REVIEW

CELLULAR AND MOLECULAR
GASTROENTEROLOGY AND HEPATOLOGY

Glucose Sensing in the Hepatic Portal Vein and Its Role in Food

Intake and Reward

Check for
Updates

Sam Z. Bacharach,’ Michael G. Tordoff," and Amber L. Alhadeff'-

"Monell Chemical Senses Center, Philadelphia, Pennsylvania; and ?Department of Neuroscience, University of Pennsylvania,

Philadelphia, Pennsylvania

SUMMARY

We review mechanisms underlying hepatic portal vein
sensing of nutrients, particularly glucose, and its influence

on feeding behavior. We additionally highlight gaps where
future research can refine our knowledge of how portal
nutrients modulate brain activity and food intake.

The detection of nutrients in the gut influences ongoing
and future feeding behavior as well as the development
of food preferences. In addition to nutrient sensing in
the intestine, the hepatic portal vein plays a considerable
role in detecting ingested nutrients and conveying this
information to brain nuclei involved in metabolism,
learning, and reward. Here, we review mechanisms un-
derlying hepatic portal vein sensing of nutrients, particu-
larly glucose, and how this is relayed to the brain to
influence feeding behavior and reward. We additionally
highlight several gaps where future research can provide
new insights into the effects of portal nutrients on neural
activity in the brain and feeding behavior. (Cell Mol Gas-
troenterol Hepatol 2023;16:189-199; https://doi.org/
10.1016/j.jcmgh.2023.03.012)
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ood intake is governed by a complex set of biological
mechanisms involving the body and brain.'” In
particular, nutrient sensing in the gastrointestinal tract is
fundamental to regulating energy homeostasis and feeding
behavior.” The body contains multiple organs with a wide
variety of transporters and sensors that detect several nu-
trients, including but not limited to carbohydrates, proteins,
and fats. The detection of glucose, the main source of energy
for all cells in the body, is of particular metabolic importance.
Circulating blood glucose concentrations are maintained
within a tight range, and major fluctuations can cause
serious disturbances such as blurred vision, fatigue, and in
extreme cases, loss of consciousness or death.* To maintain
glucose homeostasis, the body has specialized systems for
glucose sensing.””” To deal with excess glucose, the body
prepares for incoming nutrients with metabolic responses
and mechanisms to curb additional food intake. Conversely,
when energy is low, the body initiates counterregulatory

processes to conserve and produce glucose. To this end,
levels of glucose (and other nutrients) are sensed in the
gastrointestinal tract and hepatic portal area and trigger the
initiation of appropriate metabolic, digestive, or counter-
regulatory processes. In turn, the signals generated by pe-
ripheral nutrient detection are communicated to the brain
to modulate current and future food intake.

After absorption from the gastrointestinal tract, nutri-
ents enter the circulatory system through mesenteric
capillary beds that flow into the hepatic portal vein (HPV).
The HPV is exposed to the largest range of concentrations of
glucose in the body.” ' Therefore, the HPV may be the most
important area in the body to sense glucose levels and
trigger appropriate behavioral and physiological changes.

Here, we focus on glucose sensing within the HPV and
how it influences food intake. After briefly summarizing the
anatomy of the HPV, we review literature on the effects of
HPV glucose sensing on food intake. We additionally discuss
putative gut-brain mechanisms that relay glucose-related
information to the brain to influence feeding behavior and
reward processing. Last, we discuss current gaps in
knowledge and future research directions that will lead to a
better mechanistic understanding of both portal glucose
sensing and the portal control of feeding behavior. We
suggest that HPV glucose sensing, compared with intestinal
glucose sensing, is often overlooked and should be revisited
to gain a more complete understanding of the gut-brain
control of feeding behavior.

Anatomy of the HPV

A portal system describes a venous system where blood
passes through 2 capillary beds before returning to the
heart. Accordingly, the hepatic portal system comprises a
series of veins that carries blood from the capillary beds of
the gastrointestinal tract and spleen to the capillary beds of
the liver before being returned to the heart.'"'? The

Abbreviations used in this paper: AgRP, agouti-related protein; CCK,
cholecystokinin; DRG, dorsal root ganglion; DVC, dorsal vagal com-
plex; GLP-1, glucagon-like peptide-1; GLUT2, glucose transporter 2;
HPV, hepatic portal vein; LH, lateral hypothalamus; VMH, ventromedial
hypothalamus.
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majority of ingested nutrients that are absorbed through the
gastrointestinal tract pass through the HPV before being
processed and filtered in the liver.!**?

The HPV receives input from 3 major veins that carry
blood from distinct parts of the gastrointestinal tract
(Figure 1)."* Most proximal to the liver are the gastric and
gastro-omental veins, which carry blood from the distal
esophagus, stomach, and duodenum to the portal vein. Just
ventral to this junction is the splenic vein, which carries
blood from the spleen. The inferior mesenteric vein (which
carries blood from the transverse, descending, and sigmoid
colon, as well as the rectum) joins with the splenic vein just
before the HPV junction. Last, the superior mesenteric vein
carries blood from the duodenum, jejunum, ileum, cecum,
and ascending and transverse colon. All of these veins
converge to the HPV before it enters the liver.'?

Light and electron microscopy have uncovered the
structural organization of the HPV, which is composed of 3
distinct layers (Figure 1, insert)."*'* The external layer
(tunica adventitia) is a layer of connective tissue containing
collagen and elastic fibrils. The middle layer (tunica media)
comprises 2 distinct smooth muscle layers. The outer layer
is composed of smooth muscle, which is aligned longitudi-
nally and spans the proximal to distal parts of the vein.
Below is a layer of circular smooth muscle which is aligned
circumferentially about the vein. The inner layer (tunica
interna) comprises a thin layer of endothelial cells that line
the lumen of the HPV.

Sensory afferents, which convey HPV signals to the central
nervous system, innervate the HPV throughout these layers
(Figure 1, insert). The nature of this innervation and its in-
fluence in regulating food intake are described throughout
this review. It is worth noting that the majority of experi-
ments discussed in this review catheterize and infuse glucose
in the HPV slightly above or below the junction of the superior
mesenteric and portal veins.'’ Thus, any feeding effects with
HPV infusions can be attributed to nutrient sensing that oc-
curs within or downstream of this region of the HPV, though it
does not exclude the possibility that nutrient sensing occurs
within smaller input veins as well.

Effects of HPV Glucose Sensing on
Feeding Behavior

Russek'® was the first to show that infusions of glucose
into the HPV in the dog cause termination of an ongoing meal.
Subsequent studies have replicated this effect showing that
portal glucose infusions decrease food intake across species,
including rodents, rabbits, chickens, and dogs.ls’33 This effect
on feeding is localized to the portal vein and not the to
jugular'**>?7*? or caval®” veins, suggesting that the anorectic
effects are triggered by local sensing within the HPV or liver,
rather than sensing elsewhere in circulation or in the brain.
While overwhelming evidence supports a role for HPV glucose
sensing for inhibiting food intake, it is worth noting that there
are other studies showing no effect, or even increases, in
feeding following HPV glucose infusions.'”*%3%~%2

There are several experimental factors that may have led
to contradictory results, including the energy state of the
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animal, infusion parameters, and food used in intake tests.
First, in contrast to experiments where animals were fed ad
libitum, experiments in which animals were food restricted
overnight prior to portal infusion generally did not observe
reductions in food intake.'”*¥3* 36394143 [ ong.term (eg,
overnight) food restriction impacts mechanisms underlying
motivation and metabolism, such as those underlying
glycogen storage, that likely interact with portal nutrient
sensing, perhaps explaining these results. In contrast, acute
food restriction (3-4 hours before food intake tests) does
not influence the intake suppression elicited by portal
glucose infusions.****

Second, the parameters of the portal infusion (eg, rate
and concentration) may have consequences on the experi-
mental outcome. In the rat, glucose is absorbed from the gut
at a constant rate of 3 mg/min per 100 g body weight for up
to 2 hours after a meal."* Additionally, portal vein blood
flows at ~10 mL/min and portal glucose levels are between
0.8-2.0 g/L after a meal.”” The experimental parameters
that produce the most reliable portal feeding effects use
infusion rates of approximately 0.1 mL/min (or less) and
infuse over several hours before the feeding tests
begin.?>*’~2%3%33 These are likely the most consistent pa-
rameters, as they mimic physiological rates of glucose ab-
sorption. The timing of HPV infusion in relation to the
feeding test is a large source of variability in the literature
that we will return to when we discuss satiety/satiation
subsequently.

Third, the quality of the test diet may impact the ability
to observe food intake reductions following portal glucose
infusion. Several studies failed to report decreases in food
intake if the subjects’ maintenance diet was used as the test
diet, and many (but not all) of those that reported decreases
used a novel test diet. Therefore, it has been suggested that
the use of novel foods and contexts may improve the ability
to observe food intake changes following portal glucose
infusions.”” Consistent with this, most failures to obtain
effects of portal glucose infusions on food intake use within-
subject designs, which often confound sensory and meta-
bolic cues that can be used to learn about the nutrient value
of the test food.

While these experimental conditions can influence
whether HPV glucose infusions inhibit food intake, other
considerations do not seem to affect experimental outcome.
For example, testing in the light vs dark phase does not have
an impact, nor does the consistency of the food (ie, solid vs
liquid food).?>*72?

Does Portal Glucose Impact Satiety or Satiation?
Food intake can be reduced in several ways, and an ex-
amination of meal microstructure can provide insights into
the behavioral function of HPV nutrient sensing. Two main
processes exist to decrease feeding; those of satiation and
satiety.”>*® Satiation is the perception of fullness during a
meal that eventually terminates ongoing eating. On the
other hand, satiety refers to feelings of fullness between
meals which prevent future eating from occurring. Whether
portal glucose sensing influences satiation or satiety is
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Figure 1. HPV nutrient sensing and feeding behavior. Schematic depicting putative connectivity between the HPV, sensory
afferents, and key feeding centers in the brain. The portal vein begins at the confluence of the superior mesenteric and splenic
veins, carrying blood from the intestines and spleen. Vagal and spinal afferents that innervate the entire hepatic portal area
relay this information to brain, likely to the dorsal vagal complex (DVC). Glucose infused in the portal vein modulates activity in
this brainstem region in addition to feeding centers within the hypothalamus (such as the arcuate hypothalamic nucleus [ARC]
and LH) and results in increased dopamine (DA) release in the striatum, including in the nucleus accumbens (NAc). Glucose
detected in the portal vein ultimately decreases feeding behavior. The HPV box depicts the anatomy of the vein, which
consists of 4 layers (from outer to inner): (1) tunica adventitia, a layer of connective tissues with collagen and elastic fibrils; (2
and 3) tunica media, which comprises a longitudinal smooth muscle layer (2) and a layer of circular smooth muscle (3); and (4)
tunica interna, a thin layer of endothelial cells that line the lumen of the HPV. Sensory afferents innervate the outer 3 layers
(1-3), and it remains unclear how far they project toward the lumen, and where glucose sensors (SGLT3 and GLUT2) are
expressed. Hormonal and metabolic pathways (not depicted here) also contribute to energy balance control and likely interact

with portal glucose sensing to influence feeding behavior.

debated. Baird et al*’ systematically tested temporal pa-
rameters for hepatic portal glucose-mediated decreases in
feeding and found that portal glucose does not terminate an
ongoing meal, but rather decreases the sizes of subsequent
meals. This result was interpreted as an effect on satiety, as
portal glucose infusion had longer-term, rather than im-
mediate, effects on feeding behavior.

In contrast, other studies support the argument that
portal nutrient sensing decreases the size of ongoing meals,
implying an effect on satiation.***” It is worth noting that
these studies involved remotely triggered portal infusions in
rats consuming an ongoing meal, whereas Baird et al*’
measured feeding responses with an intraoral glucose

infusion. Although the experimental paradigm in Langhans
et al®* was arguably more naturalistic, the results of HPV
glucose infusions on meal size were inconsistent, as only 1
dose of glucose (1 mmol), but not lower or higher doses,
elicited feeding effects.

Other studies supporting a role for HPV glucose sensing
on satiation, or at least on short-term feeding behavior,
examined lick microstructure.'®***° These studies gave
short (1-5 minutes) portal glucose infusions to rats prior to
lick spout access. After these brief portal infusions, licking
behavior was initially decreased compared with saline
infusion controls, but this was a transient effect, persisting
for about 10 minutes."®** Baird et al*” gave a 2-hour portal
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glucose infusion prior to and during 90-minute feeding tests
in which rats could lick for glucose. Similar to the afore-
mentioned studies, licking was decreased relative to control
animals in the first 10 minutes of access, but there were no
differences between groups after 15 minutes.

Therefore, while most studies support the idea that HPV
glucose sensing reduces feeding, the satiation or satiety
mechanisms through which it does so are not fully under-
stood. With recent technology enabling easy continuous and
automated meal pattern monitoring, future studies could
revisit these questions to systematically manipulate infusion
parameters and examine effects on meal patterns throughout
the entire light-dark cycle rather than for just a few meals.

Glucose Sensors in the HPV for Food Intake

Control

Here, we describe putative glucose sensing mechanisms
in the HPV for food intake control. Given the role of glucose
transporter 2 (GLUT2) in pancreatic glucose sensing,*®
GLUT2 was investigated as a potential HPV glucose
sensor. GLUT2 knockout mice display disrupted glycemic
responses to HPV infusions of high concentrations of
glucose, and this is not rescued by GLUT2 re-expression in
the liver.*® Interestingly, however, despite the necessity of
GLUT2 for the hypoglycemic responses to portal glucose,
GLUT2 is not responsible for the food intake-suppressive
effects of portal glucose.”® Rather, sodium-dependent
glucose transporter 3 (SGLT3) is a low-affinity glucose-
activated ion channel that senses glucose’’ in many tissues
including the HPV®" and is likely involved in the anorectic
effect of portal glucose. Unlike other SGLTs (eg, SGLT1),
SGLT3 lacks the ability to transport glucose and is therefore
considered a glucose sensor rather than a transporter.””>*
There are several lines of pharmacological evidence sug-
gesting that SGLT3 is an HPV sensor that contributes to food
intake control.** First, a-methylglucopyranoside, a glucose
analog and substrate for all SGLTs but not GLUTs, mimicked
the effects of portal glucose on food intake. Second, phlor-
izin, a competitive inhibitor of SGLTSs, blocked the effects of
portal glucose on food intake. Third, portal infusion of 3-0-
methyl-D-glucopyranose, which is transported by SGLT1 but
does not bind SGLT3, had no effect on food intake. Together,
these experiments implicate SGLT3 as an HPV glucose
sensor for food intake control.®* Gaining direct in vivo evi-
dence for HPV glucose sensing by SGLT3 should be an
important area for future investigation. It also remains
possible that other transporters or sensors are involved,
though there is currently no literature suggesting a role for
others in the HPV-mediated control of food intake.

Are HPV Infusions of Glucose

Rewarding?

Food preference is controlled in part by the perceived
nutrient value of the food.”® Energy-dense foods send a
positive message to the brain, reinforcing the intake of the
particular food. Does HPV glucose sensing contribute to this
“food reward,” and if so, does it therefore promote learning
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about nutrient content? Is it involved in the processes that
integrate sensory signals, such as flavor and taste, with
nutrient value to further reinforce eating of calorically dense
or glucose-rich foods?

Tordoff and Friedman®® were the first to demonstrate
that portal glucose infusions are not aversive, but in fact are
able to condition flavor-nutrient preferences (ie, flavor
preferences that result from pairing nonnutritive flavor cues
with postingestive nutrients). In this study, rats were given
standard laboratory chow that was flavored with either
nonnutritive chocolate or chicken flavors. During condi-
tioning sessions, one flavor of chow was presented during
glucose infusions and the other flavor of chow was pre-
sented during saline infusions into the portal vein. When
later given a choice between the 2 flavored chows, rats
selected the flavor that was paired with HPV glucose infu-
sion. Importantly, the rats had no previous experience with
the flavored chow; hence, new learning about the post-
ingestive consequences was more likely to occur.

In contrast, Ackroff et al°* did not find that HPV in-
fusions of glucose supported flavor nutrient learning. Here,
HPV infusions of glucose paired with a noncaloric flavor did
not yield a preference. One methodological difference be-
tween these 2 studies is that Tordoff and Friedman®> used
flavor cues that contained calories, whereas Ackroff et al®*
used flavor cues without calories. This suggests that both
pre- and postabsorptive mechanisms are necessary for
portal glucose to support flavor-nutrient learning.

While these studies have opposing conclusions regarding
a role for portal glucose sensing in flavor-nutrient learning,
other accumulating evidence suggests that portal glucose is
reinforcing and activates neural mechanisms that promote
learning. Portal glucose infusions stimulate dopamine
release in the nucleus accumbens shell,°>°® which is
involved in tracking reinforcer value, representing reward-
guided motivation, and associating contextual elements
with rewarding stimuli.”’ ®° The fact that glucose detected
in the HPV increases dopamine in the nucleus accumbens
shell argues that it is reinforcing and may help the animal
link the nutrient value of the glucose with sensory stimuli
such as taste, flavor, and context. Consistently, glucose (but
not mannitol) infusions in the HPV condition a place pref-
erence in rats,”® demonstrating the ability of HPV glucose to
support learning about contextual cues, in addition to fla-
vor/taste cues. While portal glucose is likely rewarding, its
power to reinforce behavior has yet to be fully character-
ized. Future studies could examine the role of portal glucose
in supporting reward-guided learning, such as operant
responding for portal glucose infusion or serving as an
unconditioned stimulus in Pavlovian conditioning.

Taken together, these studies demonstrate that glucose
has the ability to reduce food intake, condition nutrient
preferences, and influence dopamine signaling, depending
on experimental conditions. However, when considering the
role of HPV glucose sensing in the development of food
preferences, and food intake more generally, it is important
to consider that the HPV is just one part of a complex system
for the control of feeding behavior.®! Therefore, despite the
aforementioned examples of how HPV glucose sensing

5
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influences ingestive behaviors, there are many other meta-
bolic signals originating in the gut (eg, gastric distension,
nutrient sensing in small intestine, release of hormonal
signals [such as leptin, ghrelin, cholecystokinin (CCK), etc.])
that communicate with the brain and contribute to feeding
behavior.”%¢?

HPV-to-Brain Pathways for Food Intake

Control

How are signals from HPV glucose sensors transmitted
to the brain to exert effects on food intake? The HPV is
innervated by both vagal®®®* and spinal® afferents.
Accordingly, it is thought that glucose sensors in the HPV
likely signal via the vagus nerve®®®” or through spinal af-
ferents®” to the brain and ultimately manifest physiological
or behavioral effects.

In particular, afferent nerve innervation of the HPV is
necessary for the anorectic feeding effect of portal glucose
infusions. Chemical or mechanical ablation of afferent nerve
fibers in the HPV abolishes the reductions in food intake by
portal glucose.*** However, common hepatic branch va-
gotomy does not abolish the anorectic effect of portal
glucose.” Interestingly, celiac-superior mesenteric ganglio-
nectomy, which ablates spinal afferent neurons innervating
the gut and HPV, attenuates the satiating effect of intestinal
nutrients.’” It is possible that part of this effect reflects
downstream HPV nutrient sensing, rather than direct in-
testinal nutrient sensing. Therefore, the food intake inhibi-
tion by HPV glucose may be mediated by spinal afferent
signaling, though to our knowledge, there is no published
evidence that directly tests this.

In line with these behavioral findings, the transmission
of HPV glucose signals to the brain appears to be dependent
on spinal, but not vagal, afferents.”’ Spinal afferents, whose
cell bodies lie in the dorsal root ganglion (DRG), synapse in
the dorsal horn of the spinal cord. In turn, second-order
spinal neurons send projections to the brain, including to
feeding-relevant regions such as the dorsal vagal complex
(DVC) and parabrachial nucleus (PBN).°>”*7? Each of these
areas projects to hypothalamic feeding centers including,
but not limited to, the arcuate hypothalamic nucleus, lateral
hypothalamus (LH), and ventromedial hypothalamus,
among others.”® Spinal transection at T5 or splanchnic
nerve ablation prevents neuronal firing in the LH in
response to HPV glucose infusion.”® In contrast, signals
traveling through the vagus nerve synapse only with
brainstem neurons in the DVC.°*°®”* Vagotomy does not
abolish, but rather increases, LH firing, suggesting that the
vagus nerve is not required for, but may play a modulatory
role in, communicating HPV glucose signals to the brain.”’ A
recent study applied a transsynaptic virus to the HPV and
revealed labeling within the DVC, most notably within the
dorsal motor nucleus of the vagus (DMX) with only sparse
labeling in the nucleus of the solitary tract (NTS).”” These
data suggest that the DVC is a primary target of HPV-
innervating spinal and vagal afferents.

Recently, Goldstein et al’® examined the effects of portal
glucose signaling on activity in hypothalamic, hunger-
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sensitive agouti-related protein (AgRP)-expressing neu-
rons in the arcuate hypothalamic nucleus, whose activity is
decreased upon consumption of food. They found that direct
HPV infusion of glucose reduces AgRP neuron activity, and
that this neural response requires spinal but not vagal
signaling.”® Additionally, slow onset hypoglycemia is
relayed via spinal (and not vagal) afferents, and these sig-
nals are communicated to feeding centers such as the DVC
and VMH.®®”” These studies use celiac-superior mesenteric
ganglionectomy as a strategy to ablate spinal afferent neu-
rons; however, this manipulation also affects sympathetic
and potentially vagal efferent activity.”® While these studies
highlight a likely role for HPV-spinal afferent-brain signaling
on neural activity, in the future, more specific gain- and loss-
of-function manipulations of spinal afferent neurons will
clarify the role of spinal gut-brain signaling on feeding
behavior.

In addition to the aforementioned experimental caveats,
the HPV glucose infusions in experiments examining neural
activity were much shorter in duration and higher in
glucose concentrations than what has been used to
demonstrate the HPV feeding effects. Thus, while these
studies provide useful information on the gut-brain path-
ways and central circuits through which portal glucose may
influence feeding behavior, interpretations are limited until
future studies can control for the parameters of glucose
infusion across behavioral and physiological readouts. With
in vivo imaging techniques becoming more standard in the
field of gut-brain signaling,’® it will be important to use
these platforms to determine how HPV glucose impacts
activity in feeding circuits beyond AgRP neurons. Further,
combining these studies with manipulations of vagal or
spinal afferent neurons will enable a more complete un-
derstanding of the gut-brain connectivity that connects HPV
sensing to food intake control.

Toward a Vein-to-Brain Pathway for HPV
Glucose Sensing

While the anorectic effect induced by portal glucose has
been attributed to portal SGLT3, the mechanistic details of
this signaling—from portal glucose sensing to signaling
within the brain—remain elusive. SGLT3 (and other po-
tential glucose sensors) may be present on cells within the
HPV or on sensory afferents innervating the portal vein.
Perhaps due to antibody issues, visualization of SGLT3 via
immunohistochemistry has not been successful,®® and the
cell types in which this glucose sensor is expressed in the
HPV are currently unknown.

SLGT3 may be localized to cells that make contact with
the HPV lumen, or they may be on the terminal endings of
sensory afferents innervating various layers of the portal
vein wall. The nature of vagal and spinal innervation across
the defined layers of the HPV remains a current topic of
investigation. There is ample evidence demonstrating that
sensory fibers course across and possibly terminate within
the tunica adventitia layer of the HPV. Tracing studies using
Dil injected in to the nodose ganglia find fine varicose
endings terminating in the tunica adventitia.®*®° Similarly,
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CGRP (a marker for sensory afferents) is found in the tunica
adventitia,®” and also in the smooth and longitudinal muscle
layers, and sparsely in the tunica interna.?’ Garcia-Luna
et al”®> examined the depth of sensory innervation of the
HPV by systematically performing injections of a trans-
synaptic anterograde tracer on the surface, within the
muscular wall, and in the lumen of the HPV. Injection of
virus into the muscular layers resulted in the most robust
and consistent labeling of neurons in the brain compared
with surface injections, whereas injections into the lumen
did not yield any expression (though this could be explained
by blood flow preventing the virus from binding to epithelial
cells). Therefore, afferents terminate in several anatomical
levels of the HPV, likely most densely in the tunica adven-
titia and media. It is still unknown how far sensory afferents
protrude toward the lumen of the HPV.

Despite increasing sets of single-cell sequencing data for
vagal and spinal afferent neurons, it remains unclear
whether sensory afferents within the HPV directly sense
glucose. Neurons in the DRG and nodose ganglion express
only very low levels of SGLTs or GLUT2.°“®? Therefore,
instead of directly sensing glucose, it is also possible that
vagal and spinal afferents in the HPV communicate with
cells that line the lumen of the HPV.>*®3 Indeed, this could
be similar to the reported synapses between vagal afferents
and intestinal cells for glucose sensing.®*"®® The HPV cell
types in which SGLT3 is expressed are unknown. In fact,
more generally, to our knowledge the HPV cell types and the
RNAs and proteins that they express have not been sys-
tematically profiled. Applying sequencing approaches to
profile HPV cell types would fill a major gap in our knowl-
edge and likely help inform mechanisms for nutrient
sensing. Furthermore, while there are several brain regions
that receive information about portal glucose sensing, the
necessity of these regions (and the cell types within) for
controlling feeding behavior remain to be tested.

HPV Sensing of Other Nutrients on

Feeding Behavior

While it is well documented that the HPV sodium mod-
ulates salt (NaCl) intake,””®’ sensing mechanisms for
caloric nutrients besides glucose have received less atten-
tion for their role in ingestive behavior. However, it is likely
that the HPV plays a role in sensing protein, fat, and some
metabolic hormones. We briefly discuss this literature here.

Amino Acids/Proteins

Infusion of amino acids into the portal vein strongly
suppresses ongoing food intake.”” More recent studies
suggest that the HPV senses protein to indirectly inhibit
feeding behavior. Indeed, a series of studies by Mithieux
et al®” revealed that the digestion of protein begins the
process of intestinal gluconeogenesis, which is subsequently
sensed in the HPV and reduces feeding behavior.”””! Here,
the intestinal digestion of proteins releases oligopeptides in
the HPV, which bind mu opioid receptors lining the portal
vein wall.”” Mu opioid receptors in the HPV are necessary
for protein-induced gluconeogenesis.”’ This endogenously
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produced glucose is sensed by the HPV®*°*?% to decrease

food intake®*?%?* and neural activation in hypothalamic
brain nuclei.*> We also note that dietary fiber and gastric
bypass surgery are known triggers of intestinal gluconeo-
genesis.”””>?® The food intake-suppressive and other
beneficial metabolic effects of intestinal gluconeogenesis are

. . . . Qg
n1cely summarized in a recent rev1ew.)1

Fat

Ingested fat is broken down in the intestine into fatty
acids, some of which are absorbed into portal circulation to
decrease food intake.”” Portal infusions of both short- and
long-chain fatty acids substantially decrease the size of the
first meal and subsequent 24-hour food intake in rats.”®"°
Using similar paradigms to those described previously, in-
fusions of fatty acids decrease food intake of the subsequent
meal by about 50% (compared with about 30% for glucose).
There is differential potency of certain fatty acids to
decrease food intake, which may reflect differential vagal
afferent detection of distinct fatty acids.'’” It is worth noting
that a large proportion long-chain fatty acids are absorbed
via the lymphatic system,'®" and it remains unclear whether
a meaningful amount enters portal circulation under phys-
iological conditions.

Little is known about the effects of portal lipid sensing
on brain activity. Goldstein et al’® infused intralipid (an
emulsion of phospholipids and triglycerides that provides
essential fatty acids) into the HPV. They found that, in
contrast to glucose infusion, intralipids had no effect on
activity of hypothalamic AgRP neurons. However, the effects
of HPV fatty acid infusion on AgRP neuron activity, as well
as activity in other feeding centers in the brain, remains
unknown. Furthermore, additional work is needed to
determine the role of vagal and spinal afferents in the HPV
sensing of fatty acids and how this information is relayed to
central feeding regions to influence behavior.

Finally, we argue for caution in interpreting the results
from studies that infused fat into the HPV, as this has not yet
been demonstrated to condition food preferences. It is
possible that such decreases in food intake may be a result
of nonspecific malaise pathways rather than of specific
feeding mechanisms.'?* %%

Gut Peptides

In addition to protein and fat, the HPV can sense gut
peptides that influence feeding behavior. Glucagon-like
peptide-1 (GLP-1) is produced by enteroendocrine L cells
and is secreted into the portal vein after a meal. The re-
ceptor for GLP-1 is expressed in the portal vein'>'°® and
GLP-1 infusion into the portal vein stimulates vagal afferent
nerve activity.83’107 Furthermore, infusion of GLP-1 into the
portal vein decreases the size of an ongoing but not future
meal in rats, independent of the vagus nerve."” In addition
to GLP-1, several other gut peptides have been studied,
though less extensively. HPV infusions of CCK,'08
glucagon,** and a combination of insulin and glucose (but
not insulin alone)®’ have been shown to decrease subse-
quent feeding behavior. Last, there is also evidence that
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other metabolites produced from the metabolism of nutri-
ents in the intestine (eg, pyruvate, L-lactate, and glycerol, to
name a few) are sensed via the vagus nerve in the hepatic
portal area to decrease satiety and food intake.'%''"

The GLP-1 receptor is expressed at levels at least 3 times
higher than SGLTs in nodose ganglion and DRG neurons®"**
and has been visualized on nerve terminals within the
HPV.%* Vagal afferents that terminate in the HPV are also
activated by serotonin or CCK.''! Therefore, we speculate
that GLP-1 receptor signaling on sensory afferents, and
perhaps other endocrine mechanisms similar to those
within the well-studied intestinal-vagal-brain axis, also ex-
ists for HPV nutrient sensing. These mechanisms, as well as
their potential relevance to food intake control, will be
revealed through future studies.

Conclusions

Though there is extensive evidence that glucose (and
other nutrients) act via the HPV to exert widespread effects
on feeding and metabolism, our knowledge of the HPV
sensors and gut-brain mechanisms that mediate these ef-
fects is in its infancy. As a great deal of this work was
performed years if not decades ago, it will be important to
revisit these studies with modern techniques to better un-
derstand (1) the intricacies of the HPV glucose effects on
feeding, (2) the sensors and locations of said sensors that
mediate these effects, (3) the neural connections that
transmit these signals to the brain, and (4) the in vivo ac-
tivity dynamics in feeding circuits that are triggered by HPV
glucose to impact subsequent food intake.

Several major conceptual questions also remain
regarding the effects of HPV glucose on feeding behavior.
First, how much of the nutrient sensing occurs in the HPV vs
the liver? Studies that denervate the HPV have suggested
that direct HPV glucose sensing is physiologically relevant to
food intake control®** but have not ruled out a role for the
liver in nutrient sensing. Manipulating glycogen or adeno-
sine triphosphate levels within the liver influences food
intake, 2711 and therefore it has been speculated that
there are sensors for these signaling molecules within the
liver. Tissue-specific knockouts, selective afferent manipu-
lations, and in vivo activity monitoring of sensory neurons
will be helpful to precisely determine the contributions of
sensing in the HPV as opposed to downstream metabolic
effects from the liver.

Relatedly, how much does HPV nutrient sensing account
for the postingestive signaling effects on feeding behavior?
In other words, what are the relative contributions of food
and nutrient sensing within the stomach, small intestine,
HPV, liver, etc.,, on food intake? Furthermore, how can we
separate the effects of HPV sensing from other metabolic
and hormonal signals that are released upon food ingestion?
These questions are difficult to answer, as one cannot
perform a simple “loss-of-function” study with the HPV.
Again, advances in tissue-specific gene knockout strategies,
more specific afferent ablation techniques, and genetic
models to manipulate and record activity in specific cell
types will help us get closer to this answer.
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Finally, because it appears that HPV-detected glucose can
condition flavor preferences, what is the interplay between
HPV glucose sensing and food sensory cues? Where do these
2 streams of information converge in the brain to influence
learning about associations between sensory and nutritive
food components? There have been major strides in under-
standing flavor-nutrient preferences,"'”**® with a focus on
enteroendocrine cells''? and the vagus nerve.'*”'?! However,
considerably less is known about how nutrient sensing by the
HPV fits into this puzzle. Further research in these areas will
add to what we know about the development of food pref-
erences, satiation, and satiety, and potentially inform treat-
ments for obesity and metabolic disease.'*?
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