neural	and	other	cir‐
culatory	factors	(eg,	bile	acids)	that	have	been	proposed	to	play	a	role.
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play	a	role	in	surgery‐induced	reductions	in	feeding.	Thus,	the	data	
suggest that the mechanisms that drive the success of bariatric sur‐
gery	are	physiological	in	nature.	This	review	will	discuss	the	potential	
mechanisms	 that	 underlie	 the	 success	 of	 surgery,	with	 a	 focus	 on	
what has been learned from rodent models.

2  | COMPARISONS OF CLINIC AL AND 
PRECLINIC AL OUTCOMES

Preclinical work offers the ability to study cellular and molecular 
mechanisms	 that	drive	 the	success	of	surgery.	However,	 there	are	
always important issues to consider when comparing rodent with 
clinical	data.	Despite	this,	the	outcomes	of	surgery	are	qualitatively	
very similar between rodents and humans.

Physiologically,	both	humans	and	rodents	have	sustained	reduc‐
tions	in	body	mass,	changes	in	feeding	behaviour	including	meal	pat‐
terning,	 food	reward	and	macronutrient	preference,	 rapid	nutrient	
entry	into	the	intestine,	large	postprandial	increases	in	gut	peptides	
including	glucagon	like	peptide‐1	(GLP‐1),	increases	in	circulating	bile	
acids	 (BA)	 and	 changes	 in	 the	microbiome	 (see	 below	 for	 details).	
That	being	said,	there	are	potential	critical	differences.	Most	simplis‐
tically	and	not	surprisingly,	the	timing	of	changes	in	body	weight	and	
food	intake	differs.	The	body	mass	and	food	intake	nadir	is	typically	
2‐3	weeks	 in	rodents	and	6‐12	months	 in	humans.	The	majority	of	
this	weight	 loss	 in	 rodents	 is	 fat,	 rather	 than	 lean	mass,6 whereas 
humans lose both lean and fat mass.13	With	regard	to	food	intake,	
humans appear to have sustained reductions in food intake that are 
reported	up	to	10	years	post‐operatively,14 whereas rodents return 
to ingesting similar caloric loads as sham surgery animals 2‐3 weeks 
after surgery.6	However,	 the	persistently	 lower	 food	 intake	 in	hu‐
mans may actually reflect the intake that is appropriate to maintain 
energy balance for the new lower body mass. It is also worth noting 
that the assessment of food intake in humans is confounded not only 

by	experimental	error	given	that	dietary	recall	consistently	 results	
in	under‐reporting,	but	also	by	the	fact	that	patients	undergo	pre‐	
and	 post‐surgical	 feeding	 behaviour	 counselling.	 Thus,	 in	 humans,	
the ability to understand the biological impact of surgery on food 
intake is limited.

Regardless,	if	we	assume	that	food	intake	is	persistently	reduced	
in	humans,	then	another	species	difference	is	highlighted	by	recent	
work in mice suggesting that the maintenance of weight loss in mice 
after	RYGB	may	be	largely	a	result	of	increased	energy	expenditure	
rather than reduced food intake.15	By	contrast,	changes	 (either	 in‐
creases	 or	 decreases)	 in	 energy	 expenditure	 are	 not	 consistently	
reported	after	VSG	 in	rodents.6,16	This,	again,	 is	 in	contrast	 to	hu‐
mans	 who	 have	 reported	 reductions	 in	 energy	 expenditure	 after	
both	RYGB17	and	VSG.18	However,	this	reduction	in	energy	expen‐
diture could be in response to the reduced caloric intake or it may 
reflect surgery‐induced changes in body composition rather than a 
direct	 effect	of	 surgery	on	energy	expenditure.13	 That	being	 said,	
assessment	and	interpretation	of	changes	in	energy	expenditure	are	
constantly	being	debated	in	both	humans	and	rodents.	Regardless	of	
the	challenges,	there	is	value	in	using	animal	models	when	aiming	to	
understand the biological impact of surgery on these endpoints and 
when generating targets for the mechanisms underlying the success 
of surgery.

3  | MECHANISMS FOR METABOLIC 
SUCCESS

3.1 | The role of gut‐secreted peptides

That	 a	 change	 in	gastrointestinal	 (GI)	 anatomy	could	 cause	 such	a	
rapid and sustained weight loss with the associated improvements 
in	 co‐morbidities	 highlights	 the	 tremendous	 impact	 of	 the	GI	 sys‐
tem	 with	 respect	 to	 regulating	 homeostasis.	 However,	 the	 exact	
mechanism(s)	driving	the	weight	 loss	and	metabolic	 improvements	

F I G U R E  1  The	impact	of	vertical	
sleeve	gastrectomy	(VSG)	and	Roux‐en‐Y	
gastric	bypass	(RYGB)	on	the	central	
nervous	system	(CNS),	gut	and	gut‐brain	
axis.	The	CNS	is	more	highly	activated	by	
surgery and induces changes in feeding 
patterns and macronutrient preference. 
The	gut	responds	with	increases	
postprandial	peptide	secretions,	increases	
in	plasma	bile	acids	(BA)	and	changes	in	
the	microbiome.	The	gut‐brain	axis	may	
integrate these two systems as celiac 
gangliectomy blunts weight loss responses 
to	RYGB
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still	remain	elusive.	One	hypothesis	that	persists	is	that	bariatric	sur‐
gery	increases	the	nutrient‐induced	secretions	of	GI‐tract	peptides	
shown	to	play	a	role	in	the	regulation	of	appetite,	energy	expendi‐
ture and blood glucose homeostasis.

3.2 | Satiety‐regulating peptides

Specialised	 enteroendocrine	 cells	 secrete	 peptides	 in	 response	 to	
changes	 in	nutrient	 status.	Glucose‐dependent	 insulinotropic	pep‐
tide	 (GIP)	 and	GLP‐1	 secreted	 from	 predominantly	 the	 upper	 and	
lower	small	 intestine,	 respectively,	are	considered	to	be	 important	
for	the	regulation	of	glucose	homeostasis,	whereas	cholecystokinin	
(CCK),	GLP‐1,	 glucagon	 like	peptide‐2	 (GLP‐2),	 oxyntomodulin	 and	
peptide	YY	(PYY)	also	function	as	satiety	signals.20	GIP	is	secreted	
from	enteroendocrine	K‐cells	 located	within	 the	 proximal	 gut	 and	
is critical for regulation of insulin and gastric secretion and motility. 
Although,	traditionally,	these	enteroendocrine	cells	were	considered	
to	be	differentiated	by	the	peptides	they	secrete,	it	is	most	likely	that	
the differentiation is regional.21‐23	 An	 example	 of	 regional	 distinc‐
tion	is	that	GLP‐1‐secreting	cells	in	the	distal	jejunum	and	ileum	co‐
express	PYY,24	whereas	proximal	GLP‐1‐secreting	 cells	 co‐express	
CCK,	GIP,	neurotensin,	or	secretin.25	Although,	 traditionally,	 these	
enteroendocrine cells were differentiated by the peptides they se‐
crete,	recent	research	suggests	that	there	is	heterogeneous	co‐ex‐
pression	of	different	peptides	in	these	cells,	and	that	these	patterns	
of	co‐expression	differ	between	regions	of	the	gGI	tract.26	This	pro‐
cess may enable enteroendocrine cells to respond to specific local 
nutritional stimuli.27	Bariatric	surgeries	change	not	only	the	GI	anat‐
omy,	but	also	the	rate	at	which	nutrients	enter	the	intestine.	Thus,	it	
is not surprising that many of these gut peptides are also altered by 
bariatric surgery.

Ghrelin	 is	secreted	from	gastric	and	duodenal	enteroendocrine	
cells;	 it	 is	one	of	 the	 few	GI	 tract‐secreted	peptides	 for	which	cir‐
culating levels decrease postprandially. Increased circulating ghrelin 
levels	are	associated	with	an	increased,	rather	then	a	reduced,	drive	
to eat.28	With	RYGB,	ghrelin	levels	are	maintained	in	many	studies,	
whereas,	with	VSG,	they	are	consistently	decreased,29,30 suggesting 
that,	although	the	stomach	and	duodenum	are	no	 longer	receiving	
luminal	nutrient	stimuli	with	RYGB,	the	blood	flow	to	the	tissue	 is	
sufficient to stimulate the release and maintain plasma ghrelin levels. 
To	determine	whether	the	decrease	in	ghrelin	with	VSG	is	necessary	
for	the	success	of	surgery,	VSG	was	performed	in	mice	genetically	
devoid of ghrelin.31	However,	these	mice	lost	body	weight	and	im‐
proved their glucose tolerance as much as sham surgery controls. 
Together	 with	 the	 slightly	 superior	 improvements	 in	 body	weight	
and	glucose	homeostasis	with	RYGB	vs	VSG,	these	data	suggest	that	
a	reduction	of	ghrelin,	in	and	of	itself,	is	not	necessary	for	metabolic	
improvements after bariatric surgery.

It	is	not	clear	whether	CCK,	an	anorectic	peptide	secreted	from	
the	upper	GI	tract,	 increases	after	bariatric	surgery.	Although	CCK	
has	been	 found	 to	be	 increased	 in	RYGB,	 this	 increase	appears	 to	
be	greater	after	VSG	in	humans.32,33	However,	Otsuka	Long‐Evans	
Tokushima	 Fatty	 rats,	 lacking	 CCK‐1	 receptors,	 are	 able	 to	 lose	

weight	 and	 improve	 glucose	 homeostasis	 in	 response	 to	 RYGB,34 
suggesting	 that	CCK	signalling	 is	also	not	necessary	 for	 the	meta‐
bolic	success	of	bariatric	surgery,	or	at	least	in	response	to	RYGB.

Peptide	YY	and	GLP‐1	are	secreted	from	distal	L‐cells	and	both	
peptides	increase	postprandially	after	VSG	and	RYGB	in	humans	and	
rodents.10,35‐39	Although	consistent	increases	in	PYY	are	seen	after	
surgery,	its	mechanistic	role	in	the	weight	loss	associated	with	bar‐
iatric	surgery	has	not	been	studied	as	extensively	as	that	of	GLP‐1.	
One	study	has	shown	that	PYY	knockout	(KO)	mice	lost	less	weight	
acutely	 after	 RYGB	 (assessment	 at	 10	days	 post‐operatively).40 
Unfortunately,	these	mice	were	not	assessed	further	for	changes	in	
feeding behaviour.

Both	 total	 and	 active	 levels	 of	 GLP‐1	 are	 increased	 after	
surgery.	 Postprandial	 GLP‐1	 levels	 are	 strikingly	 (approximately	
10‐fold)	 increased	 after	 both	 RYGB	 and	 VSG	 and	 this	 increase	
is	seen	within	2	days,	and	is	maintained	for	at	least	2	years	after	
surgery.10,33,41‐43	Importantly,	weight	loss	through	caloric	restric‐
tion	does	not	lead	to	an	increase	in	postprandial	GLP‐1	levels	such	
as	 for	VSG	and	RYGB,43 highlighting the physiological effect of 
these	surgeries.	Preproglucagon	is	the	gene	that	produces	GLP‐1,	
although it also produces other peptides and based on post‐
translational processing this occurs in a tissue‐specific fashion. 
In	the	intestine	and	central	nervous	systerm	(CNS),	expression	of	
prohormone convertase 1/3 processes preproglucagon peptides 
to	 produce	GLP‐1	 and	 oxyntomodulin,	which	 are	 both	 assumed	
to	 regulate	 satiety	 and	 glucose	 homeostasis,	 and	 GLP‐2,	 which	
regulates	 intestinal	 growth	 and	 morphology.	 Circulating	 levels	
of all of these peptides are increased by bariatric surgery.36,44,45 
Preclinical	studies	in	rats	demonstrate	that	the	increase	in	GLP‐2	
occurs	 in	 parallel	 with	 intestinal	 hypertrophy	 after	 RYGB.46 
However,	mice	 null	 for	 the	GLP‐2	 receptor	 lose	weight	 and	 im‐
prove glucose tolerance similar to wild‐type animals in response 
to	VSG.47	Given	its	link	to	glucose	sensing	and	absorption	in	the	
gut,48	the	increase	in	GLP‐2	with	RYGB	could	also	blunt	some	of	
the	macronutrient	malabsorption	 that	would	be	expected	 to	 in‐
crease	 with	 intestinal	 rearrangement,	 an	 effect	 minimised	with	
VSG.	 Thus,	 these	 apparent	 differences	 could	 reflect	 the	 varied	
impact of the specific surgeries or it could simply be that the in‐
crease	in	GLP‐2	and	consequent	increase	in	hypertrophy	that	oc‐
curs	with	RYGB	is	a	marker	but	not	a	mechanism	of	the	success	
of surgery.

Peptide	YY	 is	activated	by	a	cleavage	enzyme,	dipeptidyl	pep‐
tidase‐4	(DPP4).	DPP4	also	degrades	and	inactivates	GLP‐1.	To	de‐
termine the role of these two anorectic peptides in the regulation 
of	 feeding	after	RYGB,	one	study	administered,	 saline,	a	DPP4	 in‐
hibitor,	a	GLP‐1	receptor	antagonist,	or	a	combination	of	the	DPP4	
inhibitor	 plus	 the	GLP‐1	 receptor	 antagonist	 to	 patients	 3	months	
after	RYGB.49	Only	the	combined	drugs	significantly	 increased	the	
amount	of	food	 ingested	during	the	standardised	meal,	suggesting	
that	both	PYY	and	GLP‐1	receptor	signalling	are	necessary	to	regu‐
late	acute	meal	ingestion	after	surgery.	Altogether,	these	data	sug‐
gest that the combined impact of these anorectic peptides is more 
important than the impact of any one peptide alone.
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In	 the	 pancreas,	 predominant	 expression	 of	 proconvertase	 2	
leads to preproglucagon processing to produce glucagon. Although 
some studies have reported an increase in postprandial glucagon 
after	 RYGB,50‐53 a later study suggested that this work was con‐
founded	by	the	fact	that	RYGB	causes	large	increases	glicentin,	an‐
other preproglucagon peptide that has increasing cross‐reactivity 
with standard glucagon enzyme‐linked immunosorbent assays with 
increasing plasma concentrations.54	Thus,	more	research	is	needed	
from independent groups utilising sensitive and specific assays 
to determine whether glucagon is increased with surgery or not. 
Regardless,	 if	 glucagon	does	 increase,	 it	may	not	be	critical	 in	 the	
success of surgery because genetic deficiency of both the glucagon 
receptor	and	the	GLP‐2	receptor	does	not	blunt	the	metabolic	ben‐
efits	of	VSG.47

Oral	glucose	drives	a	much	greater	insulin	response	compared	to	
when the same glucose load is administered i.v.55	This	incretin	effect	
is	attributed	to	GLP‐1	and	GIP.56,57	 In	healthy	and	T2DM	subjects,	
GLP‐1	and	GIP	contribute	almost	equally	to	the	incretin	effect	stim‐
ulating the majority of postprandial insulin release.56	Instead,	the	de‐
fect	with	obesity	and	T2DM	appears	to	be	in	an	overall	reduction	in	
the incretin effect.58	Both	RYGB	and	VSG	correct	and	even	enhance	
the	 incretin	effect.	Both	GLP‐1	and	GIP	are	also	 rapidly	degraded	
by	DPP4,	the	same	peptide	that	activates	PYY.	DPP4	inhibitors	in‐
crease	GIP	and	GLP‐1	two‐fold.	When	administered	with	or	without	
exendin	9‐39,	DPP4	inhibitors	improve	glucose	tolerance	and	insulin	
secretion	in	non‐surgical	T2DM	patients.59	In	mice,	DPP4	inhibitors	
retain	 their	 glucose	 improvement	 efficacy	when	 either	GLP‐1R	 or	
GIPR	are	genetically	deficient	but	not	 in	double	GLP‐1R/GIPR	KO	
mice.60	 Together,	 these	 data	 suggest	 that	 either	GLP‐1	or	GIP	 re‐
ceptor	signalling	is	sufficient	for	the	ability	of	DPP4	inhibitors	to	im‐
prove	glucose	tolerance.	However,	in	T2DM	patients	that	have	had	
RYGB	a	DPP4	inhibitor	failed	to	improve	glucose	tolerance	or	β‐cell 
function	when	GLP‐1	receptor	signalling	was	blocked,61 suggesting 
that	 RYGB	 shifts	 the	 balance	 of	 the	 incretin	 effect	 toward	GLP‐1	
and	 away	 from	 GIP.	 Interestingly,	 GIP	 does	 not	 show	 consistent	
increases	 after	 RYGB43,62 and even has demonstrated decreases 
1	year	after	both	RYGB63	and	VSG.30	Together,	these	data	suggest	
that	postprandial	 increases	 in	GLP‐1	are	more	 important	 than	GIP	
with respect to regulating the changes in postprandial insulin and 
consequently glucose after bariatric surgery.

Despite	the	indication	that	GLP‐1	is	important	for	postprandial	
changes	 in	glucose	homeostasis,	whether	 the	 increase	 in	GLP‐1	 is	
necessary	for	weight	loss	or	T2DM	resolution	remains	to	be	deter‐
mined.	 One	 of	 the	 complications	 of	 determining	 the	 mechanistic	
role	of	GLP‐1	in	mediating	T2DM	resolution	is	that	the	duration	of	
disease	and,	consequently,	the	degree	of	impairment	of	β‐cell func‐
tion prior to surgery may be more critical in determining whether 
those β‐cells	can	recover	sufficiently	to	resolve	T2DM.64 Although 
one	study	found	a	predictive	role	of	the	degree	of	increase	in	GLP‐1	
and	 in	 the	 remission	of	T2DM	after	RYGB,39 another study found 
no	such	relationship	after	VSG.65	Still,	administration	of	the	GLP‐1	
receptor	 antagonist,	 exendin	 9‐39,	 impaired	 the	 insulin	 response	
to an oral glucose load in both humans and rodents after bariatric 

surgery,41,66‐68	 suggesting	 a	 role	 for	 GLP‐1	 in	 postprandial	 insulin	
secretion.	 However,	 in	 dietary‐induced	 obese	 mouse	 models	 ge‐
netically	 deficient	 in	GLP‐1	 receptors,	 both	VSG	 and	RYGB	 retain	
their ability to induce weight loss and improve glucose.69‐71	Lastly,	
inducible knockdown of the β‐cell	GLP‐1	receptor	in	adult	mice	using	
the	Cre‐loxP	system	prevented	improvements	in	glucose	tolerance	
and glucose‐stimulated insulin secretion but not weight loss72 in one 
study,	although	there	was	no	impact	of	a	similar	genetic	disruption	
on	VSG	results	in	another.73 A recent study with data from lean post‐
gastrectomy patients with postprandial hypoglycaemia and a lean 
VSG	mouse	model	confirms	previous	studies	 that	pharmacological	
blockade	of	GLP‐1	receptor	signalling	increases	glucose	and	reduces	
postprandial insulin responses.74 Although it is true that impaired in‐
sulin	resistance	could	confound	the	ability	to	detect	a	role	of	GLP‐1	
in	surgical	success	in	mice,	there	are	several	problems	with	extrap‐
olating	these	recent	data	to	suggest	that	GLP‐1	is	critical	for	T2DM	
resolution.	First,	the	extent	to	which	the	altered	glucose	responses	
to	a	meal	after	surgery	are	responsible	for	T2DM	is	not	clear.	Indeed,	
it has been argued that an increase in glucose variability as is seen 
with	bariatric	surgery	has	detrimental	effects,	including	an	increased	
cardiovascular risk.75	The	other	 issue	 is	 the	 interpretation	of	phar‐
macological	 data.	 Blockade	 of	 GLP‐1	 receptor	 signalling	 increases	
the glucose curve in both sham and surgery animals or control vs 
RYGB	 patients.	 In	 one	 clinical	 study	 where	 RYGB	 patients	 were	
treated	with	Ex9	during	a	meal,	 the	glucose	area	under	 the	 curve	
values	of	the	Ex9‐treated	patients	were	expressed	relative	to	vehicle	
and the impairment was not statistically different between control 
and	RYGB	patients.76	Thus,	the	interpretation	of	these	pharmacolog‐
ical studies is complicated and leaves open the question of whether 
GLP‐1R	 signalling	 matters	 specifically	 for	 T2DM	 resolution	 after	
surgery,	 or	whether	 it	 just	 generally	matters	 for	 insulin	 regulation	
whether the patients have had surgery or not.

Although it is surprising that the 10‐fold increase in plasma 
GLP‐1	 with	 surgery	 might	 not	 play	 a	 critical	 mechanistic	 role	 in	
the	 success	 of	 surgery,	 it	 is	 possible	 that	 this	 increase	 reflects	 a	
defensive response of the intestine to the rapid nutrient entry in‐
duced	by	 both	 surgeries.	Clearly,	 the	 changes	 in	GI	 anatomy	with	
surgery greatly alter the cocktail of postprandial gut peptides. 
Although	these	changes,	in	particular	with	GLP‐1,	have	been	found	
to	be	associated	with	greater	weight	loss,	association	does	not	mean	
causation.	Alternatively,	it	may	be	that	changes	in	the	whole	cocktail	
of	gut	peptides	are	necessary	for	the	response	to	bariatric	surgery,	
explaining	why	genetic	removal	of	signalling	for	one	gut	peptide	at	a	
time	has	a	minimal	effect.	More	work	will	be	needed	to	understand	
whether the changes in these gut peptides are a marker or a mecha‐
nism for the success of surgery.

3.3 | The role of the nervous system

Feeding	behaviour	is	carefully	regulated	by	the	CNS	and,	given	the	
clear	changes	in	feeding	behaviour	with	surgery,	it	would	follow	that	
the	CNS	 is	mediating	 these	 changes.	 Feeding	 patterns	 are	 clearly	
and persistently altered by bariatric surgery with both humans and 
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rodents ingesting smaller more frequent meals post‐operatively.77‐83 
In	 addition,	 bariatric	 surgery	 alters	 taste	 sensitivity,	 food	 reward	
and macronutrient preference in rodents.8,9,84,85 With regard to the 
latter,	 lean	and	obese	rats	and	mice	will	overwhelmingly	 ingest	fat	
when	 given	 a	 choice	 between	 fat,	 carbohydrate	 and	 protein	 ma‐
cronutrients.6,9	 However,	 bariatric	 surgery	 shifts	 this	 preference	
towards carbohydrate and away from fat.6,9,85,86	In	humans,	similar	
shifts in food preference are observed.87 An interesting possibility is 
that the reduced appetite or shift in macronutrient preference seen 
with bariatric surgery is not because some foods are found to be 
more	favorable	than	others	but,	 instead,	because	 ingestion	of	cer‐
tain	foods	leads	to	aversive	side‐effects.	Many	patients	report	feel‐
ings	of	food‐induced	sickness	after	either	RYGB	or	VSG.88,89	Indeed,	
greater weight loss is correlated with reports of greater food‐in‐
duced aversion.89	Similarly,	rats	have	a	particular	aversion	to	oil	after	
both	RYGB90	and	VSG.9

In	addition	 to	changes	 in	 feeding	behaviour,	 there	are	multiple	
points of data that indicate that the brain is more highly activated 
after	a	meal	following	bariatric	surgery.	For	example,	we	have	found	
that	 FOS‐like	 immunoreactivity,	 a	 marker	 for	 neuronal	 activation,	
within	a	 specific	area	of	 the	hindbrain,	 the	nucleus	of	 the	 solitary	
tract	 (NTS)	and	the	area	postrema,	 increases	after	a	sucrose	or	an	
equi‐caloric	 lipid	gavage	to	a	greater	extent	 in	male	rats	that	have	
had	VSG	 vs	 rats	 that	 had	 sham	 surgery	 and	were	 either	 ad	 lib	 or	
pair‐fed	to	the	VSG	animals.8	The	NTS	and	area	postrema,	are	crit‐
ical	 junctures	 between	 the	 vagus	 and	 blood	 stream,	 respectively.	
Indeed,	data	suggest	 that	 it	 is	not	 just	 the	signalling	to	this	 region	
that is altered but that the electrical properties of neurones within 
the	NTS	that	are	altered	by	high	fat	diet	and	this	effect	is	reversed	
by	RYGB.91	In	patients	that	have	received	RYGB,	the	hypothalamus,	
pituitary	and	medial	orbital	cortex	were	all	more	highly	activated	and	
the	right	dorsolateral	frontal	cortex	were	more	deactivated	after	a	
meal.92

A critical question is what are the key signals that drive this in‐
crease	in	CNS	activation	with	surgery?	The	increase	in	circulating	
hormones/gut	peptides	(many	of	which	have	receptors	throughout	
the	CNS)	and/or	nutrients	could	be	acting	directly	within	the	CNS	
to	 initiate	these	responses.	However,	currently,	 there	are	 limited	
data to suggest that direct hormone and/or nutrient action drives 
greater	 CNS	 activation.	 Although	 GLP‐1	 receptor	 expression	
within	the	CNS	has	been	shown	to	be	important	for	regulation	of	
body	mass,	CNS	administration	of	exendin	9‐39,	 a	potent	GLP‐1	
receptor	 antagonist,	 in	 rats	 does	 not	 block	 the	 impact	 of	 RYGB	
on	weight	loss,71	suggesting	that	CNS	GLP‐1	receptor	signalling	is	
not	critical	for	surgery‐induced	weight	loss.	However,	it	is	possible	
that	peripheral	nerve	GLP‐1	receptor	signalling	overrides	the	CNS	
antagonism	and/or	that	GLP‐1	receptor	signalling	works	in	concert	
with	other	gut	peptides	(eg,	PYY)	to	regulate	feeding.	In	addition,	
because	of	its	increased	‘gastric’	or	sleeve	emptying	rate,	nutrients	
enter	 the	 intestine	much	more	 rapidly.	 This	 clearly	 changes	 the	
pattern	of	nutrient	responses	to	a	meal.	For	example,	continuous	
glucose	 monitoring	 in	 patients	 after	 RYGB	 shows	 a	 greater	 dy‐
namic range in glucose levels with larger peaks but rapid returns to 

baseline after a carbohydrate‐rich meal.93 Whether these greater 
peaks	could	contribute	to	greater	postprandial	CNS	activation	re‐
mains to be determined.

Another possibility is that the nutrient levels themselves or the 
concomitant	rise	in	gut	peptides	increase	vagal	afferent	firing,	which	
then	feeds	back	to	higher	brain	centres.	Additionally,	the	increased	
gastric	pressure	that	drives	the	increase	in	emptying	rate	with	VSG12 
could provide greater mechanical feedback via the vagus to the 
CNS.	A	standard	approach	for	examining	the	neuronal	component	
of	the	gut‐brain	axis	is	to	surgically	ablate	the	vagus.	Neither	hepatic	
branch,94 nor subdiaphragmatic95 vagotomy impact surgical weight 
loss.	 However,	 subdiaphragmatic	 vagotomy	 did	 blunt	 surgery‐in‐
duced	shifts	 in	taste	preference,	and	the	mechanism	is	considered	
to	be	a	result	of	alterations	of	dopamine	signalling	within	the	CNS.95 
In	addition,	when	the	vagus	is	ligated	at	the	stomach,	RYGB	is	less	
effective than when the nerve is left intact.96	Lastly,	ablation	of	the	
vagal	branch	that	innervates	the	intestine	(celiac	branch	vagotomy)	
also blunts surgery‐induced weight loss and suppression of feeding 
in	 response	 to	 RYGB.97	 Altogether,	 these	 data	 support	 a	 specific	
role for intestinal rather than hepatic vagal innervation in the suc‐
cess	of	surgery.	Similar	to	distinct	nuclei	within	the	CNS,	the	vagus	
is	a	heterogeneous	population	of	neurones,98‐100 allowing individual 
neurones	to	respond	to	distinct	stimuli.	Indeed,	activation	of	specific	
neurones	within	the	nodose	ganglia,	the	cell	body	of	the	vagus,	have	
been	found	to	differentially	regulate	GI	functions.	For	example,	op‐
togenetic	activation	of	vagal	neurones	that	express	GLP‐1	receptors	
regulate	gastric	stretch,	whereas	activation	of	neurones	expressing	
a	specific	nutrient	sensing	G‐coupled	protein	receptor,	GPR65,	regu‐
late intestinal nutrient sensing.100	The	application	of	this	technology	
to surgery will be an important to move towards a better under‐
standing of the role of the vagus in mediating the various physiolog‐
ical responses to bariatric surgery.

3.4 | The role of intestinal morphology

The	intestine	forms	a	critical	barrier	from	the	external	to	internal	en‐
vironment.	Perhaps	because	of	this	critical	function,	there	is	a	very	
high	turnover	(every	4	days)	of	the	epithelial	cells	that	make	up	this	
barrier.	These	cells	 line	the	villi	 (absorptive	region)	and	crypts	 (the	
region	where	the	stem	cells,	the	precursors	for	intestinal	epithelial	
cells,	are	located).	Nutritional	state	and	intestinal	diseases	both	im‐
pact	intestinal	morphology	(villi	 length	and/or	crypt	depth);	for	ex‐
ample,	obesity	has	been	found	to	increase	both	of	these	variables.101 
However,	RYGB	has	 also	been	 found	 to	 increase	overall	 intestinal	
thickness,	 both	 villi	 length	 and	 width,	 crypt	 depth,	 and	 mucosa	
volume	within	the	roux	and	common	but	not	in	the	biliopancreatic	
limb.46,102‐104	The	lack	of	proliferation	in	the	biliopancreatic	limb	sug‐
gests	a	role	of	nutrient	exposure	(or	lack	thereof)	in	directing	these	
regional	 differences.	 Interestingly,	 data	 suggest	 that,	 after	 RYGB,	
the	 intestine	directs	glucose	towards	the	hexosamine	biosynthesis	
pathway,	a	metabolic	pathway	critical	for	tissue	growth.105

The	 impact	of	VSG	on	 intestinal	morphology	 is	 less	clear.	One	
paper	reported	no	 impact	of	VSG	on	 intestinal	morphology102 and 
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other studies demonstrate an increase in villus length but not crypt 
depth.106‐108	Also,	unlike	RYGB,	VSG	increases	the	number	of	GLP‐1	
positive cells within the jejunum and ileum.106,108	This	would	suggest	
that	VSG	drives	 an	 increase	 in	 production	of	GLP‐1	positive	 cells.	
Given	 that	 the	plasma	 levels	of	other	 gut	peptides	 (CCK,	GIP)	 are	
also	 increased	by	VSG,	 these	data	 suggest	 that	 there	 is	an	overall	
increase	 in	 enteroendocrine	 cell	 production.	However,	more	work	
is needed to differentiate the impact of changes in the response of 
these enteroendocrine cells to nutrients vs the increase in cell num‐
ber and their respective contribution to the overall increase in gut 
peptide levels and of course whether these differences matter to the 
overall success of surgery.

3.5 | The role of changes in BA

Bile acids are synthesised by the liver and travel from the liver to the 
gall	bladder,	bile	duct,	 intestine,	blood	and,	finally,	are	transported	
back into the liver. Primary BA produced by the liver can be conju‐
gated	with	either	glycine	or	taurine.	Once	in	the	lumen	of	the	intes‐
tine,	the	intestinal	flora	modifies	primary	BA	to	form	secondary	BA.	
Changes	in	BA	have	been	linked	to	changes	in	glucose	homeostasis.	
For	example,	fasting	plasma	levels	and	specifically	increased	levels	
of	cholic	acid,	deoxycholic	acid	and	their	conjugated	forms	are	found	
in insulin resistant patients109 and elevated fasting levels of total 
BA with preferential increases in more hydrophobic and conjugated 
BA	are	found	in	T2DM	patients.109‐111	Interestingly,	RYGB	patients	
who have profound improvements in glucose homeostasis also have 
been found to have a more than three‐fold increase in plasma BA 
compared to weight‐matched non‐surgical controls.112	Specifically,	
RYGB	in	humans	increases	cholic	acid	(CA),	chenodeoxycholic	acid	
(CDCA)	 (primary	BA)	and	deoxycholic	acid	 (a	secondary	BA).112‐116 
The	difference	in	BA	between	bariatric	surgery	and	impaired	glucose	
metabolism may reside in differences in the ratio of the various BA 
species.	For	example,	one	study	demonstrated	that	a	higher	propor‐
tion	of	CDCA	relative	to	total	BA	(CDCA%)	and	a	shorter	duration	
of	diabetes	was	predictive	of	 surgery‐induced	 remission	of	T2DM	
in	Chinese	patients.117	Similar	effects	on	BA	increases	are	observed	
after bariatric surgery in animal models.107,118,119	In	mice,	VSG	also	
results	 in	 a	 change	 in	 the	 composition	of	BA	also	 towards	CA,	 al‐
though	 there	 is	 also	 an	 increase	 in	 tauroursodeoxycholic	 acid,93 a 
particular BA that has been found to have potent metabolic effects 
in a diabetic mouse model.120	Interestingly,	ursodeoxycholic	acid,	a	
hydrophilic secondary BA utilised pharmacologically to treat chol‐
estasis,	 has	 no	 additional	 impact	 on	 gut	 peptide	 or	 glucose	 levels	
when	administered	to	RYGB	patients.121	Thus,	the	differences	in	the	
impact of obesity and bariatric surgery are important because dif‐
ferent types of BA have differing metabolic properties and differing 
affinities	 (including	 antagonistic	 properties)	 for	 the	 two	 receptors	
thought to be critical for BA signalling.

In	 addition	 to	 their	 emulsifying	properties,	BA	also	act	 as	hor‐
mones with two different identified receptors; a cell surface 
membrane‐bound	G	protein‐coupled	receptor	 (TGR5)122 and a nu‐
clear	 transcription	 factor,	 farnesoid	 X	 receptor	 (FXR).123,124	 TGR5	

activation	 within	 the	 intestine	 increases	 secretion	 of	 GLP‐1	 from	
intestinal L‐cells125	and,	within	the	muscle	and	brown	adipose	tissue,	
it	increases	energy	expenditure.126	FXR,	which	is	highly	expressed	in	
the	liver,	intestine,	kidney	and	adrenal	glands,	has	been	found	to	be	
a	crucial	upstream	regulator	of	lipid	and	glucose	metabolism,	as	well	
as of BA synthesis.127‐129

Intestinal	activation	of	FXR	results	in	the	upregulation	of	fibro‐
blast	growth	factor	19	(FGF19;	FGF15	is	the	mouse	orthologue)	syn‐
thesis	and	secretion.	In	turn,	circulating	FGF19/15	regulates	hepatic	
BA	synthesis	and	stimulates	gall	bladder	filling.	FGF19/15	improves	
glucose homeostasis specifically by inhibiting hepatic gluconeogen‐
esis,130 enhancing hepatic mitochondrial activity and glycogenoly‐
sis,131,132	and	increasing	insulin‐independent	glucose	uptake,130 and 
does so by activating multiple fibroblast growth factor receptors 
in	multiple	target	organs,	including	the	liver,	pancreas,	adipose	and	
brain.133	 Demonstrating	 translational	 relevance	 of	 these	 findings,	
patients	 with	 T2DM	 have	 reduced	 FGF19	 levels111	 and	 RYGB	 in‐
creases	FGF19,	an	effect	that	has	been	linked	to	the	surgery‐induced	
T2DM	remission.114

Of	course	association	does	not	mean	causation	and	so	preclini‐
cal studies have been carried out aiming to determine whether BA 
signalling	 is	necessary	 for	 the	 success	of	 surgery.	With	TGR5,	 the	
data	are	conflicting.	One	study	found	that	TGR5‐KO	mice	demon‐
strated similar weight loss compared to sham surgery animals but 
the degree of surgery‐induced improvements in both glucose toler‐
ance and hepatic triglycerides was blunted.135	These	mice	also	 re‐
tained	the	postprandial	 increase	in	GLP‐1.	Although	another	study	
reported	that	TGR5‐KO	mice	had	blunted	improvements	in	glucose	
tolerance	and	hepatic	triglycerides,	it	was	also	found	that	these	mice	
did	not	lose	weight	and	had	blunted	energy	expenditure	and	post‐
prandial	increases	in	GLP‐1.136 It is unknown what factors contribute 
to these differences. Both studies used mice that were generated 
by	Merck,137	 although	mice	were	purchased	 from	Taconic	 for	one	
paper135	 and	 were	 received	 directly	 from	 Merck136 in the other. 
There	are	also	methodological	 considerations.	The	age	of	 the	ani‐
mals	when	placed	on	the	high‐fat	diet,	the	type	and	amount	of	time	
the	animals	were	on	high‐fat	diet,	and	the	amount	of	time	the	ani‐
mals	were	studied	after	surgery	differed	between	the	studies.	This	
latter point might be important because both studies report early 
weight	loss	after	VSG	regardless	of	genotype	but	the	TGR5KO	ani‐
mals	that	had	VSG	regained	body	weight	in	the	paper	by	Ding	et	al136 
at a time point later than the time point at which the animals were 
killed	in	the	paper	by	McGavigan	et	al135	Lastly,	although	it	is	difficult	
to	 tell	based	on	 the	 reported	methodology,	differences	 in	 surgical	
technique	could	also	contribute.	Thus,	clearly	more	work	is	needed	
to	determine	 the	 role,	 if	 any,	of	TGR5	 in	 the	metabolic	 success	of	
surgery.

The	specific	role	of	FXR	in	the	metabolic	success	of	surgery	has	
also	been	explored.	FXR‐KO	mice	lost	less	weight	and	they	did	not	
improve glucose tolerance or shift their macronutrient preference to 
carbohydrates	from	fat	in	response	to	VSG.118	Interestingly,	the	FXR	
KO	mice	 preserved	 their	 postprandial	GLP‐1	 response	 to	 surgery,	
suggesting	that	FXR	does	not	regulate	GLP‐1	secretion	and	also	that	
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GLP‐1	secretion	alone	cannot	overcome	the	 impact	of	 loss	of	FXR	
on surgical outcome.

Downstream	of	FXR	signalling	within	the	 liver	 is	the	small	het‐
erodimer	partner	pathway.	Using	a	viral	knockdown	of	this	pathway,	
Myronovych	et	al107	found	that,	although	VSG	induced	weight	loss,	
there was a proinflammatory phenotype in these animals suggest‐
ing	 that	VSG‐induced	 improvements	 in	hepatic	 lipid	 levels	 and	 in‐
flammation	is	dependent	upon	small	heterodimer	partner.	Given	the	
wide	 impact	 and	multi‐target	 organ	 impact	 of	 FXR	 and	FGF15/19	
signalling	 on	 metabolism,	 more	 mechanistic	 preclinical	 work	 is	
needed to understand the full impact of this system on the success 
of bariatric surgery.

3.6 | The role of the microbiome

A	potential	critical	factor	in	integrating	BA	processing	and	FXR	sig‐
nalling	is	the	microbiome.	FXR	indirectly	regulates	the	microbiome	
by	 regulating	 BA	 synthesis.	 Conversely,	 as	 discussed	 above,	 the	
microbiome regulates the conversion of primary BA to secondary 
BA	within	 the	 lumen	 of	 the	 intestine.	However,	 recent	work	 sug‐
gests	that	FXR	also	directly	regulates	the	composition	of	the	micro‐
biome.138	 In	 turn,	 the	microbiome	 regulates	 hepatic	 cholesterol	 7	
alpha‐hydroxylase	(CYP7A1;	the	rate	limiting	enzyme	in	BA	synthe‐
sis)	and	FGF15	in	the	ileum;	an	effect	that	is	dependent	upon	FXR	
signalling.139	Clearly,	 these	data	highlight	 the	very	close	 symbiotic	
relationship	between	FXR	signalling,	the	microbiome,	and	BA.

In	both	wild‐type	and	FXR‐KO	mice,	the	expected	shift	 in	bac‐
teroides genus to the firmicutes genus in the microbiome was seen 
after	VSG	suggesting	that	these	flora	change	in	an	FXR‐independent	
manner.118	However,	the	improvement	in	glucose	homeostasis	with	
VSG	was	associated	with	increases	in	a	specific	genus,	roseburia,	a	
butyrate	producing	bacterium,	and	this	effect	was	not	seen	in	FXR‐
KO	mice.	Still,	whether	the	changes	in	the	microbiome	with	bariatric	
surgery drive the metabolic impact of surgery remains to be seen. 
A recent manuscript by Aron‐Wisnewski et al140 found that severe 
obesity	 is	 associated	 with	 low	 microbial	 gene	 richness.	 However,	
RYGB	 patients	 retained	 this	 low	 microbial	 gene	 richness	 despite	
weight loss and cardiometabolic improvements; even in a cohort 
that	was	studied	5	years	after	RYGB.	These	data	dissociate	microbial	
dysbiosis from metabolism and also emphasise that we are only at 
the beginning of our understanding of the impact of the microbiome 
on physiological regulation of body mass and certainly in the meta‐
bolic impact of bariatric surgery.

4  | CONCLUSIONS

A	simple	PubMed	search	for	‘bariatric	surgery’	reveals	over	28	000	
papers that have been published since the 1940s when the first bari‐
atric	surgeries	were	performed.	Most	of	what	has	been	learned	from	
this	extensive	 literature	concerns	bariatric	 surgery	having	a	wide‐
spread	physiological	impact.	This	particular	review	has	summarised	
some	of	the	work	that	has	explored	the	role	of	the	CNS,	the	gut	and	

the	 gut‐brain	 axis	 in	 the	 responses	 to	 bariatric	 surgery	 (Figure	1).	
However,	there	is	a	still	lack	of	understanding	regarding	the	mecha‐
nisms	that	underlie	the	success	of	surgery.	The	most	promising	link	
in	mice	appears	to	be	between	BA	and/or	FXR	signalling,	although	
clearly more work is needed to understand the link between BA sig‐
nalling and the metabolic success of surgery in humans.
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