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Abstract
AIM
To examine the role that enzyme Acyl-CoA:diacylglycerol 
acyltransferase-1 (DGAT1) plays in postprandial gut pe
ptide secretion and signaling. 

METHODS
The standard experimental paradigm utilized to evaluate 
the incretin response was a lipid challenge. Following a lipid 
challenge, plasma was collected via  cardiac puncture at 
each time point from a cohort of 5-8 mice per group from 
baseline at time zero to 10 h. Incretin hormones [glucagon 
like peptide-1 (GLP-1), peptide tyrosine-tyrosine (PYY) and 
glucose dependent insulinotropic polypeptide (GIP)] were 
then quantitated. The impact of pharmacological inhibition 
of DGAT1 on the incretin effect was evaluated in WT 
mice. Additionally, a comparison of loss of DGAT1 function 
either by genetic ablation or pharmacological inhibition. 
To further elucidate the pathways and mechanisms in
volved in the incretin response to DGAT1 inhibition, other 
interventions [inhibitors of dipeptidyl peptidase-IV (sita
gliptin), pancreatic lipase (Orlistat), GPR119 knockout 
mice] were evaluated. 

RESULTS
DGAT1 deficient mice and wildtype C57/BL6J mice were 
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lipid challenged and levels of both active and total GLP-1 
in the plasma were increased. This response was further 
augmented with DGAT1 inhibitor PF-04620110 treated 
wildtype mice. Furthermore, PF-04620110 was able to 
dose responsively increase GLP-1 and PYY, but blunt 
GIP at all doses of PF-04620110 during lipid challenge. 
Combination treatment of PF-04620110 and Sitagliptin 
in wildtype mice during a lipid challenge synergistically 
enhanced postprandial levels of active GLP-1. In contrast, 
in a combination study with Orlistat, the ability of 
PF-04620110 to elicit an enhanced incretin response was 
abrogated. To further explore this observation, GPR119 
knockout mice were evaluated. In response to a lipid 
challenge, GPR119 knockout mice exhibited no increase in 
active or total GLP-1 and PYY. However, PF-04620110 was 
able to increase total GLP-1 and PYY in GPR119 knockout 
mice as compared to vehicle treated wildtype mice. 

CONCLUSION
Collectively, these data provide some insight into the 
mechanism by which inhibition of DGAT1 enhances in
testinal hormone release.

Key words: Glucagon-like peptide-1; Peptide tyrosine-
tyrosine; Glucose independent insulinotropic peptide; 
Acyl-CoA:diacylglycerol acyltransferase-1; Incretin

© The Author(s) 2017. Published by Baishideng Publishing 
Group Inc. All rights reserved.

Core tip: Pharmacological Inhibition of diacylglycerol 
acyltransferase-1 (DGAT1) and insights into postprandial 
gut peptide secretion” describes studies that evaluate the 
effects of loss of DGAT1 function either pharmacologically 
or genetically on the incretin response. We demonstrate 
a synergistic effect on the incretin response with the 
combination of a DGAT1 inhibitor and sitagliptin, a dipe
ptidyl peptidase-Ⅳ inhibitor. Additional studies performed 
address the molecular mechanism by with pharmacological 
inhibition of DGAT1 results in increased gut peptide 
secretion. These data provide insight into the role of 
DGAT1 in the intestinal hormone release and its potential 
as a drug target for the treatment of type 2 diabetes. 

Maciejewski BS, Manion TB, Steppan CM. Pharmacological 
inhibition of diacylglycerol acyltransferase-1 and insights 
into postprandial gut peptide secretion. World J Gastrointest 
Pathophysiol 2017; 8(4): 161-175  Available from: URL: http://
www.wjgnet.com/2150-5330/full/v8/i4/161.htm  DOI: http://dx.doi.
org/10.4291/wjgp.v8.i4.161

INTRODUCTION
Metabolic abnormalities are major risk factors for 
cardiovascular disease, obesity and type 2 diabetes 
mellitus (T2DM)[1]. Impaired glucose uptake, glycogen 
synthesis and glucose oxidation can result from abnormal 
amounts of triglyceride (TG) in the blood and non-

adipose tissues leading to potential insulin resistance[2-6]. 
Gut hormones are known to play an important role in 
glucose and lipid absorption. These gut peptides include 
glucagon like peptide-1 (GLP-1), peptide tyrosine-tyrosine 
(PYY) (both produced by L cells) and glucose dependent 
insulinotropic polypeptide (GIP) (produced by K cells). 
These peptides are secreted as a complex nutrient sensing 
system to control glucose homeostasis[7]. An impaired 
incretin effect in diabetic patients is most likely responsible 
for defective insulin release[7] as levels of GLP-1 and GIP 
can be reduced as much as 54% in T2DM patients[8]. 
GLP-1 is responsible for conveying glucose competence 
to beta-cells[9] and up-regulates genes involved in insulin 
secretion such as glucokinase and GLUT2[10,11]. GLP-1 
mimetics like exenatide-4 and enhancers like dipeptidyl 
peptidase-Ⅳ (DPP-Ⅳ) inhibitors have also shown promise 
in elevating incretin levels to promote insulin release, 
decrease fasting glucose levels and further influence 
weight loss[12-16]. Furthermore, levels of GLP-1 and GIP 
can be augmented by lipid delivered to the intestinal 
lumen and can also be further altered by the degree of 
fatty acid (FA) saturation delivered[17-19]. The data supports 
the notion that endogenous lipids and their enzymatic 
modifiers potentially play an important role in the release 
of incretin hormones from the gut. 

Acyl-CoA:diacylglycerol acyltransferase-1 (DGAT1) 
is one of the key enzymes responsible for the break
down and reassembly of hydrolyzed lipid products 
2-monoacylglycerol (2-MG) and FA. Diacylglycerol (DG) 
produced from acyl coenzyme A by A:monoacylglycerol 
acyltransferase (MGAT) is esterified by DGAT1 to 
resynthesize TG for repackaging and entry into systemic 
circulation[20,21]. The systemic deletion of DGAT1 as well 
as its acute pharmacological inhibition has been shown 
to elicit a blunted post absorptive lipid profile[22-27] with 
promise in modulating postprandial incretin levels[28-30]. 
DGAT1 deficient mice are phenotypically lean, resistant 
to diet-induced obesity and hepatic steatosis, exhibit 
increased insulin and leptin sensitivity, have a reduced 
tissue TG concentration and delayed chylomicron re
lease with lipid treatment and high fat diet[28,31-35]. 
In the enterocytes DGAT1 inhibition modulates lipid 
absorption and alters FA/TG circulation resulting in 
increased levels of GLP-1[29,30]. Intestinal DGAT1 deletion 
during a lipid challenge in mice has also exhibited 
increased levels of GLP-1, PYY and decreased GIP[36]. 
Furthermore, pharmacological inhibition of DGAT1 has 
been shown to alter the temporal and spatial pattern 
of lipid absorption in the small intestine as well as alter 
the type of lipids released into circulation[37] which could 
change the pattern of enteroendocrine cell secretion of 
gut hormones in the small intestine. While the evidence 
regarding the importance of the DGAT1 enzymatic 
downstream effect on incretin release is growing, the 
mechanism of action still remains elusive. 

One possible regulator of gut hormone release are 
G-protein coupled receptors such as GPR119. GPR119 
is expressed predominantly in pancreatic beta-cells 
and intestinal L cells and are known to stimulate GLP-1 
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release[38]. This receptor may promote glycemic control via 
the incretin effect as well as insulin regulation[39]. Agonists 
to this G-protein have been shown to reduce food intake 
and decrease body weight in rodents[40] while GPR119 
deficient mice have reduced fasting plasma GLP-1 and 
impaired glucose tolerance[39]. Furthermore, increased 
FA after meal ingestion such as oleoylethanolamides are 
known activators of GPR119[39,41,42]. The monoacylglycerol 
species 2-oleoyl glycerol, an activator of the GPR119 
receptor and diacylgycerol precursor, was presented to 
elevate plasma GLP-1 and GIP levels in humans after oral 
administration[43]. This evidence provides a potential role of 
GPR119 using certain FA signals to promote gut hormone 
and insulin release, but further investigation is needed to 
understand this mechanism. 

In the current study, we evaluated the impact of ph
armacological inhibition of DGAT1 on the incretin effect 
during a lipid challenge. We used different genetic rodent 
models and pharmacological interventions including 
DGAT1 deficient mice, GPR119 deficient mice, DPP-IV 
inhibitor Sitaglpitin (Merck) and pancreatic lipase inhibitor 
Orlistat (Roche) in combination with PF-04620110, a 
pyrimidooxazepinone, a competitive DGAT1 inhibitor with 
a Ki of 94 nmol/L in mice[27,29] to study incretin release 
into systemic circulation. These data further confirm 
the important role DGAT1 plays in postprandial incretin 
hormone release and provides insight as to molecular 
mechanism by which this occurs. 

MATERIALS AND METHODS
In vitro assay 
The discovery of PF-04620110 has been reported pre
viously[27] and is a potent and selective small molecule 
inhibitor of DGAT1 with 100-fold selectivity vs human 
DGAT2, ACAT1, AWAT1, AWAT2, MGAT2, MGAT3 and 
mouse MGAT1. Briefly, the ability of PF-04620110 to 
inhibit recombinant human (38 nmol/L), rat (94 nmol/L) 
and mouse (64 nmol/L) DGAT1 enzymatic activity was 
determined by measuring the incorporation of [3H]n-
decanoyl Coenzyme A into DG to form TG. Additionally, 
in a cell-based assay in intestinal derived HT-29 cells, 
PF-04620110 (IC50 approximately 39 nmol/L) inhibits 
the incorporation of 3H-glycerol into TG[27]. 

Mice 
C57BL/6J male mice (5-6 wk of age) (Jackson La
boratories), B6.129S4-Dgat1tm1Far male mice (DGAT1 
knockout mice, 5-6 wk of age) (Jackson Laboratories) 
and GPR119 male mice (GPR119 knockout mice, 10-12 
wk of age) (Charles River) were allowed ad libitum access 
to water and normal chow (5001, Purina) on a 6am-
6pm light/dark cycle. All procedures were approved by 
the Institutional Animal Care and Use Committee and 
all animals received humane treatment according to 
the criteria stated by the National Academy of Sciences 
National Research Council (NRC) publication 86-23, 1985. 

TG tolerance test in mice 
Mice were randomized according to body weight on the 

day of experimentation with 5-8 mice per group per 
timepoint. The mice were fasted for three hours prior 
to a single oral dose of vehicle (0.5% methylcellulose) 
or PF-04620110 at 10, 1, 0.1 or 0.01 mg/kg. Thirty 
minutes after PF-04620110 dosing, the animals were 
administered 5 mL/kg corn oil (Sigma) by oral gavage. 
Sitagliptin (Merck) and Orlistat (Roche) were admi
nistered one hour prior to the corn oil bolus at 10 mg/
kg and 25 mg/kg respectively. Blood was obtained in 
EDTA/aprotinin/DPP-Ⅳ inhibitor treated tubes via cardiac 
puncture just prior (t = 0) to corn oil administration and 
at 1, 2, 4, 6, 8 and 10 h post corn oil administration. 
Plasma samples were collected for incretin analysis.

Incretin analysis
Solid phase extraction was used to clean up plasma 
samples for incretin analysis. In brief, EDTA/DPP-Ⅳ
/aprotinin treated plasma and carbon stripped serum 
were ran through Oasis HLB LP (60 mg) extraction plates 
(Waters). Samples were washed 3 times through the 
extraction plate with 100:1 water/trifluoroacetic acid 
mixture. A (60/40/1) mixture of acetonitrile/water/
trifluoroacetic acid was used for the final elution and 
collection. The samples were placed on an Argonaut SDE 
Dry-Dual apparatus under 50 L/min N2 pressure at 40 ℃ 
and allowed to dry overnight. The samples where then 
reconstituted in 300 μL of assay buffer and processed 
according to protocol for active GLP-1 (EGLP-35K, Linco), 
total amide GLP-1 (K110FAC-1, Meso Scale Discovery), 
PYY and GIP (RGT-88K-02, Milliplex map gut hormone 
panel immunoassay, Millipore).

Statistical analysis 
Analysis of incretin levels involved using a Student’s 
t-test (Microsoft Excel) or ANOVA (GraphPad Prism) to 
compare treated vs control groups at each time point. 
Group comparisons were conducted at the 5% signi
ficance level. 

RESULTS
DGAT1 deficient mice and administration of a single 
dose of PF-04620110 increases postprandial plasma 
GLP-1 levels
To understand the role of DGAT1 on the incretin effect, 
fasted DGAT1 deficient mice and wildtype C57/BL6J 
mice were challenged with a corn oil bolus and plasma 
levels of total and active GLP-1 were measured for 2 h 
post lipid administration. Levels of both active and total 
GLP-1 in the plasma were increased 1.9-fold in DGAT1 
wildtype mice from 1.13 pmol/L to 2.14 pmol/L for active 
GLP-1 and 5.11 pmol/L to 9.94 pmol/L for total GLP-1 
(Figure 1A and B). A statistically significant increase was 
detected in DGAT1 knockout mice of 3.1-fold from 1.41 
pmol/L to 4.49 pmol/L for active GLP-1 and 7.23 pmol/L 
to 24.24 pmol/L for total GLP-1 (Figure 1A and B). We 
then utilized a selective and potent DGAT1 inhibitor, 
PF-04620110 to compare pharmacological inhibition to 
genetic loss of function. Levels of active and total GLP-1 
in the plasma were increased 2.3-fold (active GLP-1) 
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from 1.71 pmol/L to 3.96 pmol/L and 4.1-fold from 1.36 
pmol/L to 5.48 pmol/L (total GLP-1) in vehicle treated 
wildtype mice 2 h post corn oil bolus. This response was 
further augmented as evidence by 4.5-fold increase 
in active GLP-1 from 2.03 pmol/L to 9.08 pmol/L and 
17.2-fold increase in total GLP-1 from 1.71 pmol/L to 
29.35 pmol/L with DGAT1 inhibitor PF-04620110 treated 
mice 2 h post corn oil bolus (Figure 1C and D). Acute 
pharmacological inhibition of DGAT1 via PF-04620110 
administration resulted in a greater increase of active and 
total GLP-1 as compared to DGAT1 deficient mice, 1.4 
and 14.1 fold, respectively in the context of postprandial 
lipid challenge. 

PF-04620110 administration in mice alters postprandial 
incretin hormone levels in a dose responsive manner
We then explored if pharmacological inhibition of DGAT1 
is dose responsively altering gut hormones over a 6-h 
period. We monitored the levels of active and total GLP-1, 
total PYY and total GIP in the plasma over time following 

an oral gavage of corn oil. Levels of active GLP-1 AUC 
were significantly increased almost 2-fold higher in all 
drug groups of over the 6-h period with peak levels seen 
at 2 h, the highest level of lipid excursion during this 
challenge (Figure 2A and B)[37]. Levels of total GLP-1 
were increased with increasing dose of PF-04620110 
over time with a maximum 4.3-fold increase in AUC at 
10 mg/kg of PF-04620110 compared to vehicle (Figure 
2C and D). Levels of total PYY were also increased with 
increasing dose of PF-04620110 over time with a highest 
significant difference compared to vehicle at 1 and 10 
mg/kg doses (Figure 2E and F). Interestingly, levels of 
GIP were significantly blunted with all drug doses over 
the 6-h postprandial excursion compared to vehicle 
(Figure 2G and H). 

Combined administration of PF-04620110 and Sitagliptin 
synergistically enhance the postprandial active GLP-1 
response in mice
Next, we hypothesized that administration of a DGAT1 
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inhibitor which is stimulating increased GLP-1 and PYY 
secretion in combination a DPP-IV inhibitor which is 
blocking the clearance pathways of those gut hormones 
would result in synergy on plasma gut hormone levels. 
To test this hypothesis, we monitored the levels of 
active and total GLP-1, total PYY and total GIP in the 
plasma over a 6-h period following an oral gavage 
corn oil following the administration of either vehicle, 
PF-04620110, Sitagliptin or a fixed dose combination of 
PF-04620110 and Sitagliptin. 

Levels of active GLP-1 AUC were modestly increased 
with singular administration of 10 mg/kg PF-04620110 
1.3-fold 6 h AUC relative to vehicle treated mice from 
18.48 pmol/L*h to 36.93 pmol/L*h and increased 
significantly with Sitagliptin 1.9-fold at 10 mg/kg (Figure 
3A and B). The fixed dose combination resulted in 6 h 
AUC of 136.6 pmol/L*h or a 3.7-fold increase (Figure 3A 
and B). Levels of total GLP-1 AUC were significantly and 
identically increased over the 6-h excursion by 3.5-fold 
in both 10 mg/kg dose of PF-04620110 and combined 
administration of PF-04620110 and Sitagliptin compared 
to vehicle (Figure 3C and D). Levels of total GLP-1 were 
not changed with Sitagliptin therapy alone. Levels of total 
PYY AUC were significantly increased with PF-04620110 
by 2-fold and combined administration of PF-04620110 
and Sitagliptin by 1.5-fold over time compared to vehicle 
(Figure 3E and F) with no changes in Sitagliptin alone 
compared to vehicle treatment. Levels of GIP AUC were 
significantly blunted with PF-04620110 by 4.1-fold and 
combined administration of PF-04620110 and Sitagliptin 
6-fold over time compared to vehicle (Figure 2E and F) 
and no changes in Sitagliptin alone compared to vehicle 
treatment. Synergistically, inhibition of DGAT1 and 

inhibition of DPP-IV enhance postprandial levels of active 
GLP-1. 

Orlistat suppresses altered postprandial incretin 
response seen with DGAT1 inhibitor PF-04620110 in 
mice
To gain mechanistic insight as to how DGAT1 inhibition 
is eliciting an enhanced incretin response, we tested 
if dietary lipid absorption is required. Therefore, we 
examined the postprandial incretin effect while inhibiting 
the absorption of fats from the diet using a pancreatic 
lipase inhibitor. Orlistat was administered to mice 
treated with and without PF-04620110 and monitored 
over a 10-h period with corn oil administration. Levels of 
active GLP-1 AUC were significantly increased over the 
10 h excursion by 1.6-fold with PF-04620110 treatment 
alone, but no change in active GLP-1 AUC levels with 
Orlistat or the combination of Orlistat and PF-04620110 
compared to vehicle (Figure 4A and B). Similar effects 
were seen with total GLP-1 AUC and PYY AUC levels 
(Figure 4D-F). Levels of total GLP-1 AUC were increased 
3.8-fold and PYY AUC levels increased 2.1-fold by 
PF-04620110 compared to vehicle. Total GLP-1 AUC 
decreased 1.8-fold with Orlistat and 1.6-fold with 
Orlistat/PF-04620110 combination treatment (Figure 4C 
and D). Total PYY AUC significantly decreased 2.2-fold 
with Orlistat treatment and 1.7-fold combined Orlistat/
PF-04620110 treatment compared to vehicle (Figure 
4E and F). Total GIP AUC levels were significantly 
decreased 1.6-fold by PF-04620110, 4.2-fold by 
Orlistat and 3.9-fold by combination of PF-04620110 
and Orlistat compared to vehicle (Figure 4G and H). 
The combination of this data suggests that inhibiting 
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Figure 3  Incretin effect enhanced postprandially over time with combination pharmacological DPP-IV and diacylglycerol acyltransferase-1 inhibition. 
Fasted male C57BL/6J mice were administered vehicle, 10 mg/kg of PF-04620110 or Sitagliptin by oral gavage (n = 8 per group). Thirty minutes post compound 
administration mice received a bolus of corn oil (challenge). Blood was collected just prior to bolus (time 0) and at 1, 2, 4 and 6 h afterwards for determination of 
active/total GLP-1, PYY and GIP concentrations. (A) Active GLP-1 (pmol/L), (C) total GLP-1, (E) total PYY (pg/mL) and (G) total GIP (pg/mL) in C57BL/6J mice 
treated with vehicle or PF-04620110 following challenge. AUC values for (B) active GLP-1, (D) total GLP-1, (F) total PYY and (H) total GIP. DGAT1 inhibitor treatment 
compared to vehicle (aP < 0.05, bP < 0.01, dP < 0.001 ANOVA). Values are means ± SEM. DGAT: Diacylglycerol acyltransferase-1; GLP-1: Glucagon like peptide-1; PYY: 
Peptide tyrosine-tyrosine.
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pancreatic lipase blocks the effects of DGAT1 inhibition 
on postprandial incretin levels. 

GPR119 deficiency suppresses altered postprandial 
incretin response seen with PF-04620110 administration 
in mice
To examine the incretin effect with whole body knockout 
of GPR119, GPR119 knockout and wildtype mice were 
administered with vehicle or PF-04620110 and monitored 
over a 4-h period during a lipid challenge. Levels of active 
GLP-1 AUC were significantly increased as expected 
over the 4-h excursion by 1.9-fold with PF-04620110 
treatment in wildtype mice, but no change in active 
GLP-1 AUC levels was observed in vehicle treated 
knockout mice and PF-04620110 treated knockout mice 
compared to wildtype vehicle treated mice (Figure 5A 

and B). Total GLP-1 AUC levels were increased 3.4-fold 
in wildtype mice treated with PF-04620110, decreased 
2-fold in vehicle treated knockout mice and significantly 
increased 1.2-fold in PF-04620110 treated knockout 
mice compared to vehicle treated wildtype mice (Figure 
5C and D). Similarly, levels of PYY AUC were increased 
1.8-fold in PF-04620110 treated wildtype mice, slightly 
decreased by 1.5-fold in vehicle treated knockout mice 
and significantly increased by 1.3-fold in PF-04620110 
treated knockout mice compared to vehicle treated 
wildtype mice (Figure 5E and F). Notably, increased 
levels of total GLP-1 and PYY in GPR119 knockout mice 
treated with PF-04620110 were lower than wildtype mice 
treated with PF-04620110. Total GIP AUC levels were 
significantly decreased 4.5-fold by PF-04620110 treated 
wildtype mice, 3.8-fold by vehicle treated knockout mice 
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Figure 4  Incretin effect suppressed postprandially over time with combination orlistat and pharmacological diacylglycerol acyltransferase-1 inhibition. 
Fasted male C57BL/6J mice were administered vehicle, 10 mg/kg of PF-04620110 or orlistat (xenical) by oral gavage (n = 8 per group). Thirty minutes post compound 
administration mice received a bolus of corn oil (challenge). Blood was collected just prior to bolus (time 0) and at 1, 2, 4 and 6 h afterwards for determination of 
active/total GLP-1, PYY and GIP concentrations. (A) Active GLP-1 (pmol/L), (C) total GLP-1, (E) total PYY (pg/mL) and (G) total GIP (pg/mL) in C57BL/6J mice 
treated with vehicle or PF-04620110 following challenge. AUC values for (B) active GLP-1, (D) total GLP-1, (F) total PYY and (H) total GIP. DGAT1 inhibitor treatment 
compared to vehicle (aP < 0.05, bP < 0.01, dP < 0.001 ANOVA). Values are means ± SEM. DGAT: Diacylglycerol acyltransferase-1; GLP-1: Glucagon like peptide-1; PYY: 
Peptide tyrosine-tyrosine.
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and 9.9-fold by PF-04620110 treated knockout mice 
compared to vehicle treated wildtype (Figure 5G and H). 
These data indicate that the altered incretin response 
with PF-04620110 inhibition is partially inhibited by 
knocking out GPR119. 

DISCUSSION
In this study, we evaluated the role of DGAT1 in the 
secretion of gut derived hormones during a post-prandial 
lipid challenge. Previously, we have demonstrated that 
pharmacological inhibition of DGAT1 using PF-04620110 
inhibits TG and vitamin A absorption in mice as well 
as delay gastric emptying, increase fecal fat and 
temporally shift triglyceride absorption downstream 
in the small intestine[37]. These observations led us to 
further investigate how DGAT1 inhibition impacts the 
release of gut derived hormones. DGAT1 deficient mice 
have been previously demonstrated to have increased 
postprandial levels of circulating GLP-1 and our DGAT1 
knockout mouse data is consistent with these studies[44]. 
Interestingly, DGAT1 inhibition with PF-04620110 
when compared to DGAT1 deficient mice results in a 
further elevation of GLP-1 and PYY plasma levels while 
attenuating GIP. The increase in GLP-1 and PYY occurs in 
a dose dependent manner. To elevate circulating levels 
even further, we tested the combined effect of DPP-IV 
(Sitagliptin) and DGAT1 (PF-04620110) inhibition for 
synergistic effects in mice following administration of 
inhibitors. Sitagliptin alone increases active GLP-1 but 
in combination prolongs the circulating active GLP-1 
elevated by PF-04620110. 

Due to our previous observations of the role of 
DGAT1 in the temporal and spatial absorption of dietary 
lipids, we speculated if the “signal” generated by DGAT1 
inhibition to enhance gut hormone secretion was 
generated in the lumen of the gut or intracellularly within 
the enterocytes. DGAT1 is expressed on enterocytes 
whereas incretins are secreted from enteroendocrine L 
and K cells. To gain some insight, we used a pancreatic 
lipase inhibitor which blocks the luminal absorption of 
dietary lipids. Coadministration of Orlistat completely 
blunts the ability of PF-04620110 to elevate GLP-1 
and PYY levels demonstrating a requirement of luminal 
TG degradation and lipid absorption. Thereby, these 
data suggest DGAT1 inhibition enhances the incretin 
response from the lumen and breakdown of lipids in the 
lumen are upstream of the effects of DGAT1 inhibition. 
We then hypothesize the mechanism by which DGAT1 
inhibition effects incretin release is by increasing luminal 
long chain fatty acids and 2-MAG which could signal 
via GPR119 on enteroendocrine cells. To understand 
if GPR119, whose ligand, 2-monoacylglycerol is 
presumably being elevated via DGAT1 inhibition[45], is 
playing a role in the ability of PF-04620110 to elevate 
gut hormones, we utilized GPR119 deficient mice. 
GPR119 deficient mice were treated with PF-04620110 
and subjected to a TG tolerance test. GLP-1, PYY and 
GIP were all reduced postprandially and drastically 
reduced the PF-04620110 profile of GLP-1, PYY and GIP. 
The decrease in GLP-1 AUC demonstrated in GPR119 
knockout mice in either vehicle or PF-04620110 treated 
mice is 50% of GPR119 wildtype mice, suggestive that 
effects of DGAT1 inhibition on gut hormone secretion 
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Figure 5  Incretin effect suppressed postprandially over time with pharmacological diacylglycerol acyltransferase-1 inhibition in GPR119 -/- mice. Fasted 
male GPR119 -/- and +/+ mice were administered vehicle or 10 mg/kg of PF-04620110 by oral gavage (n = 8 per group). Thirty minutes post compound administration 
mice received a bolus of corn oil (challenge). Blood was collected just prior to bolus (time 0) and at 1, 2, 4 and 6 h afterwards for determination of active/total GLP-1, 
PYY and GIP concentrations. (A) Active GLP-1 (pmol/L), (C) total GLP-1, (E) total PYY (pg/mL) and (G) total GIP (pg/mL) in C57BL/6J mice treated with vehicle or 
PF-04620110 following challenge. AUC values for (B) active GLP-1, (D) total GLP-1, (F) total PYY and (H) total GIP. Treatments compared to vehicle +/+ (aP < 0.05, 
bP < 0.01, dP < 0.001 ANOVA). Values are means ± SEM. DGAT: Diacylglycerol acyltransferase-1; GLP-1: glucagon like peptide-1.
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are partially dependent on GPR119. We speculate 
that additional long chain fatty acid/2-MAG GPCRs are 
also activated by DGAT1 inhibition. Collectively, these 
data suggest DGAT1 inhibition requires upstream TG 
hydrolysis and is partially mediated by altering GPR119.  

The augmented plasma GLP-1 and attenuation of GIP 
observed with genetic deficiency and pharmacological 
inhibition of DGAT1 in rodents is in agreement with 
previously reported studies[28,29,44-46]. It has been 
hypothesized that the delay in gastric emptying and 
temporal shift in intestinal lipid absorption in these 
rodent models can contribute to increased GLP-1 and 
attenuation of GIP[47]. The reduction in GIP secretion via 
DGAT1 inhibition is potentially affecting K cell signaling 
by increasing lipid transit bypassing the proximal portion 
of the intestine. Apical L cell stimulation via GLP-1 and 
PYY release would also be enhanced with increased gut 
transit as more lipids ends up further down the GI tract. 
The PF-04620110 mediated increase in PYY is consistent 
with other studies as well as being increased in DGAT1 
deficient mice, but the mechanism of action is not 
well understood[44,45]. PYY secreting L cells are located 
predominantly in the lower portion of the gut (ilium and 
colon)[48]. Since it is clear inhibiting the resynthesis of TG 
through DGAT1 inhibition is causing an increase in PYY 
concurrent to GLP-1 release, it is most likely occurring 
through an ancillary pathway. 

The incretin response is altered via the lipid load 
as well as the degree of FA saturation presented to 
the K and L cell population in the intestine[17]. The 
dose responsiveness of the enhanced gut hormone 
response following DGAT1 inhibition suggests the 
“signal” is potentially the generation of ligands for fatty 
acid GPCRs. The exact molecular mechanism of how 
inhibition of DGAT1 in the enterocytes results in impacts 
on enteroendocrine cells within the intestine remains 
to be fully understood. While DGAT1 plays a major role 
in endogenous TG synthesis, it does not rule out other 
enzyme contributions as residual TG synthesis is present 
in DGAT1 deficient mice and other enzymes like DGAT2 
could compensate for the absence of DGAT1[49]. One 
limitation to these experiments includes measuring these 
gut hormones only 6 h post corn oil administration in 
mice. It is possible that the GIP signal returns at later 
time points when the lipid load reaches the distal sections 
of the intestine. This has been observed in DGAT1 
inhibitor treated canines where GIP signaling returned 
after 4 h[45]. 

The prolonged incretin signal produced by the 
combination of DPP-IV inhibitor Sitagliptin and PF-0462 
0110 is in agreement with a published study using a 
different DGAT1 inhibitor[45]. In humans, the DPP-IV 
inhibitor Vildagliptin singularly increased active GLP-1 
and GIP circulation while decreasing PYY, glucose and 
increasing insulin in the presence of intraduodenal fat 
infusion[50]. While we see similar effects with Sitagliptin 
alone in our mouse study, the addition of PF-04620110 
is able to further enhance active GLP-1 indicating the 
dose combination could be beneficial in a clinical setting. 

Increased PYY circulation seen with combination of 
PF-04620110 and Sitagliptin compared to vehicle could 
also potentially have long term effects of suppressed 
appetite and weight loss, but further studies are needed 
to understand this combined compound effect. The 
notion that a fixed dose combination therapy of a DPP-
Ⅳ and DGAT1 inhibitors would provide additional 
therapeutic benefit than either moiety alone is supported 
by these studies. 

Combined oral dosing of the pancreatic lipase 
inhibitor Orlistat and PF-04620110 results in a blocking 
of GLP-1, PYY and GIP release into circulation. This 
provides further evidence that the DGAT1 inhibitor 
induced gut hormone response is being mediated by 
a lipid or lipid derived signal emanating from within 
the enterocyte. Fatty acids being used as gut peptide 
signaling have been studied previously with the use 
of Orlistat to block the initial breakdown of fat in the 
intestinal lumen[51,52]. This combined dosing also seems 
to be blocking all other methods of TG synthesis in 
the enterocytes since there is complete gut peptide 
inhibition, giving us more confidence that lipids or their 
derivatives are the likely secretagogue signal. 

Increasing FFA in L cell rich areas of the intestine 
could signal G-protein coupled receptors (GPCR) with 
GLP-1 and PYY secretagogues capabilities. To this end, 
we investigated the administration of PF-04620110 
to mice deficient in GPR119, a GPCR present in both 
beta-cells and intestinal L cells which are activated by 
FFA including 2-MAG[39]. Incretin levels and PYY were 
drastically decreased in these GPR119 deficient mice 
even in the presence of PF-04620110. This suggests that 
lacking GPR119 cannot be rescued by PF-04620110 and 
the effects of DGAT1 inhibition on gut hormone secretion 
are partially dependent on GPR119 and potentially 
could be acting as a GPR119 inhibitor by limiting lipid 
exposure to enteroendocrine cells. It is hypothesized 
that GPR119 may promote glycemic control via various 
incretin mechanisms and is known to be co-expressed 
in GLP-1 producing L cells[39]. GPR119 agonists in vivo 
have been shown to increase GLP-1 and GIP as well 
as reverse these effects in GPR119 deficient mice[39]. 
Furthermore, other GPCRs have the capability of using 
FA signals via incretin response to induce insulin secretion 
including GPR120 and GPR40[41,42]. It is possible that 
the lipid signals created by DGAT1 are affecting other 
GPCRs indicated by the slight increase in GLP-1 and PYY 
seen in the GPR119 knockout mice with PF-04620110 
administration. Future studies exploring the combined 
effects of GPR119 agonists and DGAT1 inhibitors on gut 
hormone secretion might result in an additive response. 

The importance of gut hormones and their role 
in glucose and lipid absorption only become more 
significant with the ongoing development of novel gut 
hormone altering pharmaceuticals. Incretin mimetics 
and incretin enhancers have become staples in the 
battle against T2DM and continue to offer hope towards 
controlling hyperglycemia and insulin secretion with 
varying degrees of side effects. Understanding the 
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mechanism behind what alters the secretion of gut 
hormones could help to determine if combinatorial 
therapy could be beneficial or detrimental in controlling 
side effects or further increase the benefits seen with 
current dosing regimens. Pharmacological inhibition of 
DGAT1 can postprandially increase incretin hormones 
and PYY. Furthermore, combined dosing of a DPP-
Ⅳ inhibitor with DGAT1 inhibition can synergistically 
extend the benefits seen with DGAT1 inhibition. Colle
ctively these data provides new insights for the impact 
of pharmacological DGAT1 inhibition and future long 
term studies in T2DM patients. 

COMMENTS
Background
Incretin hormones such as glucagon-like peptide-1 (GLP-1) and glucose-
dependent insulinotropic peptide (GIP) are released from the enteroendocrine 
cells into the circulation in response to dietary nutrition. Peptide tyrosine-tyro
sine is also a gut released hormone involved in energy homeostasis. Impaired 
incretin effect in type 2 diabetics could in part be responsible for defective 
insulin release, beta-cell failure and often have alterations in fat metabolism, in 
particular elevated plasma fatty acids and triglycerides. Acyl-CoA:diacylglycerol 
acyltransferase 1 (DGAT1), catalyzes the final step in triacylglycerol formation. 
In the intestine, DGAT1 is the predominate enzyme in the re-esterification of 
dietary TG and its inhibition or deletion in rodents has increased levels of GLP-1 
in circulation. While the evidence regarding the importance of the DGAT1 
enzymatic downstream effect on incretin release is growing, the mechanism of 
action still remains elusive. 

Research frontiers
Previous intestinal studies have hinted towards FA signaling molecules and 
their involvement in incretin hormone release, but the mechanisms behind this 
release remains not fully understood. 

Innovations and breakthroughs
This study is the first to evaluate how DGAT1 inhibition manipulates lipid 
signaling in the gut and its involvement in manipulating G-protein coupled 
receptor signaling such as GPR119 in enteroendocrine cells to alter the incretin 
effect.

Applications
Examining oral lipid absorption in mice has been a proven way to relate to 
human intestinal physiology and the ability to delay lipid absorption with DGAT1 
inhibitors is a way to study how lipid signals in the gut effect incretin hormone 
release. Utilizing genetic ablation mouse models and different drug combination 
therapies to study intestinal absorption can provide us more insight into the 
mechanism by which inhibition of DGAT1 enhances intestinal hormone release 
and its relevance to humans. 

Terminology
Type 2 diabetes mellitus is a complex disease caused by a variety of issues that 
ultimately leads to insulin resistance and uncontrolled levels of glucose in the 
blood. The incretin effect is a complex nutrient sensing system consequential of 
food ingestion put in place to control glucose homeostasis and ultimately leads 
to insulin secretion. This effect is made up of gut hormones GLP-1 and GIP 
produced predominantly by enteroendocrine cells of the gut lumen. 

Peer-review
The experimental work presented in the manuscript is well designed and of 
good quality, data are presented in the logical manner.
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