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Abstract

     Abstract   Acyl CoA:diacylglycerol acyltransferase-1 (DGAT-1) catalyzes the fi nal step in triacylglycerol 
(TAG) synthesis and is highly expressed in the small intestine. Because DGAT-1 knockout mice are resistant to 
diet-induced obesity, we investigated the acute effects of intragastric (IG) infusion of a small molecule 
diacylglycerol acyltransferase-1 inhibi-tor (DGAT-1i) on eating, circulating fat metabolites, indirect calorimetry, 
and hepatic and intestinal expression of key fat catabolism enzymes in male rats adapted to an 8 h feed-ing-16 h 
deprivation schedule. Also, the DGAT-1i effect on fatty acid oxidation (FAO) was investigated in enterocyte cell 
culture models. IG DGAT-1i infusions reduced energy intake compared with vehicle in high-fat diet (HFD)-fed 
rats, but scarcely in chow-fed rats. IG DGAT-1i also blunted the postprandial increase in serum TAG and 
increased  hydroxybutyrate levels only in HFD-fed rats, in which it lowered the respiratory quotient and increased 
intestinal, but not hepatic, protein levels of Complex III of the mito-chondrial respiratory chain and of 
mitochondrial hydroxym-ethylglutaryl-CoA synthase. Finally, the DGAT-1i enhanced FAO in CaCo2     (EC 50  = 
0.3494) and HuTu80 (EC 50  = 0.00762) cells.   Thus, pharmacological DGAT-1 inhibition leads to an increase in 
intestinal FAO and ketogenesis when dietary fat is available. This may contribute to the observed eating-inhibitory 
effect.  —Schober, G., M. Arnold, S. Birtles, L. K. Buckett, G. Pacheco-López, A. V. Turnbull, W. Langhans, and 
A. Mansouri.  Diacylglycerol acyltransferase-1 inhibition enhances intestinal fatty acid oxidation and reduces
energy intake in rats.
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Introduction
  Obesity is a global epidemic and a major risk factor for type 2 diabetes, hypertension, cardiovascular disease, 
and other ailments. The development of obesity is multifactorial ( 1, 2 ). Often an overconsumption of energy-
dense, fat-rich food leads to excessive triacylglycerol (TAG) accumulation in adipose and nonadipose tissue. This 
can result in insu-lin resistance and nonalcoholic fatty liver disease, empha-sizing the need for 
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We examined the effects of a small molecule DGAT-
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DGAT-1i administration in HFD-fed rats was related to meta
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 MATERIALS AND METHODS 

 Animals and housing 

 Male Sprague-Dawley rats (6–8 weeks old; Charles River, Sul
testing room (22 ± 2°C) with a 12 h light/12 h dark cycle (lig
conditions before catheter implantation (see below) animals w
energy from fat) (  Table 1  ).  All experiments were performed
access from 1000 to 1800 h) with continuous access to water un
(BW) were recorded. All procedures were approved by the Zuri

 Surgery 

 General.   After adaption to the housing conditions, rats (BW
jugular vein (JV) catheters as described previously ( 19 ) with 
water until 1 h before surgery and they were food deprived for
For infection prophylaxis and analgesia, rats were pretreated 
Borgal® 24%; Intervet, Veterinaria AG, Zurich, Switzerland) d
pach, Switzerland) subcutaneously (SC) 3 h prior to anesthesi
with 100   l/100 g atropine SC (0.05 mg/kg/day) (Sintetica S.A
anes-thesia was induced with 4–5% isofl urane (Minrad Inc
Switzerland). When surgical tolerance was reached, anest
dinitrogenoxide, 300 ml/min each. Eye ointment (Vitamin A 
applied, and the animals were kept on heating pads (39°C) 
anesthesia was checked frequently by testing the interdigital r
days rats received once daily 100  � l/100 g carprofen (Rimadyl®
mg/kg/day) SC for analgesia and, in addition, trimethoprim/sul
week after surgery IG and JV catheters were fl ushed with ste
thereafter every third day. After fl ushing, all JV catheters we
IU/5 ml); B. Braun] polyvinylpyrrolidone (PVP) solu-tion (PV
animals were allowed to recover for at least 10 days before expe
( 6 ) in tissues associated with TAG synthesis, in-cluding the 
ion, lipoprotein assembly, and regu-lation of plasma TAG 
esistant to diet-induced obesity (DIO) ( 8 ), have increased 
keletal muscle ( 9, 10 ), and reduced chylomicronemia after 
tion ( 11 ). Expression of DGAT-1 only in the intestine of 
sis, suggesting that the benefi cial effects of DGAT-1 
 inhibiting intestinal DGAT-1 might therefore be a promis-

ome effects of selective small molecule DGAT-1 inhibitors 
vention of weight gain and the reduc-tion of plasma TAG 
 pharmacological inhi-bition of DGAT-1 on eating appear to 
ntake, DGAT-1 inhibitors do not stimulate eating ( 14–16 ). 
ibitor (DGAT-1i; Compound 2) ( 17 ) on food intake in rats 
action. To test whether the eating inhibi-tion observed after 
 effects, we measured circu-lating metabolites, respiratory 
pression of hepatic and intestinal enzymes related to lipid 
 the effect of DGAT-1i on fatty acid oxidation (FAO) in in-
-1 inhibition on enterocyte FAO together with a reduction in 
terocyte, FAO has been impli-cated in the control of eating 

, Germany) were housed individually in an air condi-tioned 
ff at 1000 h). During at least 1 week adaptation to housing 
ed ad libitum standard chow or a lard-enriched HFD (60% 
ts adapted to an 8 h feeding/16 h deprivation schedule (food 
 otherwise indicated. Daily 8 h food intake and body weight 
antonal Veterinary Office. 

ut 300 g) were equipped with chronic intragastric (IG) and 
 modifi cations ( 20 ). The rats had ad libitum access to tap 
w hours. Catheters were implanted using sterile techniques. 
5 mg/kg trimethoprim/20 mg/kg sulfadoxin (i.e., 200   l 
d 1:6 with saline (NaCl 0.9%; B. Braun Medical AG, Sem-
teen to 30 min prior to anesthesia, animals were pretreated 
ndrisio, Switzerland) diluted 1:10 with saline. Inhalation 

ovet AG) in oxygen 1,000 ml/min (Pan Gas, Dübendorf, 
 was maintained with 1–3% isofl urane, oxygen, and 
0 IE/g; Bausch and Lomb, Steinhausen, Switzerland) was 

ughout the surgery to prevent hypothermia. The depth of 
es. One to two hours after surgery and on the following 2 
 zer AG, Zurich, Switzerland) diluted 1:10 with saline (5 
ine (5/20 mg/kg) on the day after sur-gery. During the fi rst 
aline daily, during the second week every second day, and 
ked with 100  � l sterile heparinized [Heparin-Na (25,000 
; Sigma, St. Louis, MO), 21 g PVP/12 ml 0.9% NaCl. All 
nts began.



Catheter assembly.   Both JV and IG catheters consisted of si-lastic tubing [ID, 0.508 mm; OD, 0.939 mm; length 11.5 
cm (JV) and ID, 0.762 mm; OD, 1.651 mm; length 18 cm (IG) respectively; Gore W.L., Newark, DE] with one end slipped on a 
20 gauge (JV  ) or 18 gauge (IG) Vacutainer cannula (Becton-Dickinson, Basel, Switzerland) that was bent into an L shape 
(>100°) for JV catheters or a U shape for IG catheters. The connection between tubing and cannula was shielded with silicon 
tubing [ID, 1.016 mm; OD, 2.159 mm; length 1.3 cm (JV) and ID, 1.47 mm; OD, 1.159 mm; length 1.5 cm (IG)] and the 
proximal ends of both catheters were fi xed with 3/0 silk thread (B. Braun, Melsungen, Germany) on a small piece of 
nonabsorbable polypropylene surgical mesh (2.2 × 3 cm, rounded edges; Bard, NJ  ). The cannula of the IG catheter protruded 
cranially from the mesh with a 7–10 mm cran-io-caudal distance to the cannula of the JV catheter. In addition, one small JV and 
three bigger IG bands of silicon (Silicone Adhe-sive; Cook Veterinary Products, Queensland, Australia) were ap-plied around the 
tubing at 4 cm (JV) and 0.7, 0.8, and 2.5 cm (IG) respectively, away from the distal end. Two holes were made 0.5 mm away 
from the distal end of the JV tubing with a 20 gauge needle to reduce adhesion of the catheter to the wall of the atrium during 
blood aspiration. 

Catheter implantation.   The cannula ends of the JV and IG cath-eters were led from a 1.5 cm interscapular incision 
cranially and ex-teriorized through a stab wound. The mesh with the cannulas was placed subcutaneously between the scapulae. 
The distal end of the JV catheter was inserted into the linguofacial vein 2 mm rostral to the bifurcation with the external jugular 
and maxillary vein and ad-vanced until the silicon band reached the point of perforation. The distal end of the catheter thus lay 2 
mm inside the right atrium. The catheter was secured in place by two ligatures, and the cervical skin incision was closed in two 
layers. Finally, the JV catheter was fi lled with 100  � l of heparinized PVP solution (see above). The distal end of the IG 
catheter was then led subcutaneously to a 3 cm midline laparotomy. A small stab wound was made in the wall of the 
stomachalong the greater curvature, and the catheter was inserted 5 mm into the stomach (until the fi rst silicon band was inside 
the stomach) and fi xed in place with a purse-string suture (4/0 nonabsorbable silk; Johnson and Johnson, Spreitenbach, 
Switzerland). In addition, the catheter was fi xed to the abdominal wall using the third silicon band and nonabsorbable 4/0 silk. 
The abdominal muscle layer and the skin incision were closed with 3/0 and 5/0 absorbable Vicryl (Ethicon®; Johnson and 
Johnson) respectively. Small pieces (3–4 cm) of polyethylene tubing [0.76 × 1.22 mm (JV); 1.14 × 1.57 (IG); Smiths Medical, 
London, UK] were slipped on the cannulas of both catheters and subsequently sealed with a stainless steel pin (“stop-per”), 
which was made out of an obdurate blunt 20 gauge needle.

 IG catheter verifi cation 

 IG catheter position and patency was verifi ed post mortem or by X-ray scans [Small Animal Computed Tomography scanner, 
Zinsser Analytic, La Theta 2.10, Aloka, Tokyo, Japan (settings: slice, multi; number, 10; pitch, 1 mm; speed, fast; position, face 
down-head front)] (supplementary Fig. I). For the latter proce-dure rats were fasted overnight and the X-ray scans were taken 
under light isofl urane inhalation anesthesia (see above). Diluted contrast agent (1:2; Accupaque TM, GE Healthcare, Chalfont St. 
Giles, UK; 0.6 ml, 2 parts Accupaque + 1 part saline) was IG infused and scans were taken immediately. Thereafter, the IG 
catheter was fl ushed with 0.5 ml saline. All rats recovered from anesthesia within minutes. 

 Experimental procedures 

 The DGAT-1i [Compound 2 ( 17 )] was suspended in the vehicle, consisting of 0.5% w/v hydroxypropyl methylcellulose 
powder (Methocel E4M; Colorcon Limited, Kent, UK) in 0.1% w/v Tween 80 solution (Sigma-Aldrich, Steinheim, Germany) to 
yield concen-trations of 3, 9, or 10 mg DGAT-1i/5 ml vehicle. The suspension was always prepared the day before the 
experiment and continuously stirred at room temperature (RT) overnight to ensure adequate par-ticle size reduction. The 
suspension was physically stable for at least 7 days when stored at RT, protected from light, and stirred continu-ously. IG 
DGAT-1i or vehicle infusions (5 ml/kg BW; <1 min) were always performed 1 h prior to the 8 h food access beginning at dark 
onset (1000 h). All rats were adapted to the IG infusion procedure for at least 2 weeks before the experiments. 



Energy intake measurements 

 Cumulative energy intake (EI) was measured manually (± 0
access) after IG vehicle (control) or DGAT-1i (3 and 9 mg/kg BW
(n = 4) or HFD (n = 5) (see supplementary Fig. IIA). The effects 
were tested in two separate within-subjects cross-over trials (1 d
experiment was performed in another batch of rats adapted to H
cation. In this experiment, EI in vehicle- and DGAT-1i-treated (
ously described ( 21 ), and EI data from defi ned time points (1, 
the subsequent day without treatment (post-vehicle vs. post-DG
tested in a within-subjects crossover trial with 1 day between trial

 Conditioned flavor avoidance test 

 To assess whether rats avoid fl avors paired with IG DGA
performed in 16 naïve HFD-fed rats. According to a previously 
adapted for at least 4 days to a drinking schedule with 22.5 h w
during the light phase (experimental drinking session; 2–1 h prio
(7.5–8 h after dark onset, i.e., 1730–1800 h); during this afternoo
the drinking sessions water was always provided in two bottles 
switched at mid-fl uid access to avoid potential place association
and experi-mental stages, and fl uid intake was always monitore
To encourage drinking during short sessions, a 0.2% (w/v) sacc
experimental stages (see below). To avoid possible neophobia to
On associa-tion days (trials 1 and 2), rats had access to two differ
0.2% sac-charin solution, unsweetened powdered Kool-Aid drin
drinking session in the morning. Shortly after this drinking sessio
BW) 1 h before dark onset (i.e., 0900 h). Both fl avors were coun
drug combinations across the two association days separated by 
+)/vehicle (CS � ) on association trail 1, cherry/grape paired w
second association trial, a two-bottle choice test was performed 
experi-mental drinking session in the morning. The location
counterbalanced and bottle positions were switched at mid-fl uid 
this test day and rats were then returned to ad libitum water acces
paired fl avor (CS+) was calculated using the following equation
where V CS+  is the volume of DGAT-1i-paired fl avor intake 
Vehicle and DGAT-1i fl avor preference ratios (CS �  preference
-test was used to determine whether dif-ferences in preference for
test were statistically signifi cant. A pref-erence ratio of 50%:5
pairing on intake). A shift in the ratio toward the vehicle-pa
conditioned fl avor avoidance (CFA) ( 24 ).
.1 g) during the 8 h feeding period (1, 3, 5, 7, and 8 h after food 
) administration (1 h before food access) in rats adapted to chow 

of the different DGAT-1i doses versus vehicle in both diet groups 
ay between crossovers and 5 days between trials). An addi-tional 
FD only (n = 15) under the same conditions with some modi-fi 

10 mg/kg) rats was measured electronically every 30 s, as previ-
2, 4, 6, and 8 h after food access) on the experimental day and on 
AT-1i) were analyzed. The DGAT-1i dose versus vehicle was 

s  . 

T-1i infusions (10 mg/kg), a two-bottle choice test ( 22 ) was 
described paradigm ( 23 ) (with some modifi cations), rats were 
ater depriva-tion and 60 min access to tap water in the morning 
r to dark onset, i.e., at 0800–0900 h) and 30 min in the afternoon 
n drinking session rats had access to food (see Fig. 2A  ). During 
simultaneously (e.g., A+B) and the positions of the bottles were 
s. This drinking regimen was maintained throughout all adaption 
d by weighing the bottles before and after each drinking session. 
harin solution was added to the fl avors that were offered during 
 saccharin, rats were adapted to the saccharin solution for 2 days. 
ent fl avored solutions [i.e., grape or cherry fl avor (0.05% w/v) in 
k mix; Kraft Foods, White Plains, NY] during the experimental 
n, rats were IG infused with either vehicle or DGAT-1i (10 mg/kg 
terbal-anced with respect to drug order and with respect to fl avor/
one intervening day (e.g., grape/cherry paired with DGAT-1i (CS

ith DGAT-1i/vehicle on association trial 2. Two days after the 
in which rats had simultaneous access to both fl avors during the 
s (right vs. left) of the two fl avored bottles were similarly 
access. No IG ve-hicle or DGAT-1i infusions were performed on 
s. For each rat the percentage of fl uid intake from the DGAT-1i-
: CS+ prefer-ence (%) = [V CS+ /(V CS+  + V CS �  )] × 100, 
 , and V CS �   is the volume of vehi-cle-paired fl avor intake. 
%:CS+ preference%) from each rat were averaged and a paired  t 
 vehicle-paired versus DGAT-1i-paired fl avors during the choice
0% was considered equal for both fl avors (no effect of fl avor
ired fl avor (e.g., 75%:25%) was interpreted as evi-dence for



Blood lipid analyses 

 The effect of acute IG DGAT-1i infusions (9 mg/kg) on serum and plasma fat metabolites was tested in rats that were refed with 
a 3 g HFD or 5 g isocaloric chow test meal at dark onset after 16 h of food deprivation. All rats were well adapted to this procedure, 
and the size of the test meal was chosen based on preliminary trials showing that under these conditions all rats fi nished 5 g chow 
within 10 min. The experiment was designed as a within-subjects crossover test in each diet group with the treatments given in 
random order and with 2 days between trials. Blood sam-ples (400  � l each) were taken via the JV catheter in the fasted state 
shortly before IG infusions at about 0900 h (baseline) and at 2 (1100 h), 3 (1200 h), and 5 h (1400 h) after IG infusions (see 
supplementary Fig. IIB). Blood (250  � l) was transferred into 0.6 ml Eppendorf tubes containing 9  � l EDTA solution (Titri-plex 
3, Merck, Germany; 180 mg dissolved in 3.0 ml distilled water), mixed gently, put on wet ice, and centrifuged (10 min, 10,000 rpm, 
4°C) within 20 min. The plasma was transferred into Cobas-Mira analyzer cups (Hoffmann La Roche, Basel, Switzerland) and 
stored at  � 20°C until analysis (see below). The remaining 150  � l of blood were transferred into a glass tube (Schmidlin Labor 
and Service AG, Neuheim, Switzerland) and allowed to clot for 4–5 h at RT. The serum was transferred into Cobas-Mira analyzer 
cups and stored at 4°C until analysis (see below) later on the same day. Fasting and postprandial serum TAG, plasma free glycerol, 
nonesterifi ed fatty acid (NEFA), and  � -hydroxybutyrate (BHB) concentrations were measured using standard colorimetric and 
enzymatic methods adapted for the Cobas MIRA® autoana-lyzer (Hoffman LaRoche) ( 25 ). 

 Fecal lipid analysis 

 After an IG DGAT-1i (10 mg/kg) or vehicle infusion (1 h be-fore food access) the feces of 18 rats (n = 9/group) fed a HFD 
were collected every 2 h during the 8 h food access period in the dark phase and 12 and 24 h after food access during the light phase 
(see supplementary Fig. IIC). The feces were dried over-night, ground, and fecal fat was extracted via the Folch extrac-tion method 
( 26 ). The extracted lipids were then dissolved in chloroform:methanol (2:1) and separated by thin-layer chroma-tography (TLC 
Silica Gel 60 F254 Aluminum sheets, 20 × 20 cm; Merck, Germany) using petrol ether (boiling point 40–60°C):diethyl ether:acetic 
acid (84.5:15:0.5) as migration solvent. After the separation, the silica gel plate was taken out of the hermetically closed glass 
chamber to dry it and to let the solvent mixture evap-orate. The different lipid fractions were visualized using iodine vapor, which 
colors them brownish/yellowish. Sunfl ower oil (100 mg in 10  � l chloroform/methanol (2:1)/mg) was used as reference (see Fig. 
4B  ). The silica gel plate was cut to collect the NEFA fractions for each animal by scratching off the silica gel of the single pieces. 
Subsequently, the NEFAs contained in the scratched silica were reextracted with acetone and quantifi ed with an enzymatic 
colorimetric diagnostic kit (NEFA-HR(2) R1 + R2 Set; Wako Chemicals GmbH). 

 Indirect calorimetry measurements 

 Indirect calorimetry was performed in 16 Plexiglas airtight metabolic cages (42 × 42 × 30 cm) in an open-circuit indirect 
calorimetry system (AccuScan Instruments Inc., Columbus, OH) as previously described (with modifi cations) ( 27 ). In a within-
subjects crossover design (DGAT-1i vs. vehicle) with two interven-ing days between trials, rats were single housed on a layer of 
wood shavings under the same light, temperature, and food access conditions as described above, except that powdered HFD (No. 
2127; Provimi Kliba AG) was used to allow for the detection of small changes in food intake. Water bottles and food cups were 
mounted on electronic balances, and cumulative food and water intakes were continuously recorded in 5 min intervals during the 8 
h feeding period. Gas exchange (to calculate EE and RQ) was measured from 1 h before until 23 h after IG DGAT-1i (10 mg/kg) or 
vehicle infusions given 1 h before dark onset. To measure EE and RQ, ambient air was pumped into the cage via an adjustable fl ow 
controller (fl ow rate set to 1.7 l/min), and O 2  and CO 2  concentrations were measured by two analyzers (for 30 s in 5 min 
intervals) connected to each cage. This allowed for cal-culating EE and RQ using the manufacturer’s software (PhysioP-lot Version 
1.80, IntegraME Version 2.21; AccuScan Instruments Inc.). EE was calculated according to Weir ( 28 ) using the following 
equation: total energy expenditure (kcal/kg/h) = [3.9 × V(O 2 ) + 1.1 × V(CO 2 )]/1,000; V(O 2 ) and V(CO 2 ) were normalized for 
body weight. The RQ was defi ned as the quotient of CO 2  produc-tion and O 2  consumption. 



Body temperature and activity measurements 

 Body temperature (BT) and physical activity (PA) were mea-sured simultaneously during 1 h before and 23 h after IG DGAT-1i 
(10 mg/kg) and vehicle infusions throughout indirect caloric measurements. DSI PhysioTel® TA-F40 small animal transmitters 
(Data Sciences International, St. Paul, MN) were implanted into the peritoneal cavity of each animal for body temperature and 
activity measurements as previously described by Riediger et al. ( 27 ). Receiver plates, which were placed underneath the meta-
bolic cages, saved data every 5 min and readouts were then evalu-ated on a connected computer with the manufacturer’s software 
(Acquisition Version 4.00, Analysis Version 4.00; Dataquest A.R.T.™). The activity data represent an arbitrary unit refl ecting 
locomotor activity and do not relate to an absolute measurement of distance moved. 

 Analyses of metabolic enzymes in liver and small intestinal mucosa 

 Tissue sampling and processing.   Rats received IG DGAT-1i (9 mg/kg) or vehicle infusions 1 h before dark onset and were 
refed at dark onset with either a 3 g HFD or an isocaloric 5 g chow test meal, respectively. Rats were then killed by decapita-tion 2 h 
after IG infusions and the liver was removed and imme-diately frozen in liquid nitrogen. The whole small intestine was removed and 
two segments representing the duodenum (the proximal 20 cm small intestine distal to the pylorus) and jejunum (35 cm) were 
dissected. The intestinal lumina were gently fl ushed with ice-cold PBS and the mucosa was carefully scraped off with a glass slide 
into cryotubes (Nunc Cryotube 1.8 ml) and placed in liquid nitrogen. Liver and small intestine samples were stored at  80°C until 
further processing. For protein extraction, liver and small intestinal mucosa samples were homogenized in lysis buffer (1% Triton 
X-100, 100 mM Tris pH 7.4, 400 mM NaCl, 10 mM EDTA) including protease inhibitors (complete, EDTA-free Protease Inhibitor
Cocktail Tablets, Roche). After centrifugation (10 min, 4°C, 16,110  g ) the supernatant was removed, and pro-tein concentrations
were measured with the Bio-Rad protein as-say (BioRad DC Protein Assay; München, Germany), based on the Bradford dye-
binding method ( 29 ) with BSA as a standard as indicated by the supplier.

 Western blotting analysis.   Western blotting of carnitine palmitoyltransferase-1 (CPT-1), AMP-activated protein kinase- 
(AMPK ) and phosphorylated-AMPK  (p-AMPK ), mitochon-drial hydroxymethylglutaryl-CoA synthase (mHMG-CoAS2), 
and Complex III of the mitochondrial respiratory chain was conducted using standard techniques; antibodies and dilutions are listed 
in   Table 2  .  Briefl y, proteins in Laemmli (6×) sample buffer (10–30  g per depot) were separated by 10% SDS-PAGE with ei-
ther 7 or 12% polyacrylamide for the separating gels. For molec-ular protein weight estimation, a 3-color protein molecular weight 
standard was used following the manufacturer’s sugges-tion (PageRuler TM  Prestained Protein Ladder; Fermentas). After SDS-
PAGE, gels were transferred electrophoretically onto nitro-cellulose membranes (pore size 0.2  m; Protran, Whatman) and gel 
loading was assessed by reversible Ponceau S staining right after transfer. Membranes were rinsed in distilled water until the 
staining was completely eliminated and subsequently blocked in 5% skim milk in Tris-buffered saline containing 0.1% Tween-20 
for 1 h before immunodetection processing. The membranes were incubated with the primary antibodies overnight at 4°C, washed 3 
times with Tween-20, and incubated with secondary horseradish peroxidase-conjugated anti-rabbit or anti-mouse IgG, respectively, 
for 1 h at RT. Protein bands were visualized using a chemiluminescent substrate [1 ml solution A (50 mg luminol in 200 ml 0.1 M 
Tris, pH 8.6) + 100  l solution B (22 mg p-coumaric acid in 50 ml DMSO) + 1  l H 2 O 2 ] and the intensities of the bands were 
quantifi ed by densitometry using Image J software (ImageJ 1.46b). All Western blots were performed at least 2 times. 

 In vitro experiments 

 Cell culture.   HuTu80 cells (human duodenal carcinoma cell line, American Type Culture Collection) were maintained in MEM 
containing  L -glutamine plus 10% fetal calf serum (FCS) and 1% nonessential fatty acids (FAs). CaCo2 cells (humancolonic cell 
line, European Collection of Animal Cell Culture) were maintained in low glucose DMEM supplemented with  L- glutamine, 
penicillin, and streptomycin plus 10% FCS. Confl u-ent layers of CaCo2 cells were maintained up to 25 days in this medium for 
differentiation. 

 FAO measurement.   FAO studies were performed on confl u-ent layers of cells in 6-well multiwell plates (Nunc, UK) and as-
sessed by the uptake of  14 C-palmitic acid or  14 C-oleic acid and release of  14 C-CO 2  and  14 C-acid soluble products (ASP). 
For the experiment, the medium was removed and the cells were prein-cubated for 30 min with 1 ml of the respective medium 
without FCS containing various concentrations of DGAT-1i (0.1 nM–10  � M) dissolved in DMSO (0.1% fi nal concentration). 
Control wells received 0.1% DMSO without DGAT-1i.  14 C-palmitic acid (NET043001MC; PerkinElmer, Boston, MA) or  14 C-
oleic acid (NET289001MC; Perkin Elmer) (0.12 mM, 1 mCi/well) com-plexed to essentially fatty acid free BSA (molar ratio 4:1; 
Sigma, UK) was added to each well for another 2 h incubation at 37°C  . To measure FAO by CO 2  release, 900  � l of cell medium 
from each well was removed to a 7 ml bijou (Sterilin, UK) and 100  � l ice-cold 30% perchloric acid (PCA) was added. The lid 
containing



a fi lter paper (grade 1 circles, 20 mm diameter; Whatman Schle-icher Schuell, UK) impregnated with 100  � l 0.1 M NaOH was 
immediately screwed on and the tubes were gently shaken and then left overnight at RT. The fi lter papers were removed and placed 
in scintillation vials. Four milliliters of scintillation fl uid were added and CO 2  production was counted. To measure FAO by PCA 
for ASP, the remaining medium was transferred to Eppendorf tubes, centrifuged (16,500  g , 5 min, RT), and 800  � l of the 
supernatant was transferred to scintillation vials and counted. The effect was calculated by adding the counts (CO 2  production) on 
the fi lter paper to the counts in the supernatant (ASP). 

 Statistical analysis 

 Statistical analyses were performed using the SPSS software package (SPSS Inc., version 19.0, Chicago, IL) or GraphPad Prisma 
(GraphPad Software, version 5.00 for Windows, San Diego, CA). ANOVA assumption of data homogeneity and nor-mality and 
repeated measures-ANOVA assumption of sphericity were checked and, if necessary, logarithmic or square root trans-formations 
were used as required to improve normality. In addi-tion, to reduce the infl uence of extreme values, data were converted to standard 
scores using the median absolute devia-tion method and standard scores with absolute values >2.57 or 1.96 (i.e.,  P  < 0.01 or  P  < 
0.05, respectively) were excluded. Ef-fects of between-diet and within-treatment subjects factors were analyzed by mixed ANOVA 
followed by the Bonferroni-Holm post hoc test ( 30 ). A paired or unpaired Student  t -test was used for separate comparisons of two 
groups at single time points. Ar-eas under the curve (AUCs) were calculated using the trapezoi-dal rule, and analyzed by paired  t -
test. In vitro data were analyzed using nonlinear regressions with the log(agonist) versus response logistic equation for a three- or 
four-parameter model, respec-tively, to assess the best-fi t values for logEC 50  (EC 50 ), 95% confi -dence interval logEC 50  (95% 
confi dence interval EC 50   ), and R 2 (see supplementary Table VI). For each experiment, the two models were fi t and standard 
statistical pairwise comparisons of the models and an extra sum-of-squares F test was performed. In addition, repeated measures one-
way ANOVA was performed for each single log concentration-response curve to look for an overall dose effect and simple one-way 
ANOVA was conducted to test differences in logEC 50  values between the four different log concentration-response curves. Not 
normally distributed data were analyzed with the Mann-Whitney U test (diet) or Wilcoxon signed-rank test (treatment, time  ). Data 
are expressed as means ± SEM or as median. Differences are considered signifi cant when  P  < 0.05. 

 RESULTS 

 Acute IG DGAT-1i treatment reduced energy intake in HFD-fed rats 

 Intragastric infusion of 3 and 9 mg/kg BW DGAT-1i re-duced energy intake compared with vehicle mainly in HFD-fed rats. After 
3 mg/kg BW DGAT-1i the effect was signifi cant at 7 h (17%,  P  < 0.001) (  Fig. 1A  ).  After 9 mg/kg BW DGAT-1i ( Fig. 1B ) 
energy intake was reduced at 3, 5, 7, and 8 h (24, 18, 21, and 23% respectively;  P  < 0.01 for all) after food access. Only 9 mg/kg BW 
DGAT-1i re-duced food intake in chow-fed rats at 7 h (14%,  P  < 0.05). There was no signifi cant main effect of diet ( P  > 0.05, not 
signifi cant  ) in both trials (for 2 × 2 mixed ANOVA test statistics see supplementary Table I). In an additional ex-periment without 
chow-fed rats, IG DGAT-1i infusion (10 mg/kg BW) reduced energy intake in 15 HFD-fed rats 1, 2, 4, 6, and 8 h after food access 
22, 39, 42, 54, and 55% re-spectively ( P  < 0.01 for all). On the subsequent day without treatment, no difference in energy intake was 
observed (all time points  P  > 0.05), indicating that DGAT-1i-treated rats did not compensate for the reduction in energy intake on 
the following day (supplementary Fig. III). 



Acute IG DGAT-1i treatment caused a mild CFA 

 None of the fl avored solutions were preferred on asso-ciation days (1 h intakes for grape- and cherry-fl avored solutions were 5.6 
± 0.8 ml and 6.0 ± 0.7 ml respectively;  P  = 0.73). In the two-bottle choice test rats consumed less of the fl avored solutions that had 
been paired with IG DGAT-1i (10 mg/kg) than vehicle (32 vs. 68% preference ratio;  P  < 0.001) (  Fig. 2B  ),  indicating a mild CFA. 

 Acute IG DGAT-1i treatment blunted the postprandial increase in serum TAG and increased plasma BHB 
 Next we determined serum TAG, plasma free glycerol, NEFA, and BHB concentrations in rats treated with the DGAT-1i (9 mg/

kg BW) or vehicle before and after feeding a 3 g HFD or a 5 g isocaloric chow test meal, respectively (  Table 3  ).  All rats completed 
the test meal within 10 min. Pretreatment baseline levels of serum TAG, plasma free glyc-erol, and NEFA did not differ between diets 
(chow vs. HFD) and treatments (vehicle vs. DGAT-1i). Baseline BHB plasma levels in HFD-fed rats were higher ( P  < 0.05) on days 
with DGAT-1i treatment than on days with vehicle (see below). Postprandial levels of free glycerol, NEFA, and BHB were generally 
higher in HFD-fed rats than in chow-fed rats irre-spective of treatment, whereas only postprandial serum TAG levels of HFD-fed rats 
were signifi cantly lower (45%) 3 h after DGAT-1i treatment than the corresponding values in the chow condition (all  P  < 0.05; 
supplementary Table II). 

 Furthermore, IG DGAT-1i infusion dramatically reduced the postprandial increase in serum TAG levels in HFD-fed (76%; 3 h 
after infusion) but not in chow-fed rats. In addi-tion, IG DGAT-1i infusion slightly but signifi cantly attenu-ated the postprandial 
decrease in plasma glycerol and NEFA levels in HFD- and chow-fed rats (supplementary Table III). 

 Finally, this marked reduction in postprandial increase of serum TAGs in DGAT-1i-treated rats was accompanied by an 85% 
increase in postprandial plasma BHB levels in HFD-fed rats only, indicating an increase in FAO and keto-genesis (supplementary 
Table IV). 

 Acute IG DGAT-1i treatment lowered the RQ during the feeding period without altering EE, BT 
or PA 

 To further elucidate the effect of acute pharmacologi-cal DGAT-1 inhibition on whole body FAO, we performed indirect caloric 
measurements in HFD-fed rats. IG DGAT-1i infusion (10 mg/kg) did not affect the increase in RQ over baseline (  1 h) observed 1 
h into the feeding (and dark) period (vehicle, 11%; DGAT-1i, 10%;  P  < 0.001), but an-tagonized the further increase in RQ 
throughout the feed-ing period observed after vehicle (7 h vs. 1 h; vehicle,  P  < 0.01; DGAT-1i,  P  = 0.24) (  Fig. 3A  ).  As a result, 
compare with vehicle, DGAT-1i reduced the RQ at 1, 5, 7, and 11 h after food access [3, 6, 5, and 4% respectively;  P  < 0.01 (1, 5 h),  
P  < 0.05 (7, 11 h)] and the AUC over the 8 h feeding period ( P  = 0.01) ( Fig. 3B ). In addition, the RQ was lower after DGAT-1i 
than after vehicle treatment during the dark (feeding) phase (4%,  P  < 0.05), but did not differ between treatments during the light 
phase when no food was available ( P  = 0.49) ( Fig. 3C ). 

 As with the RQ, IG DGAT-1i infusion did not affect the increase in EE observed 1 h into the feeding (dark) period (vehicle, 31%; 
DGAT-1i, 28%;  P  < 0.001), but antagonized the further increase during the feeding period observed after vehicle (7 h vs. 1 h; 
vehicle,  P  < 0.05; DGAT-1i,  P  = 0.20) ( Fig. 3D ). The EE AUC over the 8 h feeding period tended to be lower after DGAT-1i than 
after vehicle, but this difference did not reach statistical signifi cance ( P  = 0.06) ( Fig. 3E ). The mean EE during dark and light phase 
also did not differ signifi cantly between treatments (dark phase,  P  = 0.16; light phase,  P  = 0.57) ( Fig. 3F ). 

 IG DGAT-1i infusion did not affect BT and PA over 24 h ( Fig. 3G and J , respectively), during the 8 h feeding period ( Fig. 3H 
and K , respectively), or during the dark phase ( Fig. 3I and L , respectively). 



Acute IG DGAR-1i treatment did not affect dietary fat absorption 

 We then investigated whether acute inhibition of DGAT-1 affects dietary fat absorption. IG DGAT-1i infu-sion did 
not affect feces dry weights in HFD-fed rats [DGAT-1i (10 mg/kg), 2.5 ± 0.04 g/day; vehicle, 2.5 ± 0.10 g/day;  P  = 
0.76) and did not produce any overt signs of steatorrhea (data not shown). In addition, TAGs were al-most undetectable 
in extracted fecal fat and there was no treatment difference, suggesting effi cient TAG digestion was unaffected by 
treatment. NEFAs were generally more abundant than TAGs in the excreted feces, but again there was no difference 
between DGAT-1i and vehicle treat-ments at any time point measured (all  P  > 0.05) (  Fig. 4A  ).   Figure 4B  shows a 
representative TLC from a vehicle and DGAT-1i treated animal with a reference depicted on the right side of the plate. 

Acute IG DGAT-1i treatment induced an upregulation of jejunal Complex III of the mitochondrial 
respiratory chain and of mHMG-CoAS2 

 While elevated BHB levels and an increase of RQ clearly indicate an increase in whole body FAO in response to 
DGAT-1 inhibition, the data do not allow any conclusion to be drawn as to where this increase in FAO occurs. We 
therefore determined the expression of enzymes involved in lipid catabolism in liver and small intestine. IG DGAT-1i (9 
mg/kg) infusion had no effect on hepatic protein ex-pression of CPT-1 (  Fig. 5A  ),  AMPK �  and p-AMPK �  ( Fig. 
5B ), mHMG-CoAS2( Fig. 5C ), and on Complex III of the mito-chondrial respiratory chain ( Fig. 5D ), neither in chow 
nor in HFD-fed rats (all  P  > 0.05; supplementary Table VA). Compared with chow feeding, however, HFD   feeding 
sig-nifi cantly increased hepatic protein levels of CPT-1 (DGAT-1i, +88%; vehicle, +87%;  P  < 0.05), and the p-AMPK 
� /AMPK � ratio (DGAT-1i, +205%; vehicle, +224%;  P  < 0.05) (supple-mentary Table VB). In contrast to the lack of 
effect on the hepatic expression of the enzymes, IG DGAT-1i infusion markedly increased protein expression of mHMG-
CoAS2 (+112%;  P  < 0.05) (  Fig. 6A, C  )  and of the Complex III of the mitochondrial respiratory chain (+340%;  P  < 
0.05)( Fig. 6B, D ) specifi cally in the jejunum of HFD- but not of chow-fed rats (supplementary Table VA). Complex III 
ex-pression also appeared to be increased in the duodenum, but this difference did not reach statistical signifi cance. 
These results indicate that DGAT-1 inhibition stimulated FAO and ketogenesis primarily in the jejunum. In addi-tion, 
HFD   feeding itself increased protein levels of mHMG-CoA synthase in the jejunum ( P  < 0.05) but not in the liver 
compared with chow feeding (supplementary Table VB)

.
 DGAT-1i incubation enhanced FAO in CaCo2 and HuTu80 cells 

 In support of the in vivo fi ndings DGAT-1i incubation triggered an increase in FAO products over a range of con-
centrations (0.0001–10  � M) in both CaCo2 (  Fig. 7A  )  and HuTu80 ( Fig. 7B–D ) cells as assessed by the uptake of  
14 C-palmitate (Fig. 7A, B) or  14 C-oleate (Fig. 7C, D) and re-lease of  14 C-CO 2  and  14 C-ASP. The molar 
concentration of DGAT-1i that produced a half-maximal response (EC 50 ) was signifi cantly lower in HuTu80 cells 
(mean EC 50  = 0.0076  � M) than in CaCo2 cells (EC 50  = 0.3494  � M), inde-pendent from the uptake of  14 C-
palmitate or  14 C-oleate, respectively. Within the HuTu80 cells there was no signifi -cant difference of EC 50  values. 
More specifi cally, one-way repeated measures ANOVAs of drug doses for each con-centration-response curve yielded a 
signifi cant effect of doses (all  P  < 0.001). Also, simple one-way ANOVAs of logEC 50  values revealed a signifi cant 
difference of logEC 50  values ( P  < 0.001), and subsequent post hoc Bonferroni multiple comparison tests showed 
signifi cant differences between logEC 50  values of CaCo2 and HuTu80 cells (all  P  < 0.01; for best-fi t values see 
supplementary Table VI). 



 DISCUSSION 
 We here report that inhibition of DGAT-1, one of two known DGAT enzymes that catalyzes the fi nal step in TAG 

resynthesis ( 6, 7 ) with an orally bioavailable and selective small-molecule DGAT-1 inhibitor (Compound 2) ( 17 ), re-
duced energy intake in rats fed a HFD, but not in rats fed chow. The effect in HFD-fed animals was accompanied by a 
meta-bolic shift from TAG synthesis to FAO and ketogenesis, as in-dicated by a reduction in RQ and an increase in 
circulating  plasma BHB. The increased expression of ketogenesis en-zymes in enterocytes rather than hepatocytes in vivo 
and the stimulation of FAO in enterocyte models in vitro are consis-tent with this metabolic shift and suggest it occurred 
pri-marily in enterocytes. Together with other results implicating peripheral, but not hepatic, FAO in the control of eating 
( 18 ), these fi ndings support the hypothesis that an increase in enterocyte FAO due to DGAT-1 inhibition contributes to 
the observed food intake reduction. 

 Dgat-1  � / �   mice are resistant to HFD-induced weight gain ( 8 ) and have reduced chylomicronemia following an 
oral lipid challenge, suggesting a reduced rate of intestinal TAG absorption ( 11 ). Many features of dgat-1  � / �   mice 
appear to be mimicked by pharmacological interference [reviewed by Birch, Buckett, and Turnbull ( 14 )], but global gene 
deletion studies may fail to predict exactly the effects of pharmacologi-cal inhibition [e.g., ( 31 )]. Likewise, we here 
report a hypo-phagic response to acute pharmacological DGAT-1 inhibition, whereas fi ndings in dgat-1  � / �   mice 
show an increase in food intake ( 8, 32 ), possibly because of developmental compensa-tion. Furthermore, the fat content 
of the diet is obviously cru-cial for the reduction in food intake by DGAT-1 inhibition. 

 In addition, the effect of DGAT-1 inhibition on eating appears to be dose dependent, although the effectiveness of the 
two doses cannot be directly compared because they were administered in different trials. In another study, some of us 
observed a rapid onset inhibition of eating 2 h after oral administration of DGAT-1i (30 mg/kg BW) in 20 h-fasted HFD-
adapted rats ( 33 ). Also, once daily adminis-tration of DGAT-1i (0.3, 1.0, and 3 mg/kg po) for 3 weeks reduced food 
intake and BW gain in DIO rats ( 16 ). Thus, the food intake reduction after DGAT-1 inhibition is not limited to our 
experimental design, but may differ de-pending on the experimental conditions. DGAT-1 inhibi-tion produced a mild 
avoidance response. Whether this is related to the DGAT-1i’s effect on enterocyte fat handling remains to be clarifi ed, but 
it seems unlikely that this is the sole cause of its eating-inhibitory effect. While metabolic manipulations can induce a 
substantial taste aversion, such aversions do not necessarily reduce food intake and may in fact coexist with a stimulation 
of eating ( 34 ). In sum, it remains unclear whether DGAT-1i reduces food intake al-ways by the same mechanism.

 To possibly relate the metabolic effects of DGAT-1 inhi-bition to the food intake reduction, we determined circu-
lating fat metabolite levels in rats adapted to chow or HFD after isocaloric HFD or chow test meals and found that 
DGAT-1 inhibition prevented the increase in serum TAG after the HFD meal, indicating that it antagonized intesti-nal 
TAG synthesis when a HFD was consumed. The failure of DGAT-1 inhibition to block the postprandial increase in serum 
TAG levels in chow-fed rats is surprising and cannot be explained based on the present results. Perhaps it is due to hepatic 
TAG synthesis and release that is not sub-stantially inhibited by the DGAT-1i. In fact, Birch et al. ( 17 ) reported that the 
DGAT-1i used in our study inhibits intestinal and adipose tissue, but not hepatic DGAT-1. Also, DGAT-1 is highly 
expressed in small intestine and adipose tissue, but is less abundant in the liver ( 7 ). 

 The antagonism of the postprandial increase in TAG levels is in line with previous similar observations in global and 
intestine-specifi c dgat-1  � / �   mice ( 11, 35 ). Also, DGAT-1 inhibition eliminated the postprandial increase in serum 
TAG in another study ( 36 ), which appears consistent with its prominent role in intestinal TAG synthesis ( 6 ) and sug-
gests that the DGAT-1 inhibition under our conditions was incomplete. Perhaps the effect is more potent when DGAT-1 is 
highly active and, hence, TAG levels are ele-vated, as was the case 1 h after the onset of the HFD meal. A compensation 
of the DGAT-1 inhibition by other path-ways (e.g., DAG-transacylase) similar to what has been pro-posed for dgat-1  � / 
�   mice ( 11 ) is unlikely in response to short-term pharmacological inhibition. Finally, it is un-clear whether a decrease 
in intestinal TAG synthesis suf-fi ces for the observed pronounced effect on circulating TAG, or whether it also requires 
an inhibition of hepatic TAG synthesis, as it occurs with chronic DGAT-1i treat-ment ( 15 ). The DGAT-1i that we 
employed can also an-tagonize adipose tissue TAG synthesis ( 17 ), but this cannot explain the effect described here 
because adipose tissue does not release TAG into the circulation. That fecal TAG was not elevated after DGAT-1i 
treatment indicates that fat malabsorption did not contribute to the decrease in circu-lating TAG levels and illustrates that 
enterocytes can still absorb dietary TAG when DGAT-1 is inhibited. 



 The failure of DGAT-1 inhibition to affect the postpran-dial decreases in plasma NEFA levels is consistent with pre-
vious fi ndings in dgat-1  � / �   mice ( 8 ) and suggests that the DGAT-1i acted primarily on intestinal TAG metabolism 
( 17 ). The higher postprandial NEFA and free glycerol lev-els in HFD-fed rats than in chow-fed rats may refl ect the 
escape of some NEFA and glycerol from lipoprotein lipase-mediated TAG uptake into tissues ( 37 ). 

DGAT-1 inhibition appeared to increase ( P  = 0.074) postprandial BHB levels in HFD-fed rats. In an additional 
experiment in separate HFD-fed rats, DGAT-1i also in-creased (2.4-fold;  P  < 0.05) plasma BHB 5 h after infu-sion 
compared with vehicle (supplementary Fig. IV). This increase in circulating BHB was presumably secondary to a 
stimulation of the oxidation of dietary-derived FAs be-cause hepatic ketogenesis that prevails during fasting, when adipose 
tissue-derived FAs are oxidized, is usually blocked by refeeding ( 38 ). 

 The decrease in RQ after DGAT-1i administration was mainly present during the fi rst few hours of the dark phase 
when rats had access to food, suggesting an in-crease in the oxidation of dietary-derived FAs. Contrary to the observations 
in dgat-1  � / �   mice ( 8 ), the reduction in RQ was not accompanied by an increase in EE or phys-ical activity. In fact, 
DGAT-1 inhibition had no effect on EE, physical activity, and body temperature during the dark phase when activity is 
usually high, suggesting that there were no strange side effects accompanying the shift in oxidative metabolism. While all 
these data indicate an increase in whole body FAO in response to DGAT-1 inhi-bition, they do not identify the site where 
this increase occurred. 

 The effect of DGAT-1 inhibition on the expression of enzymes involved in lipid metabolism in the liver and the small 
intestine helps to answer this question. Consistent with previous studies ( 38–40 ), chronic HFD feeding caused an 
upregulation of key enzymes in lipid metabolism in both tissues, indicating that these enzymes adapt to the level of dietary 
fat. Also, DGAT-1 inhibition increased the expression of Complex III of the mitochondrial respira-tory chain, which is 
closely related to FAO ( 41 ), and of mHMG-CoAS2, the rate-limiting enzyme in ketogenesis ( 38 ), in the jejunum of 
HFD-fed rats, but not in the liver. These fi ndings suggest that DGAT-1 inhibition under our conditions stimulated FAO 
and ketogenesis primarily in the jejunum. DGAT-1i infusion tended to increase expres-sion of Complex III also in the 
duodenum, but this difference did not reach statistical signifi cance. An increase in en-terocyte FAO was also observed in 
mice lacking acyl CoA:monoacylglycerol acyltransferase-2, another enzyme involved in TAG synthesis ( 42   ). Together 
these fi ndings indicate that enterocyte fat handling displays quite some plasticity with FAO and TAG synthesis apparently 
being reciprocally connected. 

 Normally, an increase in circulating NEFAs leads to an increase in circulating ketone bodies because NEFAs fuel 
hepatic FAO and ketogenesis. During fasting, for instance, circulating NEFAs are released from adipose tissue, and 
circulating ketone bodies increase because hepatic keto-genesis is enhanced. With food access, however, circulat-ing 
NEFAs and ketone bodies decrease. This is mainly due to the release of insulin, which blocks lipolysis in the adi-pose 
tissue, stimulates hepatic lipogenesis, and inhibits hepatic FAO due to the inhibition of the CPT-1A, the rate-limiting 
enzyme of mitochondrial FAO ( 43 ). In our study, rats were food deprived for 16 h (baseline values) and had access to 
food at dark onset 1 h after IG DGAT-1i adminis-tration. Also, under these conditions we saw a clear de-cline in 
circulating NEFA, glycerol (inhibition of adipose tissue lipolysis), and BHB over time in chow-fed rats (see  Table 3 ), 
indicating that hepatic FAO and ketogenesis were inhibited upon refeeding, as expected. In HFD-fed and DGAT-1i-treated 
rats, however, ketone bodies in-creased after refeeding. Because this increase in circulat-ing BHB occurred in parallel to a 
substantial decrease in circulating NEFA, it is unlikely that it was due to an in-crease in hepatic ketogenesis. Further, as it 
occurred at a time when the expression of Complex III of the mitochon-drial respiratory chain and of mitochondrial HMG-
CoA synthase was increased specifi cally in the jejunum (and not in the liver), it is reasonable to assume that the increase 
in BHB production occurred in the jejunum and not in the liver. Whereas the liver is considered to be the major keto-genic 
organ ( 44 ), FAO and ketogenesis also occur in the small intestine during suckling. Accordingly, mHMG-CoAS2 is highly 
expressed in the small intestine of suck-ling rats ( 40, 45 ), and the small intestine regains its ketogenic capacity when pups 
are weaned onto, or when adult ani-mals are adapted to a HFD ( 40 ). Thus, the capacity of the small intestine to oxidize fat 
( 46 ) and to produce ketone
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