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Evidence continues to emerge detailing the myriad of ways the
gut microbiota influences host energy homeostasis. Among
the potential mechanisms, short chain fatty acids (SCFAs), the
byproducts of microbial fermentation of dietary fibers, exhibit
correlative beneficial metabolic effects in humans and rodents,
including improvements in glucose homeostasis. The underly-
ing mechanisms, however, remain elusive. We here report that
one of the main bacterially produced SCFAs, propionate, acti-
vates ileal mucosal free fatty acid receptor 2 to trigger a negative
feedback pathway to lower hepatic glucose production in
healthy rats in vivo. We further demonstrate that an ileal gluca-
gon-like peptide-1 receptor-dependent neuronal network is
necessary for ileal propionate and long chain fatty acid sensing
to regulate glucose homeostasis. These findings highlight the
potential to manipulate fatty acid sensing machinery in the
ileum to regulate glucose homeostasis.

Obesity and diabetes associate with shifts in the gut micro-
biome. Among the proposed mechanisms underlying the role
of the microbiota in host energy homeostasis, production of
short chain fatty acids (SCFAs)7 from non-digestible carbohy-
drates is hypothesized to be a main contributor (1). Alterations
in SCFA production, either via prebiotic supplementation or
surgical alteration, improve metabolic parameters (2–5). The
three main SCFAs, acetate, propionate, and butyrate, differen-
tially alter host metabolism (2, 3), and it appears that propio-
nate exerts the most beneficial metabolic outcome as body

weight changes via gastric bypass associate with rises in propi-
onate (4), mice fed a high-fat diet supplemented with propio-
nate improves glucose tolerance (5), and delivery of propionate
to the colon of obese humans reduces weight gain (6).

SCFAs act on free fatty acid receptor-2 (FFAR2) and -3
(FFAR3), formerly termed GPR43 and GPR41, respectively (7,
8), which are expressed in intestinal epithelial cells (9, 10). Both
receptors are localized in enteroendocrine cells (11) and SCFA-
induced glucagon-like peptide-1 (GLP-1) release is impaired in
primary intestinal cultures from FFAR2�/� and FFAR3�/�

mice (12), whereas intestinal infusion of propionate fails to
induce gut peptide release in FFAR2�/�, but not FFAR3�/�

mice (13). Of note, these results are associative indications of
intestinal FFAR2 regulating blood glucose levels via GLP-1, but
to date, no one has addressed a direct causative role of intestinal
FFAR2 activation in the regulation of glucose homeostasis in
vivo.

To this end, we have characterized the role of the proximal
small intestine in the regulation of glucose homeostasis,
whereby duodenum and jejunum sensing mechanisms lower
hepatic glucose production (GP) via a gut-brain-liver neuronal
network involving gut peptide signaling (14 –18). Despite a
contribution in the control of food intake via activation of the
ileal brake (19), much less is known about the glucoregulatory
role of the ileal sensing (20). Given that FFAR2 is highly
expressed in the ileum (9), and that conditions in the ileum
are more favorable for microbial growth and SCFA produc-
tion than the proximal small intestine (21, 22), we postulated
that propionate triggers an ileal neuronal-dependent nega-
tive feedback pathway that requires ileal FFAR2 and is medi-
ated via GLP-1 receptor (GLP-1R) signaling to lower GP and
maintain whole body glucose homeostasis. Furthermore,
ileal long chain fatty acids (LCFAs) stimulate GLP-1 secre-
tion (23, 24) and vagal afferent firing (25). Thus, to further
characterize the general ileal fatty acid-sensing pathways, we
additionally investigated, for the first time to our knowledge,
whether LCFA sensing in the ileum regulates glucose home-
ostasis and whether a similar GLP-1R neuronal network is
required.

Experimental Procedures

Animals—Male Sprague-Dawley rats (250 –300 g) were
obtained from Charles River Laboratories (Montreal, QC) and
were housed in individual cages maintained on a 12-h light/
dark cycle. Rats had access to chow and water ad libitum, and
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were given 7 days to acclimatize before the designated surgeries
were performed. Animals were randomly designated into
experimental groups. The protocols were approved by the
Institutional Animal Care Committee of UHN.

Ileal and Intravenous Cannulations—A gut catheter was
inserted 2-cm proximal to the cecum to target the ileum and
allow for infusion of various compounds (14). Intravenous
catheters were placed into the jugular vein and carotid artery to
allow for infusion of compounds and blood sampling. Rats were
given 3– 4 days to recover from the surgery before the infusion
studies.

Viral Injection and Surgery—For experiments involving
ileal FFAR2 knockdown, we utilized established protocols
that target infection to a selective segment of the small intes-
tine (16, 17, 26). Lentivirus (LV) expressing FFAR2 shRNA
(1.0 � 106 infectious units of virus; Santa Cruz Biotechnol-
ogy Inc., Dallas, TX) or mismatch (1.0 � 106 infectious units
of virus; Santa Cruz Biotechnology Inc.) was diluted 1/10
into 0.2 ml of saline and injected into the ileal lumen and left
for 20 min to optimize infection. An ileal catheter was sub-
sequently inserted through the injection site, followed by
vascular cannulation. Animals were allowed to recover for 3
days before the infusion studies.

Pancreatic (Basal Insulin)-Euglycemic Clamp with Steady-
state Glucose Kinetics Assessment—This procedure was per-
formed as described (15, 18). The night before the infusion-
clamp studies, rats were fasted for 4 – 6 h. The pancreatic clamp
technique (Fig. 1A) was performed in conjunction with tracer
glucose-dilution methodology, allowing for the simultaneous
calculation of GP and glucose uptake during intraileal fatty acid
infusions. The experiments lasted a total of 200 min, with a
continuous infusion of [3-3H]glucose (40 �Ci bolus; 0.4 �Ci
min�1; PerkinElmer Life Sciences) initiated at the onset of the
experiment (t � 0 min) and maintained throughout (t � 200
min). After reaching steady-state of the [3-3H]glucose infusion,
the pancreatic clamp was initiated at t � 90 min (insulin at 1.2
milliunits kg�1 min�1 and somatostatin at 3 �g kg�1 min�1).
Plasma samples were taken every 10 min and exogenous 25%
glucose solution was infused accordingly to maintain euglyce-
mia. In the final 50 min (t � 150 –200 min), the intraileal infu-
sions were initiated (0.01 ml min�1; treatments described
below). Jejunum, ileum, and liver were removed from anesthe-
tized rats immediately after the studies. The jejunal or ileal
mucosal layer was separated from the smooth muscle layer.
Tissue samples were frozen in liquid nitrogen and stored at
�80 °C until use.

Treatments—The following treatments were given into the
ileum (0.01 ml min�1 for 50 min): (a) saline, (b) 1% bile acid
(phosphate-buffered saline (PBS) with lecithin and sodium tau-
rocholate), (c) propionate (Prop; 5 mM; 4.8 �g min�1; Sigma),
(d) 5% Intralipid (IL; 20% Intralipid diluted in saline; Baxter
Corporation), (e) oleic acid (OA; 200 mM; 0.564 mg min�1;
Sigma), (f) linoleic acid (LA; 200 mM; 0.56 mg min�1; Sigma), (g)
triacsin-C (0.48 pmol min�1; Sigma), (h) exendin-9 (0.15 �g
min�1; Tocris Bioscience, Ellisville, MO), and (i) tetracaine
(0.01 mg min�1; Sigma; this dose selected based on a previous
study that evaluated upper small intestinal fatty acid sensing
(18)). Sodium propionate (�99% purity; Sigma) powder was

dissolved in saline to make 5 mM propionate solution. This dose
of propionate was chosen based on the fact that previous stud-
ies have mostly examined colonic SCFA mechanisms (13), and
as colonic SCFA levels are likely to be supraphysiological as
compared with the ileum (27), we chose a lower dose of SCFA (5
mM) than the concentration that was used in the colon. In addi-
tion, 5 mM SCFA has been documented to stimulate GLP-1
secretion in vitro (13) and more importantly, this dose of pro-
pionate is comparable with ileal propionate levels reported in
humans (28). Intralipid was infused at one-fourth of the dose
that was used in duodenal studies (18) because the amount of
Intralipid detected in the ileum is lower than the duodenum
following intragastric administration (29). Oleic or linoleic
acids (99% purity; Sigma) were emulsified in PBS, 1% sodium
taurocholate (Sigma), and 0.1% lecithin (L-�-phosphatidylcho-
line; Sigma) to make 200 mM solutions as described (30). A
concentration of 200 mM was chosen for oleic or linoleic acids
because this concentration is comparable with what was
reported to stimulate gut peptide release when infused into the
ileum (23, 31).

Protein Extraction and Western Blotting—Tissues were lysed
on ice with a handheld homogenizer in a buffer containing: 50
mM Tris-hydrochloric acid (pH 7.5), 1 mM EGTA, 1 mM EDTA,
1% (w/v) Nonidet P-40, 1 mM sodium orthovanadate, 50 mM

sodium fluoride, 5 mM sodium pyrophosphate, 0.27 M sucrose, 1
�M dithiothreitol (DTT) and protease inhibitor mixture (Roche
Diagnostics, Laval, QC, Canada), and concentrations were
determined with the Pierce 660 nm protein assay (Thermo Sci-
entific, Rockford, IL). 30 �g of tissue lysates were subjected to
electrophoresis in a mini-protean precast gel (4 –15%; Bio-Rad)
and transferred to nitrocellulose membranes. The membranes
were incubated for 30 min with TBS-T containing 5% BSA. The
membranes were then incubated with the indicated primary
antibodies: anti-FFAR2 (1:200; sc-28424, Santa Cruz Biotech-
nology Inc.) or anti-�-actin (1:30,000, Sigma, catalog number
A1978). The blots were then incubated with appropriate sec-
ondary antibodies (diluted 1:3000 for FFAR2 and 1:40,000 for
actin) for 1 h in 5% skim milk at room temperature. After
repeating the washing steps, the signal was detected with the
enhanced chemiluminescence reagent. Western blots were
developed with the Microchemi 2.0 DNR Bio-imaging system,
and quantified protein levels with GelQuant software (DNR
Bio-imaging system) and normalized to �-actin.

Biochemical Analysis—Plasma glucose levels were measured
using the glucose oxidase method (GM9 Glucose Analyzer,
Analox Instruments). Plasma insulin levels were determined by
radioimmunoassay (Linco Research, St. Charles, MO). Plasma
FFA levels were measured by an enzymatic assay (Wako Pure
Chemical Industries, Osaka, Japan).

Statistical Analysis—Results were analyzed using unpaired
Student’s t test, or ANOVA (followed by Tukey’s post hoc test),
using GraphPad Prism 5.0d software. Differences were consid-
ered significant at p � 0.05. Data are presented as mean � S.E.
The time period of 60 –90 min was averaged for the basal con-
dition, and the time period of 180 –200 min was averaged for
the clamp condition.

Ileal Fatty Acid Sensing and Glucose Regulation

APRIL 15, 2016 • VOLUME 291 • NUMBER 16 JOURNAL OF BIOLOGICAL CHEMISTRY 8817



Results

Intraileal Propionate Infusion Lowers GP via Preabsorptive
Mechanisms—We first examined how whole body glucose
metabolism changes in response to an acute rise of propionate
in the ileum. Propionate was infused directly into the ileal
lumen of awake, unrestrained healthy rats at a dose (5 mM)
comparable with previous studies (13) and consistent with ileal
propionate levels reported in humans (28). Insulin was main-
tained at plasma basal levels, which was achieved by the eugly-
cemic-pancreatic clamp (Fig. 1A, Table 1). When propionate
was infused into the ileal lumen for only 50 min, the exogenous
glucose infusion rate required to maintain euglycemia was ele-
vated compared with intraileal saline-infused rats (Fig. 1B), due
to an inhibition of GP (Fig. 1, C and D) and not to an increase in
the rate of glucose uptake, as peripheral glucose uptake did not
change under these experimental conditions (Fig. 1E). Plasma
FFA levels did not rise following intraileal propionate infusions
(Table 1), suggesting that the effect of propionate was preab-
sorptive. Consistently, intravenous infusion of propionate
administered at the same dose and duration as intraileal deliv-
ery (i.e. assuming 100% leakage into the circulation following
ileal infusion) did not alter the glucose infusion rate, the rate of
GP, or glucose uptake (Fig. 1, B–E). Therefore, although the
physiological relevance of ileal SCFA sensing has yet to be
tested, these data demonstrate that ileal propionate sensing
triggers a negative feedback pathway to lower GP via preab-
sorptive mechanisms.

FFAR2 in the Ileum Is Necessary for Propionate Sensing—
Given that propionate is a potent ligand of FFAR2 (7) and that
FFAR2 is highly enriched in the ileal mucosa (9), we examined
whether FFAR2 is required for ileal propionate sensing (Fig.
2A). First, Western blot analysis revealed that FFAR2 (37 kDa)

was expressed in the ileal mucosa of rats, using the respective
testes as a negative control (32) (Fig. 2B) and confirming previ-
ous findings obtained in humans and rodents (7, 8, 33),
although the relative expression of FFAR2 in the ileal enteroen-
docrine cells versus other mucosal cells remains to be deter-
mined. To investigate the necessity of ileal FFAR2 in glucose
control, a previously established intestinal targeted viral
approach was employed to knockdown FFAR2 protein selec-
tively in the ileum in vivo (16, 17, 26). Three days before the
infusion experiments and prior to ileal cannulations, a lentivi-
rus expressing either mismatched shRNA (LV-MM) or FFAR2
shRNA (LV-FFAR2) was injected into the ileal lumen. Western
blot analysis validated the knockdown of FFAR2 protein in the
ileal mucosa of LV-FFAR2 versus rats injected with LV-MM
(�51% reduction; Fig. 2C), with no changes in FFAR2 protein
expression in the jejunal mucosa (Fig. 2D) or liver (Fig. 2E) of
virus-injected rats, confirming the infection was localized to the
ileum.

Rats injected with LV-MM or LV-FFAR2 had similar glucose
kinetics in comparison to non-viral rats following a 50-min

FIGURE 1. The effect of intraileal propionate infusion on glucose kinetics. A, schematic representation of the working hypothesis (left) and experimental
procedure and pancreatic (basal insulin) euglycemic clamp protocol (right). SRIF, somatostatin. B–E, the glucose infusion rate (B), rate of GP (C), % suppression
of GP (D), and glucose uptake (E) during the pancreatic clamp in rats with intraduodenal saline (Sal; n � 6) or propionate (Prop; n � 7) infusions, or intravenous
(i.v.; n � 6) propionate infusion. Values are shown as mean � S.E. **, p � 0.01; ***, p � 0.001, versus all other groups as determined by ANOVA with Tukey’s post
hoc test.

TABLE 1
Plasma insulin, glucose, and free fatty acid concentrations of the
groups receiving ileal infusions during the basal and clamp conditions
Data are mean � S.E. (basal, 60 –90 min; clamp, 180 –200 min).

Vehicle Propionate
Oleic
acid

Linoleic
acid

Basal
Insulin (ng/ml) 0.9 � 0.1 0.8 � 0.2 0.9 � 0.1 0.9 � 0.1
Glucose (mM) 8.2 � 0.4 6.2 � 0.2 6.2 � 0.2 7.0 � 0.3
Free fatty acids (mM) 0.8 � 0.1 0.8 � 0.2 0.9 � 0.1 0.8 � 0.1

Clamp
Insulin (ng/ml) 0.8 � 0.2 0.8 � 0.1 0.8 � 0.1 0.9 � 0.1
Glucose (mM) 7.5 � 0.1 6.6 � 0.2 6.6 � 0.2 7.5 � 0.3
Free fatty acids (mM) 0.7 � 0.1 0.8 � 0.1 0.8 � 0.1 0.7 � 0.1
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intraileal saline infusion (Fig. 3, A–D). Intraileal infusion of pro-
pionate for 50 min increased the glucose infusion rate (Fig. 3A)
and lowered GP (Fig. 3, B and C), but did not alter the rate of
glucose utilization (Fig. 3D) in LV-MM-injected control rats
compared with intraileal saline infusion. Importantly, no differ-
ence in the glucose infusion rate, GP, or glucose uptake in LV-
FFAR2 shRNA-injected rats infused with intraileal propionate
was detected compared with intraileal saline-infused rats (Fig.
3, A–D).

To further establish site specificity and rule out the possibil-
ity that our ileal propionate infusion is activating colonic sens-
ing mechanisms to lower GP, we performed an identical exper-
iment to that above, except that LV-FFAR2 shRNA was injected
into the proximal colon 3 days before clamp studies. Intraileal
propionate infusion still resulted in a high glucose infusion rate
(4.7 � 0.4 mg kg�1 min�1) needed to maintain euglycemia, and
lowered GP from basal (11.7 � 0.3 versus 5.3 � 0.3 mg kg�1

min�1; basal versus clamp) in rats with proximal colon LV-
FFAR2 shRNA injection (n � 5). Taken together, intraileal pro-
pionate sensing activates ileal mucosa FFAR2 to lower GP in
vivo.

An Ileal GLP-1 Receptor-dependent Neuronal Network Is
Necessary for Propionate Sensing—Given that intestinal FFAR2
activation increases GLP-1 secretion (12, 13), we investigated
whether ileal GLP-1R signaling is necessary for the glucose-
regulatory effect of propionate (Fig. 4A). Infusion of exendin-9,
a GLP-1R antagonist, alone into the ileal lumen had no effect on
glucose metabolism, but co-infusion with propionate abolished
the ability of the intraileal 50-min infusion of propionate to
increase the glucose infusion rate (Fig. 4B), and lower GP (Fig.
4C, D). There were no changes in the rate of glucose uptake
detected among the groups (Fig. 4E). In light of the fact that
both ileal FFAR2 knockdown and GLP-1R inhibition negated
the ability of propionate to lower GP and FFAR2 activation
increases GLP-1 release, it is likely that GLP-1R signaling

(hence the increase of GLP-1 levels) in the gut is a downstream
mediator of the ileal propionate-FFAR2 axis in lowering
GP. Future studies are warranted to address this working
hypothesis.

As gut vagal afferent innervation is necessary for the meta-
bolic effect of intestinal GLP-1 action (34), we next assessed the
involvement of a neuronal network (Fig. 4A). Although the
intraileal 50-min infusion of tetracaine, a local anesthetic,
alone had no effect on glucose homeostasis, tetracaine negated
the ability of the intraileal 50-min infusion of propionate to
increase the glucose infusion rate (Fig. 4B) and decrease GP
(Fig. 4, C and D), independent of changes in the rate of glucose
uptake (Fig. 4E). These results indicate that ileal propionate
activates ileal FFAR2 signaling to trigger a GLP-1R-dependent
neuronal network to lower GP in vivo.

Metabolism of LCFA in the Ileum and a GLP-1 Receptor-de-
pendent Neuronal Network Are Necessary for Ileal LCFA
Sensing—In addition to SCFAs, several studies suggest that the
ileal mucosa comes in contact with a significant amount of
ingested lipids (23, 29, 35). For example, 60 min following
administration, �12% of a radiolabeled IL load is present in the
ileum (29). Therefore, given this, and the fact that intra-duode-
nal and -jejunal IL infusion triggers a neuronal-dependent neg-
ative feedback pathway to lower GP (14, 18), we first infused 5%
IL into the ileal lumen of healthy rats for 50 min to activate ileal
lipid sensing and evaluate the impact it has on glucose regula-
tion. IL was infused at a dose one-fourth of that of previous
duodenal studies (18), as IL is detected in a lower quantity in the
ileum when compared with the duodenum following intragas-
tric administration (29). Intraileal 50-min infusion of IL
increased the glucose infusion rate (Fig. 5A) and lowered GP
(Fig. 5, B and C), compared with saline vehicle alone infusion,
with no changes detected in glucose uptake (Fig. 5D).

To further characterize ileal lipid sensing mechanisms, we
next infused either the monounsaturated fatty acid, OA, or the

FIGURE 2. Expression of FFAR2 is reduced in the ileal mucosa after infection of LV-FFAR2 shRNA. A, schematic representation of the working hypothesis.
B, Western blot of the presence of FFAR2 in the ileal mucosa of rats. C–E, representative Western blots and quantitative analysis of FFAR2 protein expression
normalized to �-actin in the ileum (C), jejunum (D), and liver (E) of rats with ileal infection of either LV-FFAR2 shRNA or LV-MM (*, p � 0.05; calculated by unpaired
t test; n � 4 for each).
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polyunsaturated fatty acid, LA, solubilized in 1% bile acid (Fig.
6A), at a dose of 200 mM, which has previously been shown to
stimulate gut peptide release in the ileum (23, 31). OA and LA
were chosen based on the fact that IL is composed mainly of OA
and LA, and that both LCFAs stimulate gut peptide release (36).
Independent intraileal 50-min infusion of either OA or LA
increased the glucose infusion rate (Fig. 6B) and lowered GP
(Fig. 6, C and D), compared with 1% bile acid vehicle alone
infusion, with no change in glucose utilization (Fig. 6E) or
plasma insulin levels (Table 1). This GP-lowering effect of OA
or LA was preabsorptive, as plasma FFA levels were not ele-
vated following OA, LA, or control in the intraileal 50-min infu-
sions (Table 1), and intravenous infusions of OA or LA at the
same dose and duration as intraileal LCFA infusion did not alter
whole body glucose metabolism (Fig. 6, B–E). Our findings
illustrate a novel ileal LCFA sensing pathway that lowers GP in
vivo.

Esterification of duodenal and jejunal LCFAs into LCFA-
CoA via acyl-C synthase is required to lower GP (14, 18). In the
ileum, we here discovered that intraileal coinfusion of OA or
LA with triacsin-C, an inhibitor of long-chain acyl-CoA syn-
thase (Fig. 6A), abolished the ability of intraileal OA or LA 50
min infusion to increase the glucose infusion rate and lower GP,
whereas triacsin-C 	 1% bile acid vehicle alone into the ileum
did not affect glucose metabolism (Fig. 6, B–E). These findings
alternatively confirm that ileal LCFA preabsorptive sensing

lowers GP and that metabolism of LCFAs in the ileum is a
necessary step.

Last, we determined if an ileal GLP-1R-dependent neuronal
network not only mediates the GP-lowering effect of ileal SCFA
but also LCFA sensing (Fig. 6A). Intraileal infusion of exendin-9
	 1% bile acid vehicle alone had no effect on glucose metabo-
lism (Fig. 6, B–E), but co-infusion with either OA or LA intraile-
ally negated the ability of either intraileal infusion of OA or LA
to increase the glucose infusion rate (Fig. 6B) and decrease GP
(Fig. 6, C and D). Furthermore, whereas tetracaine 	 1% bile
acid vehicle alone had no effect on glucose homeostasis (Fig. 6,
B–E), co-infusion of tetracaine with OA or LA abolished the
ability of the intraileal 50-min infusion of OA or LA to increase
the glucose infusion rate (Fig. 6B) and decrease GP (Fig. 6, C and
D). Thus, although the physiological relevance of ileal fatty acid
sensing remains to be investigated, the current study suggests a
mechanistic pathway for ileal fatty acids to decrease GP
through a GLP-1R-dependent neuronal network in vivo.

Discussion

We here demonstrate, for the first time to our knowledge,
that propionate sensing in the ileum triggers an ileal FFAR2
negative feedback pathway to lower GP through a GLP-1R-de-
pendent neuronal network in vivo. This is in line with the fact
that FFAR2�/� (but not FFAR3�/�) mice have reduced circu-
lating GLP-1 levels that are associated with an impaired

FIGURE 3. Intraileal propionate infusion activates ileal mucosal FFAR2 to lower glucose production. A–D, glucose infusion rate (A), rate of GP (B), %
suppression of GP (C), and glucose uptake (D) during the pancreatic clamp in rats with either ileal LV-FFAR2 shRNA or LV-MM infection or no infection, infused
with intraileal saline (n � 5 per group) or propionate (n � 6 per group). Values are shown as mean � S.E. **, p � 0.01; ***, p � 0.001, versus all other groups as
determined by ANOVA with Tukey’s post hoc test.
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FIGURE 4. GLP-1R signaling and a neuronal network are required for ileal propionate sensing. A, schematic representation of the working hypothesis. B–E,
the glucose infusion rate (B), rate of GP (C), % suppression of GP (D), and glucose uptake (E) during the pancreatic clamp in rats with intraileal exendin-9 (Ex 9)
and tetracaine (Tetra) administration with saline or in combination with propionate (n � 6 for all groups). Values are shown as mean � S.E. **, p � 0.01; ***, p �
0.001, versus all other groups as determined by ANOVA with Tukey’s post hoc test.

FIGURE 5. The effect of intraileal Intralipid infusion on glucose kinetics. A–D, the glucose infusion rate (A), rate of GP (B), % suppression of GP (C), and
glucose uptake during the pancreatic clamp in rats with intraduodenal saline (Sal; n � 6) or Intralipid (IL; n � 6) infusions. Values are shown as mean � S.E. **,
p � 0.01; ***, p � 0.001, versus all other groups as determined by ANOVA with Tukey’s post hoc test.
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response to an oral glucose tolerance test (12), whereas the
metabolic improvements of SCFA supplementation is main-
tained in FFAR3�/� mice (5). Our current discoveries not only
directly integrate these associative findings for the first time,
but also demonstrate site-specificity as the propionate-FFAR2-
GLP-1 signaling axis in the ileum potently lowers GP in vivo.
These findings highlight ileal FFAR2 as a potential mediator for
the improved glucose homeostasis observed following SCFA
supplementation either via direct intake of a SCFA-enriched
meal or prebiotic treatment that increases SCFA production (5,
38, 39). Furthermore, given that gastric bypass surgery in
rodents associates with a change in gut microbiota (i.e. stimu-
lating SCFA production) and decrease in the acetate:propio-
nate ratio (4), the currently described ileal propionate-FFAR2
signaling axis may also mediate the glucose-lowering effect of
gastric bypass surgery, although these hypotheses clearly
remain to be directly tested.

Of note, the ileal GLP-1 signaling pathway not only mediates
propionate but also LCFA oleate and linoleate sensing in the
ileum to lower GP, consistent with the fact that both LCFAs and

SCFAs stimulate GLP-1 release (13, 36). In addition, our dis-
coveries illustrate that a neuronal network is necessary for ileal
SCFA and LCFA sensing to lower GP independent of changes
in plasma insulin levels. Thus, in addition to the well described
incretin effect of GLP-1, our findings support an additional
working hypothesis that suggest ileal fatty acids stimulate local
GLP-1 release to act through an ileal GLP-1R-dependent para-
crine neuronal axis to lower GP. This working hypothesis is
supported by the fact that SCFAs, LCFAs, and GLP-1 trigger
vagal firing (25, 40, 41), GLP-1Rs are expressed in the nodose
ganglia that contains the cell bodies of vagal afferents (42),
GLP-1 is rapidly degraded in circulation (43), and that the
GLP-1R is in close proximity to L-cells (37). Although the direct
site of vagal activation remains to be delineated (i.e. portal ver-
sus intestinal), our findings are in line with the notion that
intestinal vagal afferent firing is necessary for nutrient-induced
GLP-1 signaling to regulate glucose homeostasis (34). While
the physiological relevance of ileal fatty acid sensing remains to
be investigated, the current study suggests the presence of a
mechanistic ileal fatty acid sensing pathway involved in glucose

FIGURE 6. Ileal LCFA metabolism and a GLP-1R dependent network are necessary for OA and LA sensing to lower glucose production. A, schematic
representation of the working hypothesis. B–E, the glucose infusion rate (B), rate of GP (C), % suppression of GP (D), and glucose uptake (E) during the pancreatic
clamp in rats with intraileal or intravenous infusion of vehicle (1% bile acids), oleic acid (OA), or linoleic acid (LA), or intraileal infusion of triacsin-C (Tri-C),
exendin-9 (Ex 9), or tetracaine (Tetra) alone or coinfused with either OA or LA (n � 6 for all groups). Values are shown as mean � S.E. **, p � 0.01; ***, p � 0.001,
versus all other groups except LA or OA, as determined by ANOVA with Tukey’s post hoc test.
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regulation. Interestingly, as more undigested LCFAs could
reach the ileum after bariatric surgery, future studies are war-
ranted to address the relevance of ileal LCFA sensing and assess
the relative contribution of jejunal (14) versus ileal nutrient
sensing in the anti-diabetic effect of bariatric surgery.

In summary, we unveil that ileal short and long chain fatty
acid sensing machinery triggers a GLP-1R-dependent negative
feedback neuronal network to lower GP and regulate glucose
homeostasis in rodents. Furthermore, we highlight FFAR2 in
the ileum as a mechanistic target for lowering GP. Specifically,
we postulate that microbiota-derived propionate activates
FFAR2 in the ileal enteroendocrine cells to release GLP-1 and
triggers local vagal GLP-1R to lower GP (Fig. 7). We propose
changes in the fatty acid sensing mechanisms in the ileum reg-
ulate glucose homeostasis.
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