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Upper intestinal lipids regulate energy and glucose homeostasis
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Abstract Upon the entry of nutrients into the small
intestine, nutrient sensing mechanisms are activated to
allow the body to adapt appropriately to the incoming
nutrients. To date, mounting evidence points to the exis-
tence of an upper intestinal lipid-induced gut-brain
neuronal axis to regulate energy homeostasis. Moreover, a
recent discovery has also revealed an upper intestinal lipid-
induced gut-brain-liver neuronal axis involved in the
regulation of glucose homeostasis. In this mini-review, we
will focus on the mechanisms underlying the activation of
these respective neuronal axes by upper intestinal lipids.
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Introduction

The gut has, of late, been receiving increasing attention due
largely to its recently discovered role as the first line of
metabolic defense against energy excess and glucose
imbalance. Following a meal ingestion, the upper intestine
senses an accumulation of long-chain fatty acids—an
integral component of many dietary fats—and sends sig-
nals to the central nervous system (CNS) to regulate food
intake [1], and more recently revealed, glucose production
[2]. The focus of this mini-review is on the underlying
mechanisms responsible for relaying the lipid-induced
signal to the CNS, and the subsequent attenuation of food
intake and glucose production that ensues.

Gut-brain axis

Over the past decades, accumulating evidence suggests that
upper intestinal lipids suppress food intake in rats and
humans through a neuronal network [3-7]. As lipids enter
the duodenum, lipids in the form of triglycerides are
hydrolyzed by lipases into fatty acids and glycerol. Previ-
ous studies in humans demonstrated that the inhibition of
gastrointestinal lipases reduced the lipid-induced satiation,
suggesting that the hydrolysis of lipids into fatty acids is
essential to inhibit food intake [3, 4]. With the establish-
ment that the generation of fatty acids is a required step in
the lipid-induced satiation, some studies have examined
whether fatty acids per se are sufficient to induce satiation.
It was found that intraduodenal fatty acids can suppress
energy intake in rats and humans [8-12]. However, the
length of the acyl chain of the fatty acids is an important
factor in eliciting the satiation effect. In particular, only
long-chain fatty acids (LCFAs) with 12 or more carbons
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can suppress energy intake [8—10], whereas short and
medium chain fatty acids with 11 or fewer carbons are
unable to elicit the same effect [11, 12]. As LCFAs accu-
mulate in the duodenum, they stimulate the release of
cholecystokinin (CCK) from I cells that line the mucosa of
the duodenum [13].

Cholecystokinin is a peptide hormone that has been
shown to be directly involved in the regulation of energy
balance. As a mediator of the intestinal-lipid-induced
satiety effect, exogenous CCK has also been shown
to suppress food intake in rodents, primates and humans
[14-22]. Evidence suggests that lipid-induced CCK mediates
the satiety effect through a neuronal network [5, 23]. There
are two types of CCK receptors: CCK-A and CCK-B
receptors, which reside in the periphery (predominantly in
the gastrointestinal system) and brain, respectively [1]. The
binding of CCK to CCK-A receptors is essential in satia-
tion since inhibition of CCK-A receptors by both
pharmacological and genetic means attenuated the lipid-
induced inhibitory effects on food intake [3, 6, 7, 10].
Together, these studies reveal that upper intestinal lipids
trigger satiation via the mediation of CCK (Fig. 1).

Moreover, the intraduodenal co-infusion of lipids with
tetracaine, a local anesthetic that inhibits neuronal activa-
tion, prevented the upper intestinal lipid-induced satiation
effects. The failure of upper intestinal lipids to elicit satia-
tion in the presence of tetracaine suggests that neuronal
activation in the duodenum is required for upper intestinal
lipids to suppress feeding behavior [5]. Interestingly, vagal
afferent fibers have been found in the lamina propria of the
mucosa [24], and CCK-A receptors have been located on
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Fig. 1 Lipid-induced gut-brain axis. Lipids enter the upper intestine
in the form of triglycerides (7G). TG is then digested by lipases to
form long-chain fatty acids (LCFA). The accumulation of LCFA leads
to the release of cholecystokinin (CCK). As CCK is released, it binds
to CCK, receptors on the vagal afferents. Ultimately, nutrient signals
from the upper intestine will reach the nucleus of the solitary tract in
the brain to suppress food intake

capsaicin-sensitive vagal afferents [25, 26]. Collectively, it
is plausible that lipid-induced CCK acts through a paracrine
action by binding to CCK-A receptors on the vagal afferents
innervating the duodenum. Furthermore, the involvement of
the vagus nerve has been supported by the finding that
subdiaphragmatic vagotomy abolished the ability of upper
intestinal lipids to suppress feeding [27]. Consistent with the
finding that CCK-A receptors are located on capsaicin-
sensitive vagal afferents, the capsaicin-sensitive afferent
branch of the vagus nerve was found to be responsible for the
lipid-induced satiation effects [23]. Together, upper intes-
tinal lipids may activate CCK-A receptors on the C-fibers
of the subdiaphragmatic vagal afferents innervating the
duodenum to induce satiation (Fig. 1).

By activating the subdiaphragmatic vagus nerve, nutri-
ent signals arrive at the nucleus of the solitary tract (NTS)
and activate the neurons in this hindbrain region [23].
Upper intestinal lipids could therefore suppress food intake
by activating the NTS via the vagus nerve. Although the
existence of a lipid-induced gut-brain axis is now clear,
mechanisms at various levels remain to be elucidated. It is
also important to point out that there are at least two
emerging classes of lipids that could potentially act in the
intestine to regulate food intake: The first is the PPAR-
alpha ligand oleoylethanolamide, which suppresses feeding
[28, 29], and the second are the cannabinoid receptor
agonists anandamide and 2-arachidonoylglycerol, which
increase feeding [30]. The underlying mechanisms that
mediate the feeding control of these two classes of lipids
remain to be uncovered, but the neuronal network and CCK
signaling may play an important role [31-33].

Brain-liver axis

Given that signals initiated in the upper intestine transmit
input to the brain, it is important to understand the sig-
naling that takes place at the level of the brain. It has been
demonstrated that the hypothalamus can sense hormones
and nutrients, including insulin [34] and fatty acids [35],
respectively, to regulate hepatic glucose production and
maintain glucose homeostasis. It does so by triggering
vagal efferent signals to the liver in what is termed the
brain-liver axis.

The effects of insulin on glucose homeostasis were
initially thought to be exerted exclusively on peripheral
organs. However, recent evidence has implicated the brain
as being an important insulin-sensing organ. Studies have
shown that direct administration of insulin into the hypo-
thalamus decreases hepatic glucose production, an effect
that requires the activation of ATP-sensitive potassium
channels [34, 36]. The decrease in glucose production is
attributed to the activation of hepatic vagal efferent fibers.
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In animals with selective hepatic branch vagotomy, the
effect of insulin on glucose production could not be reca-
pitulated [36]. Specifically, the insulin-induced decreases
in gluconeogenesis and liver enzyme mRNA expression
involved in hepatic glucose output were abolished in ani-
mals with hepatic vagotomy [36].

Direct infusion of the LCFA oleic acid into the third
cerebral ventricle decreases hepatic glucose production
[35]. Consistently, the inhibition of hypothalamic lipid
oxidation increases long-chain fatty acyl-coenzyme A
(LCFA-CoA) levels and lowers glucose production [37].
Similar to central insulin sensing, the fatty acid-mediated
decrease in glucose production requires the activation of
ATP-sensitive potassium channels [35, 38]. Moreover, it
has been determined that vagal efferent signals to the liver
are required for the effect of hypothalamic fatty acids on
glucose production [38]. In animals treated with selective
hepatic vagotomy, central increases in lipid did not sup-
press glucose production and, analogous to the insulin
studies, hepatic glucose fluxes and liver enzyme expression
remained unchanged [38].

From the previous studies, it is evident that hypotha-
lamic fatty acid sensing in part maintains glucose
homeostasis. These studies, however, administered LCFA
directly into the hypothalamus, thereby raising the concern
of whether the effects are of physiological relevance.
Hence, studies were conducted to test the effects of cir-
culating fatty acids on glucose homeostasis. In the presence
of a physiological rise in the levels of circulating lipids,
inhibition of hypothalamic fatty acid esterification to gen-
erate LCFA-CoA with triacsin C administration or hepatic
vagotomy negated the inhibitory effects of hypothalamic
lipids on glucose production [39]. This led to a rise in
glucose production and a disruption in glucose homeostasis
in the presence of an elevation in circulating lipids. In
summary, hypothalamic sensing of circulating lipids is
required to counteract the direct lipid-induced stimulation
on hepatic gluconeogenesis [40]. The physiological rele-
vance of hypothalamic lipid-sensing mechanisms in
glucose regulation during fasting remains unclear. How-
ever, it is important to note that in spite of the elevation in
circulating fatty acids during fasting, the level of hypo-
thalamic LCFA-CoA (which is an important signal to
decrease hepatic glucose production; see above) is
decreased [41]. Thus, the drop in hypothalamic LCFA-CoA
levels during fasting should shut off the restraining effect
on hepatic glucose production by the brain and lead to a
rise in glucose production. This working hypothesis clearly
remains to be tested.

Together with the aforementioned results, these data
propose a role for hypothalamic LCFA as critical regulators
of glucose production, an effect that is mediated via the
activation of the efferent branch of the hepatic vagal nerve.

Gut-brain-liver axis

With the findings that gut-brain and brain—liver axes exist
to regulate energy and glucose homeostasis, respectively,
our laboratory has recently tested the existence of a lipid-
induced gut-brain-liver neuronal network in the regulation
of glucose homeostasis [2]. First, we administered lipid to
the duodenum, and a reduction of glucose production was
observed. After establishing that upper intestinal lipids
can regulate glucose homeostasis by suppressing glucose
production, we examined the mechanisms involved.
Co-infusions of lipids with triacsin C or tetracaine into the
duodenum and vagal deafferentation experiments were
performed to demonstrate that the acute accumulation of
the lipid metabolite in the duodenum, LCFA-CoA, is
required to activate vagal signaling and suppress glucose
production. By verifying that the vagus nerve plays a role
in mediating the lipid-induced glucose production sup-
pression effect, we investigated whether vagal signals from
the intestine are sent to the NTS. Upper intestinal lipids
failed to suppress glucose production when we prevented
the activation of N-methyl p-aspartate (NMDA) receptors
in the NTS, providing evidence that NTS NMDA receptors
are required for gut lipid-induced glucose production sup-
pression effect. Lastly, a hepatic vagotomy was performed
to demonstrate that upper intestinal lipid signals are relayed
from the NTS to the liver via the hepatic vagal innervation.
Altogether, these experiments support the existence of an
upper intestinal lipid-induced gut—brain—liver neuronal axis
(Fig. 2), which represents one of the first lines of metabolic
defenses against nutrient excess to provide metabolic bal-
ance by down-regulating glucose production on nutrient
exposure.

Various mechanisms remain to be elucidated to gain a
complete understanding of how upper intestinal lipids
regulate glucose homeostasis through the intestine—brain—
liver neuronal network. Nonetheless, in combination with
the previously mentioned gut-brain neuronal axis in the
regulation of energy homeostasis, lipid-induced activations
of the gut-brain and gut-brain-liver neuronal networks
allow transient control of energy and glucose homeostasis
upon the ingestion of lipids.

Effect of high-fat diets

Although both the gut-brain and gut-brain-liver neuronal
axes play a role in down-regulating energy and glucose
homeostases, respectively, these two neuronal networks
seem to be malfunctioning in response to high-fat feeding.

Interestingly, despite that upper intestinal lipids can
induce satiation through the gut-brain neuronal network in
normal rodents and humans, it was observed that in rats fed
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Fig. 2 Lipid-induced gut-brain-liver axis. As lipids enter the upper
intestine in the form of triglycerides (T7G), TG molecules are being
digested by lipases. The digestion of TG leads to the release of free
fatty acids. In particular, long-chain fatty acids (LCFA) are esterified
into long-chain fatty acyl-coenzyme A (LCFA-CoA) by acyl-coen-
zyme A synthetase (ACS). The accumulation of LCFA-CoA will
result in the activation of vagal afferents innervating the duodenum.
The activation of the vagal afferent leads to the stimulation of
N-methyl p-aspartate (NMDA) receptors in the nucleus of the solitary
tract (NTS) of the brain. The NTS will then relay signals to the liver
through the hepatic vagal efferent and suppress glucose production
(GP) ultimately

with high-fat diets for 3 weeks, they had diminished sen-
sitivities to intestinal LCFA-induced satiation [42]. The
amount of reduction in the ability of LCFA to inhibit fur-
ther food intake was dependent on the fat content of diet
[42], meaning a higher fat content was associated with
more impairment in the ability of intestinal LCFA to
inhibit food intake. This observation suggests that the
overconsumption of lipids may actually lead to an
impairment of the gut-brain neuronal network that regu-
lates energy homeostasis, such that duodenal fatty acids
may no longer suppress food intake in individuals who are
adapted to high-fat diets. Moreover, intraduodenal LCFA
infusion failed to increase neuronal activations in the NTS
in high-fat diet-fed rats (at least 2 weeks) as opposed to
low-fat diet-fed rats [43]. Interestingly, the levels of oley-
lethanolamide, anandamide and 2-arachidonoylglycerol in
the intestine are also affected in obese Zucker rats as well
as rats that are fed with a high-fat diet for 1 week [44, 45].
Hence, the functioning of the lipid-induced gut-brain
neuronal network that regulates energy balance seems to be
defected in response to high-fat feeding. Similarly, the
lipid-induced gut-brain-liver neuronal network in the
regulation of glucose homeostasis also seems to be
impaired following the adaptation to high-fat diets. In rats
fed with high-fat diets in as little as 3 days, intraduodenal
lipid infusion failed to suppress glucose production [2].
Future studies are required to dissect the underlying
mechanisms responsible for the deleterious effects on

duodenal lipids to regulate energy and glucose homeostasis
in response to high-fat feeding.

In summary, upper intestinal lipids regulate energy and
glucose homeostasis through the activation of the gut-brain
and gut-brain-liver neuronal circuitries, respectively.
However, the functioning of these neuronal circuitries may
become defective in response to high-fat feeding. There-
fore, future directions involve the elucidation of the
complete mechanisms in these neuronal circuitries will
increase the understanding of glucose and energy homeo-
static regulation as it pertains to obesity and diabetes
research.
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