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Roles of the Gut in Glucose
Homeostasis

Diabetes Care 2016;39:884-892 | DOI: 10.2337/dc16-0351

The gastrointestinal tract plays a major role in the regulation of postprandial
glucose profiles. Gastric emptying is a highly regulated process, which normally
ensures a limited and fairly constant delivery of nutrients and glucose to the
proximal gut. The subsequent digestion and absorption of nutrients are associated
with the release of a set of hormones that feeds back to regulate subsequent
gastric emptying and regulates the release of insulin, resulting in downregulation
of hepatic glucose production and deposition of glucose in insulin-sensitive
tissues. These remarkable mechanisms normally keep postprandial glucose
excursions low, regardless of the load of glucose ingested. When the regulation of
emptying is perturbed (e.g., pyloroplasty, gastric sleeve or gastric bypass
operation), postprandial glycemia may reach high levels, sometimes followed by
profound hypoglycemia. This article discusses the underlying mechanisms.

THE INCRETIN EFFECT

One of the ways toillustrate the role of the gut in glucose homeostasis is to compare
the fate of glucose that has been administered orally or infused intravenously. If the
same amount of glucose is given, the results may not be particularly remarkable, at
least not with relatively small amounts of glucose (25 g or roughly one-half the
amount of sugar as in a can of soda). The amount of insulin secreted (estimated from
C-peptide responses) may be almost the same, and any differences in peripheral
insulin concentrations could be interpreted as indicative of differences in hepatic
insulin clearance (1). However, if the intravenous glucose infusion is adjusted so that
the resulting plasma glucose concentrations are identical to those after oral or small
intestinal administration of glucose, substantially more insulin is secreted with oral
or enteral administration, a phenomenon known as the incretin effect (2). The
incretin effect is usually interpreted to indicate secretion of insulinotropic sub-
stances (incretin hormones) from the gut (3). Another way of looking at these
experiments is to compare the amounts of infused glucose required to obtain
identical circulating glucose concentrations: for 25 g given orally, only about 19 g
need to be infused intravenously (4). This method shows that oral administration
activates a mechanism that clears 6 of the 25 g of glucose from the circulation and is
sometimes referred to as gastrointestinally induced glucose disposal (GIGD), which
amounts to 24% of the oral dose in this case. With larger amounts of glucose, GIGD
becomes increasingly prominent, and with 100 g of glucose infusion, GIGD is re-
sponsible, in healthy subjects, for removing about 80% of the glucose administered
orally (4), which is equivalent to ~20 g left in the circulation, comparable to the
amount required to mimic the 25-g oral dose. Indeed, the plasma glucose excursions
after 25, 50, 100, and up to 125 g of oral glucose (5) are similar, regardless of the
dose, whereas excursions would be hugely different if similar amounts were infused
intravenously. GIGD, therefore, minimizes blood glucose excursions very efficiently
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so that they are maintained at a relatively
constant level regardless of the amount
of glucose ingested. In patients with
type 2 diabetes, things are very different:
in these individuals, GIGD is greatly re-
duced, even to as low as 0% (5).

What mechanisms underlie GIGD? In
healthy people, increasing oral glucose
loads are associated with dose-related
increases in insulin secretion, and this
is a major mechanism because in pa-
tients with insulin-deficient type 1 dia-
betes, the GIGD is usually close to zero
(6). Therefore, it may be concluded that
the incretin effect (the amplification of
insulin secretion by gastrointestinal fac-
tors) is a major mechanism for normal
glucose tolerance. Strictly speaking, the
incretin effect refers to enhanced insulin
secretion in response to oral or enteral
glucose, but a similar enhancement of in-
sulin secretion is also observed after oral
intake of both fat and protein (7). Thus,
although a formal comparison between
oral and intravenous administration can-
not be made easily for mixed meals, it
may be assumed that an incretin effect
plays an important role in postprandial
glucose homeostasis in general. As will
be detailed later, the incretin effect is
due to hormones secreted from the gut
epithelium, the most important ones be-
ing glucose-dependent insulinotropic
polypeptide (GIP) and glucagon-like pep-
tide 1 (GLP-1) (8). In agreement with the
loss of GIGD, the incretin effect is also
greatly reduced or entirely missing in pa-
tients with diabetes (9).

Recently, the existence of a decretin, a
duodenal hormone that inhibits insulin
secretion, has been proposed based on
studies in Drosophila flies. The human
counterpart is supposed to be the peptide
neuromedin U, which may inhibit insulin
secretion (10). However, more studies are
required to support this mechanism,
which might be relevant for the metabolic
effects of gastric bypass operations.

MECHANISMS REGULATING
GLUCOSE EXCURSION AFTER
ORAL INTAKE

Anticipatory Events

The sight, smell, taste, and sensory im-
pulses generated by food presentation,
mastication, and swallowing of an appe-
tizing meal undoubtedly result in excit-
atory signals to the gastrointestinal tract
(10). This has been studied in detail in
relation to gastric acid secretion, where

sham feeding (intake and chewing of an
appetizing meal that is prevented from
entering the stomach, typically by spit-
ting it out) elicits ~65% of maximal gas-
tric acid secretion (11). In experimental
animals, a substantial cephalic phase in-
sulin response can often be demonstrated,
but in humans this is less apparent. In fact,
in a recent study where glucose levels
were clamped at a permissive level
(6 mmol/L [108 mg/dL]), an insulin re-
sponse could not be demonstrated,
whereas the secretion of pancreatic
polypeptide (known to strongly depend
on vagal efferent activity [12]) was
greatly increased (13). Similarly, dem-
onstrating any clear cephalic phase for
the secretion of gut hormones involved
in the incretin effect has been difficult
(13), and although it is easy to demon-
strate experimentally an effect of the
efferent vagus nerves on the secretion
of gastric and pancreatic hormones (14)
(but not gut hormones [15]), this mech-
anism is not clearly activated in the
initial response to meals.

Roles of the Stomach

Before nutrients are absorbed into the
bloodstream, they normally are retained
for some time in the stomach. The rate of
gastric emptying highly depends on the
composition and macronutrient content
of a meal. Fundamental differences exist
in patterns of gastric emptying of liquids
and solids; the emptying of digestible
solid components of a meal comprises
an initial lag phase of 20-40 min, when
solids are ground into small particles, fol-
lowed by an emptying phase, which ap-
proximates an overall linear pattern (16).
In contrast, low-nutrient liquids empty
in @ monoexponential pattern without a
significant lag phase, which changes to
a linear pattern as nutrient density in-
creases. Although liquids and solids are in-
gested concurrently, as in a mixed meal,
liquids empty preferentially, so that ~80%
is emptied before solids. The rate of gastric
emptying usually is relatively unaffected
by the volume of the meal. Accordingly,
meals with a higher nutrient content take
longer to empty, but they empty at a sim-
ilar rate when expressed as kilocalories per
minute (17). Therefore, in experiments
with increasing amounts of glucose (25—
75-125 g) ingested in the same volume,
peak absorption estimated from the liquid
phase marker acetaminophen was delayed
from 30 to 90 and 180 min, respectively
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(5). It is not widely appreciated that a sub-
stantial interindividual variation exists in
gastric emptying; in healthy persons, this
is usually 1-4 kcal/min (18).

The rate of gastric emptying is now
recognized to be a major determinant of
not only the early but also the overall
postprandial glucose excursion in healthy
individuals and those with type 2 diabetes
(19,20). Consistent with the maintenance
of relatively constant postprandial glu-
cose levels, irrespective of the increasing
glucose load, the three glucose loads in
the study referred to previously (5) were
also associated with comparable initial
rises of incretin hormones, which were
then maintained according to the dose
of glucose (very briefly for the low dose,
but for up to 3 h after the highest dose)
(Fig. 1). In other words, the emptying of
nutrients from the stomach is adjusted so
that the entry rate of the meal into the
small intestine is relatively constant and
results in an incretin hormone response
that persists for as long as nutrients are
still entering the gut.

Studies involving direct infusion of
glucose into the small intestine at rates
within the normal range of gastric emp-
tying have provided important insights
into the relationships of the glycemic,
GLP-1, and GIP responses with the rate
and site of glucose entry into the small
intestine (22), as discussed in REGULATION
OF GASTRIC EMPTYING. These studies demon-
strate that the relationship of glycemia
with small intestinal glucose delivery is
nonlinear. Both the viscosity and the
physical state of a meal influence the
meal’s gastric handling, with increasing
viscosity (as seen for various fermented
milk products) directly slowing empty-
ing (23). The physical state of some nu-
trients may change upon entry into the
stomach. Emulsified lipids (milk, mayon-
naise), for instance, rapidly coalesce to
form a lipid phase, which retards their
emptying (depending on posture [24]).
Proteins, depending on their rate of ini-
tial pepsin-mediated gastric digestion
and reaction to gastric acid, may coagu-
late and form solids (as seen for ca-
seins), which again influences their
digestion and emptying (25).

Regulation of Gastric Emptying

The mechanisms that regulate gastric
emptying are extremely complex, in-
volving gastric and intestinal hormones
as well as long and short reflexes. In
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Figure 1—Gastric emptying (paracetamol absorption) and its impact on postprandial glucose and
incretin hormone levels in healthy volunteers after oral intake of 25, 75, and 125 g of glucose. Insulin
levels (not shown) increased in proportion to emptying rates. See text for further analysis. CTRL,
control; IIGI, isoglycemic intravenous glucose infusion. Modified from Bagger et al. (5).

general, the dominant mechanisms that
regulate gastric emptying result from
the interaction of nutrients with the
small intestine rather than intragastric
mechanisms. Small intestinal feedback
is mediated by the digestion products
of carbohydrates, fats, and proteins
and is regulated by both the length
and the region of small intestinal expo-
sure to nutrients (26). Normal gastric
emptying depends on coordination of
the contractile activity of the proximal
stomach, antrum, pylorus, and upper
small intestine through the extrinsic
and intrinsic nervous systems as well
as through neurohumoral pathways.
Gastric receptive relaxation (and subse-
quent accommodation), which is a vagal
reflex, is important because it allows
meals to enter the stomach without in-
creasing the wall tension substantially,
allowing symptom-free accommodation
of meals of greatly varying sizes.

Pyloric motor activity is highly regu-
lated by branches of the vagus nerve
(the nerve of Latarjet) in a system of short
reflexes and hormonal mechanisms that
are stimulated by the entry of nutrients
and gastric fluids (e.g., acid) into the du-
odenum. Thus, the introduction of acid
into the duodenum may halt gastric emp-
tying altogether while exciting duodenal
propulsive motility (27). Ghrelin, se-
creted from the stomach, can accelerate
gastric emptying (28), whereas secretin,

cholecystokinin (CCK), and somatostatin,
secreted from the proximal small intestine,
all inhibit both gastric secretion and gastric
emptying. Gastric emptying may also be
influenced by hormones from the more
distal small intestine, including GLP-1 and
peptide YY (PYY) (both the intact hormone
PYY 1-36 and the 3-36 metabolite), which
are powerful inhibitors of both secretion
and motility (29).

Any interference with these mecha-
nisms has the potential to influence expo-
sure to and, hence, rate of absorption of
nutrients from the small intestine and, ul-
timately, increases in concentrations of
glucose and other nutrients in the blood-
stream. The elimination or impairment of
these powerful mechanisms accounts for
many of the changes observed after bar-
iatric procedures, such as Roux-en-Y gas-
tric bypass and sleeve gastrectomy.

Digestion

Although glucose as a monosaccharide is
not a major constituent of the normal
diet, it is a major component of the car-
bohydrates we ingest in the form of
starch, lactose, and sucrose. For these nu-
trients, enzymatic cleavage is required.
Salivary amylase is believed to contrib-
ute minimally to the digestion of car-
bohydrates, which therefore primarily
depends on pancreatic amylase along
with brush-border lactase, maltase, iso-
maltase, and sucrase activities. These
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mechanisms normally do not appear to
be rate limiting for glucose absorption;
for example, sucrose seems to be di-
gested and absorbed at a rate propor-
tional to its load in the small intestine
(30). For many complex carbohydrates,
however, enzymatic digestion (and as
determining factors for digestion, small
intestinal propulsive activity and seg-
menting motor activity) is far more com-
plex. Under normal circumstances, a
substantial amount of dietary carbohy-
drate escapes absorption in the small in-
testine and is presented to the colon for
bacterial fermentation, even in humans
(31). The colon can absorb glucose, but
this capability is probably rarely ex-
ploited because fermentation proceeds
rapidly. An outcome of fermentation is
the production of volatile fatty acids (ac-
etate, propionate, and butyrate), which
are important metabolic products for co-
lonic metabolism, but these fatty acids
are also absorbed and may be used for
combustion and hepatic gluconeogene-
sis (particularly proprionate) (32). Gluco-
neogenesis might also occur in the
intestine, but its contribution to glucose
homeostasis in humans is unknown. Of
note, increased intestinal gluconeogene-
sis was proposed to account for some of
the changes in glucose homeostasis after
gastric bypass in rats (33) (i.e., the in-
creased intestinal gluconeogenesis would
inhibit hepatic glucose production). On
the other hand, increased glucose com-
bustion within the hypertrophied gut af-
ter gastric bypass in rodents has also been
suggested as an explanation (34); how-
ever, glucose kinetics after bypass in hu-
mans do not seem to be consistent with
this hypothesis (21). Lactase insufficiency
is, of course, limiting for lactose absorp-
tion in many adults, and the extent to
which this may represent a problem in
bariatric/metabolic surgery is well worth
study.

Absorption and Deposition

The next step in intestinal glucose han-
dling after digestion is transport through
the sodium—glucose cotransporter 1
(SGLT1). Fructose is transported through
GLUT-5 and partly metabolized in the in-
testine before reaching the liver for fur-
ther metabolism and regulation of its
glucose production. Fructose, therefore,
also influences glucose metabolism, but
nothing is known about its specific role
after bariatric/metabolic surgery (35).
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Glucose transport through SGLT1 oc-
curs in cotransport with two molecules
of sodium and is very efficient. Some
glucose absorption might also occur af-
ter translocation of GLUT-2 to the apical
membrane (36). At any rate, there is
normally very little malabsorption of
glucose. The absolute rate of glucose
absorption depends on the rate of ex-
posure of the small intestine to glucose
(as discussed previously), the region
and length of small intestine exposed,
and the number of functional entero-
cytes and their expression of glucose
transporters (and, therefore, the avail-
ability of luminal sodium ions). More-
over, small intestinal motility and the
flow of luminal content are determinants
of glucose absorption, and these are
potential targets for pharmacological
manipulation (37). Bariatric/metabolic
surgery is believed to induce adaptive
growth, particularly of the alimentary
limb, and to involve the common limb
(38), which facilitates absorption. Absorp-
tion after surgery is extremely rapid, and
complete absorption is obtained more
rapidly than in individuals who do not un-
dergo this surgery (Fig. 2) (21). Even when
rapid emptying of glucose from the gas-
tric pouch is bypassed by infusing at a
controlled rate directly into the small in-
testine, absorption of glucose is more
rapid than in healthy control subjects
(39).

The rapid entry of nutrients from the
gastric pouch after bypass surgery (esti-
mated at ~100 kcal/min for a glucose
solution [39]) often is associated with a
constellation of symptoms collectively re-
ferred to as dumping, including feelings
of weakness, desire to lie down, impaired
consciousness, sweating, palpitations, and
tachycardia. The syndrome is well known
from other gastric operations with accelera-
ted gastric emptying (impaired retention)
(40), but understanding of the pathophys-
iology is still evolving (41). An increased
osmotic load in the small intestine results
in water accumulation in the gut lumen
through a leaky proximal intestinal epithe-
lium and potentiates the usual increase in
intestinal blood flow in response to nutri-
ents (42), overwhelming the capacity of
the sympathetic nervous system to
compensate and leading to a fall in blood
pressure. A second important element is
the exaggerated secretion of gut pep-
tides, including GLP-1, triggered by the
rapid nutrient entry into the small

intestine, leading to a spike in insulin se-
cretion and subsequent hypoglycemia
(43), as discussed next. After Roux-
en-Y gastric bypass, most patients rap-
idly identify nutrients that will cause
dumping (e.g., soft ice or large amounts
of sugar-sweetened drinks).

The increase in intestinal blood flow
during meal ingestion is also important
for the resulting transport of glucose to
the systemic circulation. Part of the glu-
cose is metabolized and used for combus-
tion in the gut (as mentioned previously,
this has been proposed to represent one
of the mechanisms for improved glucose
tolerance after bypass [34]), but the ma-
jority passes to the liver where a propor-
tion is taken up and used for combustion
or stored as glycogen. These processes
are highly regulated by insulin. The liver
is the main target for insulin action (44),
and postprandially, hepatic glucose pro-
duction is effectively shut down, whereas
hepatic glucose uptake is enhanced (21).
However, a considerable part of the ab-
sorbed glucose passes through the liver
so that there is a rise in plasma glu-
cose concentration. Simultaneously, glu-
cose uptake in tissues expressing glucose
transporters (GLUT-1 to -4) increases
as a function of the increased glucose
concentration (mass action) (45). With
rising insulin concentrations and increased
insulin-stimulated translocation of
GLUT-4, peripheral glucose transport is
further enhanced. Thus, after gastric by-
pass surgery, glucose deposition is greatly
accelerated and may overshoot the rate
of absorption whereby glucose concen-
trations fall below fasting levels (21). In-
deed, in most patients who undergo
bypass surgery, there is a pronounced de-
crease in plasma glucose concentrations
after a glucose load, and in some, there
is significant hypoglycemia (46), which
may worsen as insulin resistance dimin-
ishes with progressive weight loss. After
glucose ingestion, secretion of glucagon
normally falls, which, together with ris-
ing glucose and insulin concentrations,
accounts for the decrease in hepatic glu-
cose production (which in the fasting
state is maintained by the basal levels
of glucagon reaching the liver). After gas-
tric bypass, meal or glucose ingestion is
associated with an increase in peripheral
glucagon concentrations (47), which
would be expected to result in failure of
the usual suppression of hepatic glucose
production. The consequences of the
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paradoxical increase in glucagon for over-
all glucose tolerance have not yet been
evaluated, although they could be signif-
icant.

The Liver and Neural Regulation

We have discussed the paramount impor-
tance of the gastrointestinal tract for post-
prandial glucose dynamics as well as the
importance of retention in the stomach,
small intestinal motility, enzymatic diges-
tion, and transmucosal glucose transport
capacity. Theimportance of the regulation
of hepatic glucose production and uptake
has also been mentioned, and how the
pancreatic hormones insulin and glucagon
regulate this has been outlined. We next
describe how the gut regulates insulin
and glucagon secretion, but before doing
so, we may ask to what extent hepatic
glucose handling is influenced by the
nervous system. The human liver has
both vagal and sympathetic fibers. The
sympathetic system is known to enhance
hepatic glucose production through the
actions of the catecholamines on glyco-
genolysis, whereas the actions of the va-
gus are more unclear. The activity of the
sympathetic system is regulated by the
hypothalamus as a part of the stress re-
action but may also receive input from
the gut. Glucose-sensitive nerve fibers in
the intestinal mucosa and the hepatic
portal system send impulses to the brain
(48). These signals must run in the affer-
ent vagus or the sensory sympathetic
neurons entering the medulla through
the dorsal horns activating ascending
tracts to the brain, but evidence suggests
that the vagal mechanisms predominate
(49). These mechanisms have been stud-
ied mainly in animals, and their impor-
tance in humans is unknown. Several
decades ago, an established therapy for
duodenal ulcer disease was truncal va-
gotomy together with a gastric drainage
procedure (usually pyloroplasty) to miti-
gate the motor consequences of vagot-
omy (gastric stasis) (50). Most patients
tolerated this procedure well, but their
glucose metabolism was altered, with in-
creased but short-lived postprandial
rises and an exaggerated overshoot after
glucose challenge, but these were proba-
bly consequences of the drainage proce-
dure (51). Fasting glucose was little
affected. The relevance of both efferent
and afferent impulses for normal glucose
tolerance cannot be determined from
these experiments. Central nervous

20z Idy 0} U0 1s8nB Aq Jpd- LGE09LOP/8.LF9Z9/88/9/6€/IPd-0I0ILIE/SIED WO IEYIIBANIS EPE//:d)Y WOI) PapEO|UMOQ


http://care.diabetesjournals.org

888 Roles of the Gut in Glucose Homeostasis

Diabetes Care Volume 39, June 2016

Glucose concentration (mmol/L)

—0O— Before surgery
—=— After surgery

0 T T T T T
0 30 60 90 120

T T
150 180 210 240

Time after meal intake (min)

@

&/*\

/‘]li-“ﬁ—l:l

25
204
. {’ ----------------------- %:

T T T T T T T T
30 €0 90 120 150 180 210 240

Time after meal intake (min)

/}@\é—ﬁxg\

; ~

50 4 50 -
€ 454 45
£ 1 S
S 404 T 40
fr ] [S
5 3 s 354
=, . i
= 304 L 3
o
] 2
S OS] 3
2 B
3 0 /'{] @-—_Qxﬂ §
o e, b

=
R B %E 2
© 1 o
x 10 = 104
T 5
S 54 ' 54
0 T T T T T T T T T 0 T
D 30 60 90 120 150 180 210 240 0
Time after meal intake (min)
€ 354 35 .
£ ~
= <
304 E 304
=] =
=, i
__5 254 [T 25 4
£ g
2 5l S 204
2 LN E
8 o ® 2
=] L1 i o il [0} 15
o i:;g‘ @
o ~ g
o 104 e —-—-—j\ & 104
2 — o
c e
g 5 (] © 5
3 ¢
LIE.I 0 T T T T T T T T T 0 T
0 30 60 90 120 150 180 210 240 0

Time after meal intake (min)

T T T T T
30 60 9 120 150 180 210 240
Time after meal intake (min)

Figure 2—Plasma glucose concentration (A), total glucose rate of appearance (R,) in (B) and rate of disappearance (Ry) from (C) the systemic
circulation and endogenous (D) and oral (E) R, in the systemic circulation before and ~3 months after Roux-en-Y gastric bypass. The dotted lines
mark preoperative basal levels. A primed continuous infusion of [6,6-d,]glucose was given for 2 h before determination of steady-state glucose and tracer
enrichment, and then a mixed meal (200 mL [394 kcal] carbohydrate 50%, protein 15%, fat 35%) consisting of glucose (48.4 + 1.6 g [U-"*C]glucose),
rapeseed oil (14.1 g), and casein protein (15.2 g) was consumed slowly over 30 min (21). FFM, fat-free mass.

system regulation of hepatic glucose pro-
duction is probably mainly exerted
through the sympathetic innervation
reaching the liver, which may be acti-
vated through glucose-sensitive hypo-
thalamic neurons (52); however, the

role of these systems for normal glucose
homeostasis in humans is not known. In-
testinal nutrient sensing by a variety of
mechanisms has been proposed to
regulate hepatic glucose production
through a reflex pathway comprising

ascending vagal afferents signaling to
hypothalamic nuclei, which in turn regu-
late hepatic glucose production (53). Ma-
jor intestinal signals were believed to be
CCK and leptin derived from the stomach
(54,55), but the inconspicuous effects of
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CCK in human glucoregulation (56) and
the limited survival of leptin in the lumen
of the gastrointestinal tract seem to limit
the importance of these signals. Although
afferent sensory mechanisms undoubt-
edly play an important role in the regula-
tion of food intake (57), the experimental
support for a similar reflex mechanism
to regulate hepatic glucose production
in larger mammals and humans is lacking
(44).

Gut Endocrine Regulation of Glucose
Metabolism

In addition to regulating postprandial
blood glucose levels by controlling the
gastric emptying rate, the small intes-
tine modulates appetite and pancreatic
hormone secretion through the release
of gut hormones. These in turn have
profound effects on peripheral metabo-
lism. Gut endocrine control of appetite
is mediated by hormones such as GLP-1,
PYY, and CCK, which are produced by
enteroendocrine cells scattered within
the intestinal epithelium. The anorexi-
genic action of these hormones is prob-
ably mediated through at least two
distinct pathways: altered activity of in-
testinal sensory nerves (particularly the
afferent vagus) relayed to the hypothal-
amus through the brain stem and direct
sensing of circulating gut hormone lev-
els at the level of the brain stem and/or
hypothalamus (58). By controlling appe-
tite and energy intake, gut hormones in-
fluence the size of adipose tissue stores,
which are the major determinants of pe-
ripheral insulin sensitivity. Gut hormone
control of pancreatic hormone secretion
underlies the incretin effect described
previously and is largely mediated by
circulating GIP and GLP-1. Both these
hormones are produced by enteroendo-
crine cells, but whereas GIP is predomi-
nantly found in K cells located in the
duodenum and proximal small intestine,
GLP-1-producing L cells are found in
much higher density in the jejunum, il-
eum, and colon (59). K and L cells res-
pond to nutrient absorption rates and
are able to sense a variety of digested
nutritional components, including carbo-
hydrates, fats, and proteins (60). By re-
sponding to nutrient absorption rather
than the mere presence of nutrients in
the gut lumen, increased gut hormone
levels provide a meaningful humoral sig-
nal indicating the arrival of nutrients from
the gut into the bloodstream. Because

GIP-producing K cells are located in the
duodenum, their exposure to nutrients
and, therefore, secretion rate highly de-
pend on the rate of gastric emptying (5).
The more distal location of L cells adds
complexity to the postprandial profile of
GLP-1 concentrations (61). An early ini-
tial peak in GLP-1 secretion triggered by
the appearance of nutrients in the jeju-
num is associated with slowing of gastric
emptying, and at lower nutrient flow
rates, the duodenal absorption capacity
can keep up with supply, so the overspill
of nutrients into the distal gut is reduced
(62). In studies where glucose was
infused directly into the duodenum,
plasma concentrations of GIP increased
in approximately linear fashion with in-
creasing rates of infusion. In contrast,
there was minimal GLP-1 release below a
threshold of 1-2 kcal/min (62) but a sub-
stantial GLP-1 response at 3—4 kcal/min
(22), suggesting that which of the incretins
is predominant depends on the rate of
gastric emptying. Inconsistency exists
between studies about whether incretin
secretion is altered in obesity or type 2
diabetes compared with health, and al-
though decreases in GLP-1 secretion
usually can be demonstrated (63), no
substantial differences, particularly in
the early postprandial phase, have been
found (64). However, individuals with
morbid obesity manifest accelerated glu-
cose absorption from the proximal small
intestine, with a corresponding shift to-
ward greater secretion of GIP and less of
GLP-1 than seen in lean individuals (65).

Enteroendocrine cells detect rates of
nutrient absorption through a variety of
mechanisms. Mirroring SGLT1-mediated
glucose absorption across the intestinal
brush border, SGLT1-dependent glucose
uptake by K and L cells directly generates
an electrical signal through the concomi-
tant uptake of Na* ions, in turn triggering
voltage-gated Ca** channel opening and
Ca®*-dependent hormone release (66).
Rates of GLP-1 and GIP secretion by K
and L cells thereby are linked to the rates
of glucose absorption by neighboring
enterocytes. Detection of ingested fat,
by contrast, seems to largely depend
on G-protein—coupled receptors (GPRs)
that detect the triacylglycerol digestion
products, fatty acids (sensed by GPR40
and GPR120), and monoacylglycerols
(sensed by GPR119) (60). Of note, GPR40-
dependent fatty acid detection by L cells
also seems to depend on the rate of
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nutrient absorption, as intestinal perfusion
experiments have indicated that the recep-
tor is accessible from the basolateral rather
than luminal direction (67). Although close
apposition of enteroendocrine cells with
the terminals of enteric neurons has been
described, the physiological role of neuro-
nal signals in regulating gut hormone secre-
tion remains uncertain (15). Expression of
sweet taste receptors on gut endocrine
cells, in particular L cells, has been reported
as well as activation of these associated
with increased secretion (68). Sweet taste
receptor expression is not observed in
mouse primary cells (69,70), however, and
in humans, artificial sweeteners do not elicit
incretin hormone secretion (71).

Some of most prominent metabolic
effects of GLP-1 and GIP (in addition to
the motility effects of GLP-1) are mediated
through their direct actions on insulin-
producing pancreatic -cells. Receptors
that detect GLP-1 (GLP1R) and GIP are
highly expressed on the surface of 3-cells,
and binding of either hormone to its re-
ceptor triggers an intracellular signaling
cascade resulting in elevated cytoplasmic
concentrations of cAMP that in turn
enhance rates of insulin release (72). A
fundamental feature of GLP-1- and GIP-
triggered insulin secretion is their glucose
dependence: unless glucose concentra-
tions are at or above normal levels, the
cAMP signal in B-cells is largely ineffec-
tive. The translational importance of this
finding is seen in people with type 2 di-
abetes treated with GLP-1 mimetics,
which—unlike sulphonylureas or insulin—
are not associated with an increase in
the risk of hypoglycemia.

At the same time as they increase in-
sulin secretion, GLP-1 and GIP modulate
the release of the other pancreatic islet
hormones glucagon and somatostatin.
Whereas GIP enhances glucagon release
(73), GLP-1 suppresses it. The suppres-
sion of glucagon secretion may contrib-
ute to the beneficial metabolic effect of
GLP-1 because of the consequent reduc-
tion in hepatic glucose output (74). The
mechanisms by which GLP-1 suppresses
glucagon release remains a mystery be-
cause GLP1R is only detected on ~10%
or less of glucagon-producing a-cells
(75). An indirect pathway involving
GLP1R-dependent stimulation of so-
matostatin secretion seems likely be-
cause somatostatin receptors generally
are coupled to inhibition of their target
cells. This concept is supported by
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studies on perfused pancreas that
showed a loss of GLP-1-inhibited gluca-
gon release in the presence of somato-
statin receptor inhibitors (76).
Exaggerated secretion of GLP-1 result-
ing in enhanced insulin secretion appears
to be one of the important mechanisms
underlying the resolution of diabetes of-
ten seen after gastric bypass surgery, as
illustrated in experiments involving the
GLP1R antagonist exendin 9-39, which
eliminates the effect of the operation on
insulin secretion and impairs glucose tol-
erance (77). The power of this mechanism
is also illustrated by cases of reactive hy-
poglycemia after the operation, which
may also be prevented by the antagonist
(78), or by feeding through gastrostomy
catheter, which eliminates the exagger-
ated GLP-1 response (79); the latter is in
keeping with the principle that hypoglyce-
mia results from extremely rapid carbohy-
drate entry into the small intestine (39).

Gut Microbiota and Glucose Handling
Alterations to the gut microbiota have
been observed in numerous diseases, in-
cluding human metabolic diseases such
as obesity, type 2 diabetes, and irritable
bowel syndrome, and some animal exper-
iments have suggested causality (80).
However, few studies have validated
causality in humans, and the underlying
mechanisms largely remain to be eluci-
dated. In studies of the microbiome of pa-
tients randomly assigned to Roux-en-Y
gastric bypass or vertical banded gastro-
plasty, similar and durable changes on the
gut microbiome resulted in altered levels
of fecal and circulating metabolites (81).
In germ-free mice colonized with stools
from the patients, reduced fat deposition
was found. The results suggest that the
gut microbiota play a direct role in the
reduction of adiposity observed after
bariatric surgery (81) and that the
changes were mainly due to weight loss.
On the other hand, elimination of colonic
microbiota has little or no effect on glu-
cose metabolism in humans (82,83).

CONCLUDING REMARKS

This review analyzed important factors
of the gastrointestinal tract for glucose
regulation in humans. Some are intrinsic
to the gut and are essential parts of the
absorptive process, including propulsive
activity, increasing nutrient exposure
to the mucosal surface, digestive and
absorptive mechanisms, and intestinal

blood flow. The emptying of the stom-
ach, in particular, perhaps represents
the most powerful of all mechanisms
regulating postprandial glucose concen-
trations. Gastrointestinal function in
turn is regulated by metabolic, endo-
crine, and neuronal signals generated
in the gut or associated with vagal activ-
ity; these signals influence the secretion
of gut hormones that regulate appetite
(and thereby food intake), gastrointesti-
nal motility, and pancreatic endocrine
functions. Among the gut hormones
are the incretin hormones, which ensure
that postprandial glucose excursions are
kept low and relatively constant, despite
variable amounts of ingested carbohy-
drates, through actions on insulin se-
cretion and gut motility. We view the
prandial regulation of hepatic glucose
production as resulting mainly from
the actions of portal glucose and the
pancreatic islet hormones, although
studies in experimental animals have
suggested that central regulation may
also play a role. New studies show that
the intestinal microbiota may also influ-
ence metabolism (e.g., through produc-
tion of short-chain fatty acids and bile
acid metabolism).
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