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Intestinal SIRT3 overexpression in mice improves
whole body glucose homeostasis independent of
body weight
Deepti Ramachandran 1, Rosmarie Clara 1, Shahana Fedele 1, Junmin Hu 2, Endre Lackzo 2, Jing-Yi Huang 3,
Eric Verdin 3, Wolfgang Langhans 1, Abdelhak Mansouri 1,*
ABSTRACT

Objective: Intestinal metabolism might play a greater role in regulating whole body metabolism than previously believed. We aimed to enhance
enterocyte metabolism in mice and investigate if it plays a role in diet-induced obesity (DIO) and its comorbidities.
Methods: Using the cre-loxP system, we overexpressed the mitochondrial NADþ dependent protein deacetylase SIRT3 in enterocytes of mice
(iSIRT3 mice). We chronically fed iSIRT3 mice and floxed-SIRT3 control (S3fl) mice a low-fat, control diet (CD) or a high-fat diet (HFD) and then
phenotyped the mice.
Results: There were no genotype differences in any of the parameters tested when the mice were fed CD. Also, iSIRT3 mice were equally
susceptible to the development of DIO as S3fl mice when fed HFD. They were, however, better able than S3fl mice to regulate their blood glucose
levels in response to exogenous insulin and glucose, indicating that they were protected from developing insulin resistance. This improved
glucose homeostasis was accompanied by an increase in enterocyte metabolic activity and an upregulation of ketogenic gene expression in the
small intestine.
Conclusion: Enhancing enterocyte oxidative metabolism can improve whole body glucose homeostasis.

� 2017 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Type 2 diabetes (T2D), a leading global health concern, is a major
cause of premature deaths worldwide [1]. Overweight and obesity
massively increase the risk of developing T2D, which involves a pro-
gressive rise in insulin resistance (IR), due in part to ectopic fat
accumulation. The pancreas tries to compensate for the rising IR by
overproducing insulin, which ultimately leads to pancreatic b-cell
dysfunction [2]. Current pharmacological treatments for T2D mainly
involve a combination of insulin and hypoglycemic or insulin sensitizing
agents. The most efficient treatment for T2D and morbid obesity so far
is surgical intervention such as Roux-en-Y gastric bypass (RYGB) [3]. In
fact, gastric bypass surgery leads to an immediate reversal of the
diabetic phenotype, even before any substantial weight loss [4,5]. A
large part of this success is supposedly due to morphological and
functional changes in the small intestine [6]. Data from gastric bypass
rat and mouse models support this theory, i.e., postsurgical morpho-
logical and/or metabolic changes in the small intestine might play a
role in improving glycemic control in these animals [7e9].
Genetic [10] and pharmacological [11,12] inhibition of intestinal tri-
acylglycerol (TAG) re-esterification prevented diet-induced obesity
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(DIO) and/or improved glycemic control in rodents. Pharmacological
studies have also implicated enterocyte fatty acid oxidation (FAO) in the
control of food intake and energy expenditure [13,14]. Intestines of
obesity resistant mice show an increase in FAO genes in response to
HFD feeding compared to obesity prone mice [15]. A recent study also
revealed that within three days of HFD exposure, mouse enterocytes
increase their capacity to oxidize fat and to produce ketone bodies [16].
Together, these studies suggest that enterocyte metabolism might play
an important role in the development of obesity and the metabolic
syndrome.
In this study, we aimed to examine whether genetically enhancing
enterocyte mitochondrial metabolic functions, such as FAO, affects DIO
and whole body glucose homeostasis. We therefore overexpressed the
mitochondrial protein Sirtuin 3 (SIRT3) in the enterocytes of mice and
tested the effects of this manipulation on the development of DIO and
IR. All sirtuins require NADþ to be catalytically active, which directly
links their function to the metabolic status of a cell [17]. SIRT3, pri-
marily expressed in mitochondria, deacylates and activates global
mitochondrial proteins leading to increased mitochondrial function,
including FAO, tricarboxylic acid (TCA) cycle flux, and ketogenesis
[18,19].
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We found that SIRT3 overexpression in the enterocytes did not produce
any effects when the mice were on control diet (CD). On HFD, however,
SIRT3 overexpression protected the mice from developing glucose
intolerance and IR. This was accompanied by an increased gene
expression of the ketogenic marker 3-hydroxy-3-methylglutaryl-CoA
synthase 2 (Hmgcs2) in the duodenal and jejunal enterocytes of these
mice. In addition, in control mice, post prandial systemic ketone body
levels were lower on the HFD than on the CD, whereas in mice with the
enterocyte-specific SIRT3 overexpression, this difference was not sig-
nificant. Intestinal SIRT3 overexpression in mice chronically fed HFD led
to an increase in small intestinal enterocytemetabolic activity in response
to an oral load of oleic acid. SIRT3 overexpression did not affect body
weight, body composition, fat distribution, or small intestinalmorphology.
These findings suggest that an increase in the metabolic flux of enter-
ocytes is sufficient to improve whole body glucose homeostasis in DIO,
independent of body weight, body composition, or fat distribution.

2. MATERIALS AND METHODS

2.1. Animals
Mice with an enterocyte-specific SIRT3 overexpression (iSIRT3) were
generated by crossing transgenic mice with a floxed stop cassette
preceding the SIRT3 gene (S3fl) [20] with mice expressing Cre
recombinase under the enterocyte-specific promoter Villin (Vil-Cre)
[21] (stock number 004586 from the Jax cre repository), so that an
additional copy of SIRT3 was expressed in the epithelial cells of the
intestine. The S3fl mice served as controls. All mice had a C57Bl6/J
background. All breedings were carried out in our in-house specified
and opportunistic pathogen free (SOPF) animal facility. At 8e10 weeks
of age, male mice of the appropriate genotype were moved into the
experimental room with controlled temperature and humidity
(22 � 2 �C, 55 � 5%) and a 12 h/12 h dark/light cycle. All animals
were group-housed (2e4 animals per cage) and had ad libitum access
to food and water unless otherwise specified. Their body weights were
monitored regularly as indicated. All animal experiments were
approved by the Cantonal Veterinary Office of Zurich.

2.2. Diets
In the SOPF breeding facility, mice were fed standard chow diet (Kliba
Nafag, Switzerland). In the experimental room, they were switched to
either refined low-fat control diet (CD, #S9213-E001, 10 kJ% fat) or
high-fat diet (HFD, #E15742-34, 60 kJ% fat) from ssniff Spezialdiäten
GmbH, Germany.

2.3. Body composition
Awake mice were scanned at the start and after 2, 4, 8, and 11 weeks
of CD and HFD feeding using the EchoMRI 3-in-1 analyzer (EchoMRI�,
Singapore and Houston, USA) to assess fat and lean mass. After 16
weeks on the diets, mice were scanned under isoflurane anesthesia
using a high-resolution micro computed tomography scanner (CT; La
Theta LCT-100; Hitachi-Aloka Medical Ltd, Japan) to determine fat
distribution in addition to body composition.

2.4. Energy intake and indirect calorimetry
Measurements were carried out in PhenoMaster/LabMaster metabolic
cages (TSE systems, Bad Homburg, Germany). Mice were fed CD and
adapted over 1 week to single housing in cages similar to the Phe-
noMaster cages before measurements. Data displayed were collected
after an additional 2 days of habituation in the system. After 2 days of
data collection on CD, mice were switched to HFD, and data were
recorded for 2 more days. Food intake was measured manually every
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12 h, at the beginning of the light or dark phases. Energy intake was
calculated by multiplying the absolute food intake values with the
energy density of the diets (1 g of CD ¼ 15.25 kJ; 1 g of
HFD¼ 21.53 kJ). Mice were returned to group caging at the end of the
PhenoMaster experiments, and their body compositions were
measured using the Echo-MRI analyzer [22,23].

2.5. Insulin sensitivity test (IST)
After 8 weeks on the diets, mice were fasted for 4e5 h in the middle of
the dark phase with ad libitum access to water. Actrapid HM human
insulin (Novo Nordisk, Denmark) was injected intraperitoneally (IP), and
tail blood glucose levels were monitored at the time points indicated
using the Accu-Chek Aviva blood glucose monitor (Roche,
Switzerland). The Insulin dose was 0.4 and 0.8 mU/g body weight for
CD and HFD fed mice, respectively.

2.6. Oral glucose tolerance test (OGTT)
After 10 weeks on the diets, mice were fasted for 6 h at the onset of
dark phase with ad libitum access to water [24]. They received a 20%
glucose solution in water by gavage (glucose dose: 2 g/kg body
weight). Tail blood glucose levels were monitored at the time points
indicated.

2.7. Animal sacrifice and tissue collection
After 17 or 20 weeks on the diets, mice were food deprived for 2 h in
the dark phase (post prandial) or overnight, respectively, with ad
libitum access to water until sacrifice. All animals were sacrificed in
the dark phase by decapitation; trunk blood was collected and pro-
cessed as described later in the plasma metabolite analysis section
(method 2.11). The intestine and liver were dissected out. Enterocytes
were isolated as described below. Livers were flash frozen in liquid
nitrogen and stored at �80 �C until required.

2.7.1. Intestinal epithelial cell isolation
Intestinal epithelial cells were isolated using a modified version of a
protocol described earlier [16,25]. The small intestines were dissected
out, divided into duodenum and jejunum, flushed with ice-cold PBS,
and then inverted. Each jejunal section was divided into 2 pieces and
together with the duodenum, each intestinal section was tied to the
end of a 12.5 mL Gilson DistriTip Maxi syringe with the plunger pulled
out partially and the barrel filled with air. To secure the intestine in
place, we inserted a piece of plastic tubing onto the end of the syringe
and below the knotted string. To prevent the intestine from floating in
the solution when inflated, we tied a small metal washer with string at
the lower end of the intestinal section. These tissues were submerged
in ice-cold Cell Recovery Solution (Corning #354253), in 5 mL poly-
styrene tubes and placed on ice. The intestinal sections were then
inflated and deflated by pushing down and pulling up the plunger in a
series of 4 inflations and deflations every 5 min (min). After 20 min, the
intestine still attached to the syringe was laid out on a petri dish
containing ice-cold PBS, inflated and the epithelium was scraped off
carefully with a pair of thin blunt forceps to avoid pricking the intestinal
tube. The cells were then transferred into Falcon tubes and pelleted.
The pellets were flash frozen in liquid nitrogen and stored at �80 �C
until subsequent analyses. Further mentions of the duodenum or
jejunum in this manuscript (with the exception of the histological
analysis) refer to the enterocytes isolated from these regions.

2.8. Histology
Two cm pieces of jejunum were collected into tissue processing/
embedding cassettes and fixed overnight in 4% paraformaldehyde at
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4 �C. They were transferred to 65% ethanol in an automatic paraffin-
embedding processor (STP 120 spin Tissue Processor, Thermo
Fischer, Waltham, MA, USA). The tissues were embedded in paraffin
blocks with an automatic embedding system (Automatic Embedding
System Bio-optica, Milano, Italy). Paraffin sections were cut with a
motorized rotary microtome (Hyrax M55, Zeiss, Oberkochen, Germany)
and disposable microtome razor blades (S-22 blades, Feather, Osaka,
Japan).

2.8.1. Hematoxylin and eosin (H&E) stain
Paraffin sections were stained automatically using an H&E-staining
machine (Shandon Varistain, Thermo Fischer Scientific, Waltham, MA,
USA). The stained sections were mounted in embedding medium
(Entellan� New, DPX mountant, SigmaeAldrich, St. Louis, MO, USA).
The sections were scanned with the Axio Scope.A1 (Zeiss, Oberko-
chen, Germany). The desired pictures were taken with an integrated
camera and the pictures were analyzed with the software AxioVision
(Zeiss, Oberkochen, Germany). Additionally, the villi lengths of the
jejunal sections were measured using the software AxioVision.

2.9. Mitochondrial isolation and western blotting
Mitochondria were isolated from frozen duodenum and jejunum using
a method described previously [26]. Mitochondria were lysed in RIPA
buffer containing protease inhibitors and protein concentrations were
determined using the DC Protein assay kit (BioRad # 5000112). Equal
amounts of proteins were denatured with 6X Laemmli containing DTT
and run on SDS PAGE gels. Alternatively, the samples were processed
and run in precast BOLT-Bis-Tris Plus gels (Thermo Fisher Scientific,
Switzerland) according to manufacturer’s instructions. Gels were
transferred to PVDF membranes, which were blocked with milk, pro-
bed with the appropriate primary antibody dilutions overnight at 4 �C.
They were washed, incubated in the appropriate HRP linked secondary
antibody dilutions, washed, and then developed using a homemade
chemiluminescent developing substrate. The blots were imaged using
ImageQuant software. Antibodies used are listed in Sup Table 1.

2.10. Real time quantitative polymerase chain reaction (RT-qPCR)
analysis
RNA was extracted from the duodenum and jejunum using Trizol re-
agent (Life Technologies #15596018) following the manufacturer’s
protocol and treated with DNAse (Qiagen #79254). cDNA was syn-
thesized using the High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems #4368813) and used for RT-qPCR reactions using
FAST SYBR green and the Viia7 Real Time PCR system (Applied Bio-
systems). Each sample was run in triplicate and analysed using the
2�DDC

T method [27] with Peptidylprolyl Isomerase B (Ppib) as the
reference gene [28]. Primers used are listed in Sup Table 2.

2.11. Plasma metabolite and insulin analysis
Post prandial trunk blood samples were collected in micro tubes
containing 0.5 M EDTA after a 2 h fast in the dark phase; fasting blood
samples (approximately 50 mL) were collected from the lateral tail vein
in EDTA coated micro tubes (Sarstedt, Switzerland), after 6 h of fasting
beginning at the onset of dark phase. Blood samples were centrifuged
at 8700g for 10 min at 4 �C, and plasma were collected and stored
at �80 �C until required. Plasma TAG, free glycerol, non-esterified
fatty acids (NEFA), and b-hydroxybutyrate (BHB) concentrations were
measured using standard colorimetric and enzymatic methods
adapted for the Cobas MIRA auto analyzer (Hoffman LaRoche, Basel,
Switzerland) [29]. Final TAG values were obtained by subtracting the
free glycerol values from the measured TAG values. Plasma insulin
1266 MOLECULAR METABOLISM 6 (2017) 1264e1273 � 2017The Authors. Published by Elsevier GmbH.
levels were measured using the Mouse/Rat Insulin Kit (Meso Scale
Discovery, USA #K152BZC-2) according to manufacturer’s
instructions.

2.12. Metabolomics

2.12.1. Sample preparation
After 20 weeks on HFD, mice were fasted overnight and gavaged with a
500 mL bolus of 150 mM 13C2 Oleic acid (SIGMA #646466) in a 0.5%
methylcellulose solution. The mice were sacrificed 2 h post gavage and
duodenum, jejunum, and livers were collected and frozen in liquid ni-
trogen. Tissue samples were pulverized in liquid nitrogen and pre-
weighed samples (approximately 100 mg) were lysed in 1 mL of 80%
methanol and incubated on a thermoshaker at 4 �C for 1 h at 1000 rpm.
The samples were centrifuged at 14,000g and 4 �C for 15 min, and
900 mL of the supernatants were transferred to fresh glass vials and
sealed with Teflon/PTFE caps. These 80%methanol extracts were stored
at �20 �C until further processing. Fifty mL of each extract were trans-
ferred to an Eppendorf vial, dried completely under N2, re-dissolved with
20 mL water, and diluted with 80 mL of 50 mM ammonium acetate in
acetonitrile/methanol/water/saturated aqueous ammonium hydroxide
(900: 88: 10: 2, v/v, pH 9). The final dilutionswere centrifuged at 16,100g
and 4 �C for 15 min. The supernatants were transferred into glass vials
for liquid chromatographyemass spectrometry (LC-MS) analyses [30].

2.12.2. LC-MS analyses
Hydrophilic interaction chromatography (HILIC) was performed on a
nano-UPLC system (Waters Inc. Milford, USA) coupled by a nano-ESI
source to a Synapt G2 HDMS (Waters, Manchester, UK) as described
in [31] with slight modification in the flow rate. The initial flow rate was
3.5 ml/min and went down to 2.5 ml/min during the gradient for
10 min. A pooled sample consisting of a mix of every sample collected
was repeatedly analyzed after every fifth sample in order to monitor the
LC-MS performance and to assess the technical variance. Along with
the pooled samples, a standard reference compound mix was analyzed
containing the targeted metabolites glutamate, citrate, isocitrate,
NADþ, ATP, ADP, acetyl CoA, malonyl CoA, and palmitoyl CoA, each at
5 mM concentration. Relative quantifications of the targeted metabo-
lites were done by using the module QuanLynx of the mass spec-
trometry software MassLynx (version 4.1, Waters, United Kingdom).

2.13. Statistical analysis
All data are presented as mean � standard error of the mean (SEM) of
absolute values, % changes or fold changes as indicated in the figures.
Data normality was verified using the ShapiroeWilk test (when n � 7)
and KolmogoroveSmirnov test (when 5 � n � 6). Non-parametric
tests were used when the data were not normally distributed. Out-
liers were identified using the Grubb’s test and removed. Statistical
tests used are mentioned in the figure legends. When P < 0.05, the
differences were considered statistically significant.

3. RESULTS

3.1. iSIRT3 mice overexpressed SIRT3 in the small intestine
A western blot analysis of mitochondria isolated from the enterocytes
of the duodenum and jejunum of S3fl and iSIRT3 mice showed that
SIRT3 protein levels were higher in the small intestine of iSIRT3 mice
(Figure 1), thus validating the intended transgenic manipulation. The
mitochondrial proteins cytochrome-c oxidase subunit-IV (COX IV) and
voltage-dependent anion channel (VDAC) were used as loading
controls.
This is an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1: iSIRT3 mice overexpressed SIRT3 in the small intestine. Western blot
analysis of mitochondrial fractions isolated from the duodenum (lanes 1 and 2) and
jejunum (lanes 3 and 4) of S3fl and iSIRT3 mice. Antibodies used are for sirtuin 3
(SIRT3), cytochrome-c oxidase subunit-IV (COX IV), and voltage-dependent anion
channel (VDAC). The dotted line separates discontinuous blots. [Lanes 1 and 2, n ¼ 3
(pooled samples); lanes 3 and 4, n ¼ 1].
3.2. iSIRT3 and S3fl control mice had similar body weight, body
composition, energy intake, and whole body energy metabolism
All animals irrespective of genotype gained weight similarly on the HFD
over time (diet, P < 0.0001; time, P < 0.0001; time � diet,
P < 0.0001) (Figure 2A). Monitoring the body composition of awake
animals every few weeks using the EchoMRI scanner revealed that all
animals showed similar increases in fat and lean mass over time (Sup
Figure 1A). All animals on HFD gained more fat mass over time
compared to those on CD (fat mass: diet, P < 0.0001; fat and lean
mass: time, P < 0.0001; time� diet, P < 0.0001). After 16 weeks on
the diets, a CT scan of anesthetized mice also revealed a diet effect,
such that there was a similar increase in lean mass (P < 0.05), overall
fat mass (P < 0.0001), and visceral fat mass (P < 0.0001) in S3fl and
iSIRT3 mice on HFD compared to those on CD (Figure 2B). Both S3fl
and iSIRT3 mice also showed an increase in subcutaneous fat on HFD
versus (vs) CD (P < 0.0001), with an interaction between the inde-
pendent parameters, genotype and diet (P < 0.05); however, a post
hoc analysis did not reveal any significant differences between the
genotypes on either diet.
Both S3fl and iSIRT3 mice had lower energy intake (P < 0.01)
(Figure 2C), respiratory exchange ratio (RER) (P < 0.0001) (Figure 2D),
and locomotor activity (P< 0.001) (Figure 2E) when switched from CD
to HFD. No genotype differences were observed. Also, no diet or ge-
notype effects in energy expenditure were observed in these mice
(Figure 2F and Sup Figure 1B).
Histological analyses of the jejunum of the mice revealed no visible
differences between the genotypes. All animals on HFD showed an
increase in villi length vs those on CD (P < 0.05) (Sup Figure 1C and
D).

3.3. iSIRT3 mice on HFD showed improved glucose homeostasis
compared to S3fl mice
S3fl and iSIRT3 mice on CD were similarly sensitive to insulin given IP
(Figure 3A) and similarly tolerant to an oral load of glucose (Figure 3E).
iSIRT3 mice on HFD, however, showed an increased sensitivity to
insulin (time � genotype, P < 0.01) (Figure 3B), with lower circulating
glucose levels compared to controls 90 min post injection (P < 0.05).
iSIRT3 mice on HFD also showed improved glucose clearance
compared to S3fl mice, in response to an oral glucose load
MOLECULAR METABOLISM 6 (2017) 1264e1273 � 2017TheAuthors. Published by ElsevierGmbH. This is an o
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(time � genotype, P < 0.05) with lower levels of glucose 30
(P < 0.01) and 60 min (P < 0.05) post gavage (Figure 3F). The fasting
levels of plasma glucose and insulin were increased in both S3fl and
iSIRT3 mice on HFD (P < 0.0001), compared to those on CD, with no
genotype differences on either diet (Sup Figure 2).

3.4. iSIRT3 mice on HFD showed an induction of the ketogenic
gene Hmgcs2 in the small intestine, but not in the liver
There was an induction of Hmgcs2 (P < 0.0001), carnitine palmi-
toyltransferase 1a (Cpt1a; P < 0.0001) and long chain acyl CoA de-
hydrogenase (Lcad; P < 0.001) mRNA and a downregulation of
peroxisome proliferator-activated receptor gamma coactivator 1-alpha
(Pgc1a) mRNA (P < 0.001) in the duodenum of all animals on HFD
compared to those on CD (Figure 4A). A similar increase in Hmgcs2,
Cpt1a, and Lcad, as well as a downregulation of Pgc1a was seen in the
jejunum of all the HFD fed mice compared to CD fed mice, irrespective
of genotype (P < 0.0001) (Figure 4B). iSIRT3 mice on HFD showed an
even greater upregulation of Hmgcs2 expression in the duodenum and
jejunum compared to all the other groups (duodenum, P< 0.01 vs S3fl
on HFD; jejunum, P< 0.05 vs S3fl on HFD) (Figure 4A,B). Livers of S3fl
and iSIRT3 mice also showed an upregulation of Hmgcs2, Cpt1a, ATP
synthase (ATPsyn), and Lcad on HFD vs CD, with no genotypes
differences.

3.5. iSIRT3 mice on HFD did not show the lower systemic plasma
ketone body levels compared to CD seen in S3fl mice
The plasma NEFA, TAG, and glucose levels were similar in S3fl and
iSIRT3 mice on CD or HFD with all animals on HFD showing lower NEFA
(P < 0.0001) and TAG levels (P < 0.0001) (Figure 5A,B) and higher
plasma glucose levels (P < 0.0001) (Figure 5C) compared to mice on
CD. Interestingly, the plasma BHB levels were lower in HFD fed mice
compared to CD fed mice (P < 0.0001), but the post hoc analysis
showed that this difference was significant only in S3fl and not in
iSIRT3 mice.

3.6. iSIRT3 mice showed a differentially regulated metabolic
activity of jejunal enterocytes in response to an oral gavage of long-
chain fatty acid
We could not detect the 13C2 label from the oleic acid gavage in any of
the metabolites tested in the duodenum, jejunum, or liver of S3fl and
iSIRT3 mice on HFD. Interestingly, the jejunum of iSIRT3 mice showed
lower levels of NADþ, as well as palmitoyl CoA and malonyl CoA levels,
compared to S3fl mice (P < 0.05) (Figure 6A,D, Sup Figure 3B). There
were no differences in the levels of these compounds in the duodenum
or the liver, or in the NADH levels and ATP/ADP ratios of all three
regions tested (Figure 6AeE). We also saw no differences in acetyl
CoA, glutamate, citrate, and isocitrate levels in the intestinal samples
(Sup Figure 3AeB). Of these, only acetyl CoA and glutamate were
detectable in the liver, with no differences between the two genotypes
(Sup Figure 3C).

4. DISCUSSION

The major aim of this study was to examine if enhancing the metabolic
flux of the enterocytes in mice could influence DIO and its comor-
bidities. Using the cre-loxP system, we genetically overexpressed the
mitochondrial NADþ dependent protein deacetylase SIRT3, in the
epithelial cells of the intestine. We characterized both iSIRT3 and S3fl
mice fed CD or HFD for several weeks and found that an over-
expression of SIRT3 in the enterocytes did not lead to differences in
any of the parameters tested when these mice were on CD. On HFD,
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Figure 2: iSIRT3 and S3fl control mice had similar body weight, body composition, energy intake, and whole body energy metabolism. (A) Body weights of iSIRT3 and
S3fl mice on control diet (CD) or high-fat diet (HFD) monitored over time. [n ¼ 8e10; 3-way RM ANOVA (time � diet � genotype), time � diet, P < 0.0001: followed by a
restricted 2-way ANOVA (diet � genotype) at each time point; diet, #P < 0.0001. (B) CT scan analyses of S3fl and iSIRT3 mice fed CD or HFD. [n ¼ 6e8; 2-way ANOVA
(diet � genotype) with Tukey’s multiple comparisons post hoc test. For lean mass, fat mass, visceral fat, and subcutaneous fat; diet effects, *P < 0.05, #P < 0.0001. Sub-
cutaneous fat; diet � genotype, $P < 0.05]. (CeF) Indirect calorimetry data. The grey and white bars in the background represent the dark and light phases, respectively. (C)
Energy intake measured every 12 h. (D) Respiratory exchange ratio (RER) (E) Locomotor Activity and (F) Energy expenditure (EE) values plotted as mean values of 1 h time bins. (Ce
F) [n ¼ 8e9; mixed RM ANOVA (genotype � diet � days � phases) with measurements over time compacted into diet (CD and HFD), days (day 1 and 2) and phases (dark and
light)]. Data are presented as mean values � SEM.

Original Article
both S3fl and iSIRT3 mice showed similar manifestations of DIO, but
iSIRT3 mice were better able to regulate their blood glucose levels in
response to exogenous insulin or glucose. This indicates that iSIRT3
mice on HFD were protected from developing IR, one of the major
comorbidities of DIO. iSIRT3 mice also showed increased ketogenic
gene expression in the small intestine as well increased enterocyte
metabolic activity. Our findings suggest that enterocyte oxidative
metabolism plays a role in the regulation of whole body glucose
metabolism under conditions of DIO.
As post-translational regulator of several mitochondrial proteins, SIRT3
has been shown to upregulate multiple metabolic pathways including
FAO, the TCA cycle, and ketogenesis [19]. Here we show that in
chronic HFD fed iSIRT3 mice, after an oral bolus of oleic acid, SIRT3
activity was upregulated in the small intestine but not in the liver. The
decrease in the NADþ levels in the jejunum is indirect evidence for
increased SIRT3 activity. NADþ is the cosubstrate for several enzymes,
one of which is SIRT3 [17]. SIRT3 breaks down a molecule of NADþ
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during every deacetylation reaction [32], and an upregulation of SIRT3
activity would in turn reduce the NADþ levels. The reverse is true when
NADþ consuming enzymes are inhibited or downregulated. For
example, PARP1 inhibition leads to an increase in NADþ levels as
shown in [33]. iSIRT3 mice also showed a decrease in malonyl CoA
and palmitoyl CoA levels in the jejunum. Malonyl CoA is an interme-
diate of fatty acid synthesis, while palmitoyl CoA is its end product.
Malonyl CoA is also an inhibitor of the mitochondrial long-chain fatty
acid transport protein CPT1a, and thereby an inhibitor of FAO. A
decrease in the levels of these two metabolites implies a down-
regulation of de-novo fatty acid synthesis and an upregulation of FAO
[34,35]; further indicating that FAO is enhanced in the enterocytes of
iSIRT3 mice on HFD. Together, these data demonstrate that an over-
expression of SIRT3 in enterocytes of HFD fed mice enhanced the
mitochondrial metabolic activity of small intestinal epithelial cells.
Data from whole body SIRT3 knock out mice showed that the absence
of SIRT3 led to an accelerated development of DIO and metabolic
This is an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 3: iSIRT3 mice on HFD showed improved glucose homeostasis compared to S3fl mice. (AeB) Tail blood glucose values of insulin sensitivity test (IST) for S3fl and
iSIRT3 mice on CD and HFD, respectively; (A) CD [n ¼ 7e8; 2-way RM ANOVA (time � genotype)]. (B) HFD [n ¼ 7e10; 2-way RM ANOVA (time � genotype) with Bonferroni’s
multiple comparisons post hoc test; time � genotype, P < 0.01; genotype effect at time point 90 min, *P < 0.05]. (C) Area above the curve (AAC) of IST curves in A [n ¼ 7e8;
ManneWhitney test]. (D) AAC of IST curves in B [n ¼ 7e10; Unpaired t test]. (EeF) Tail blood glucose values of oral glucose tolerance test (OGTT) for S3fl and iSIRT3 mice on CD
and HFD respectively. (E) CD [n ¼ 9e10; 2-way RM ANOVA (time � genotype)]. (F) HFD [n ¼ 6e7; 2-way RM ANOVA (time � genotype) with Bonferroni’s multiple comparisons
post hoc test; time � genotype, P < 0.05; genotype effects at time point 30 min, **P < 0.01 and 60 min, *P < 0.05]. (G) Area under the curve (AUC) for OGTT curves in E [n ¼ 9e
10; Unpaired t test]. (H) AUC for OGTT curves in F [n ¼ 6e7; ManneWhitney test; genotype, ns]. Data are presented as mean values � SEM.
syndrome on chronic HFD feeding [36]. This was attributed to
increased mitochondrial dysfunction due to the hyperacetylation of
mitochondrial proteins in the absence of SIRT3. Subsequent studies on
SIRT3 overexpression mice showed that increased SIRT3 expression
protected mice from developing noise induced hearing loss, as well as
ageing associated tissue fibrosis [20,37]; however, they did not study
the effects of whole body or tissue specific SIRT3 overexpression on
the development of DIO or metabolic syndrome in response to chronic
HFD feeding. We here show that an increase in SIRT3 expression and
function in the enterocytes had no impact on body weight, body
composition, or fat distribution, and iSIRT3 mice on HFD developed DIO
similar to S3fl mice. Both S3fl and iSIRT3 mice also showed increased
jejunal villi length and had similarly high circulating levels of fasting
glucose and insulin after chronic HFD feeding. These effects are
consistent with previous observations in animals fed HFD that develop
DIO [38,39]. Indirect calorimetry data also showed no differences
between S3fl and iSIRT3 mice on CD or when switched to HFD. The
reductions in energy intake, RER, and activity, seen in both S3fl and
iSIRT3 mice on exposure to HFD, were in line with previous studies
about HFD feeding in mice [40e42].
Despite these similarities though, iSIRT3 mice showed distinct differ-
ences from S3fl controls in their ability to regulate systemic glucose.
After IP insulin, iSIRT3 mice on HFD showed prolonged hypoglycemia
and a slow rise in blood glucose levels. This indicates that iSIRT3 mice
were less resistant to insulin than S3fl controls, even after several weeks
on HFD. iSIRT3 mice were also able to rapidly uptake and clear the high
circulating blood glucose levels in the OGTT, compared to S3fl mice.
These results clearly indicate that iSIRT3 mice on HFD developed less IR
MOLECULAR METABOLISM 6 (2017) 1264e1273 � 2017TheAuthors. Published by ElsevierGmbH. This is an o
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than S3fl mice, despite similar DIO. Conversely, the whole body SIRT3
knock out mice on HFD developed IR and DIO faster than control mice;
this was attributed mainly to hepatic dyslipidemia caused by increased
lipogenesis [36]. Mice deficient in LCAD as well as malonyl CoA
carboxylase showed reduced fatty acid oxidation in the liver and skeletal
muscle, respectively, and developed IR [43,44]. These data suggest that
decreased fatty acid oxidation in the liver and muscle caused peripheral
IR. Here we show that increased SIRT3 (and therefore increased FAO in
the enterocytes), contributes to protection from developing IR.
At the molecular level, both S3fl and iSIRT3 mice showed an upre-
gulation of genes involved in FAO (Cpt1a and Lcad) and ketogenesis
(Hmgcs2) in the duodenum, jejunum, and liver on HFD compared to
CD. Of note was the nearly 10 to 20-fold increase in Hmgcs2 mRNA
expression in the duodenum and jejunum of all HFD fed mice vs CD fed
mice, compared to the smaller, 3-fold increase in the liver. This is
consistent with previous data showing that exposure to HFD for two
weeks increased the expression of fat oxidation and mainly ketogenic
genes in the duodenum [16]. Our data indicate that after 17 weeks of
HFD feeding, these increases in gene expression occur in the duo-
denum and jejunum as well as in the liver. HFD fed iSIRT3 mice
showed an even greater increase in Hmgcs2 expression in the duo-
denum and jejunum than S3fl mice (15e30-fold increase vs CD fed
mice), but not in the liver, indicating that intestinal SIRT3 over-
expression further upregulates ketogenic genes in the small intestine
of mice fed HFD. SIRT3 is a posttranslational regulator of proteins that
deacylates several genes in the FAO pathway, thereby enhancing fat
oxidation [45]. Hence, it is not surprising that we see an upregulation of
FAO in the enterocytes of iSIRT3 mice, with no changes at the gene
pen access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 1269
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Figure 4: iSIRT3 mice on HFD showed an induction of the ketogenic gene Hmgcs2 in the small intestine but not in the liver. (AeC) Relative mRNA expression of Hmgcs2,
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expression level, compared to S3fl mice on HFD. SIRT3 is also known
to deacylate and upregulate HMGCS2 and thereby ketogenesis [46].
The increased gene expression of Hmgcs2 in the enterocytes of iSIRT3
mice suggests that this might be an indirect mechanism of upregu-
lation rather than an activation by direct deacetylation, though we
cannot rule out the latter possibility based on our results.
Despite the upregulation of Hmgcs2 mRNA expression in the duo-
denum, jejunum, and liver of all mice on HFD, systemic post prandial
plasma BHB levels in control S3fl mice on HFD were lower than on CD.
The overall decrease in BHB levels in the trunk blood plasma of HFD
fed mice is consistent with previous findings showing that long-term
obesity or HFD feeding leads to reduced circulating ketone body
levels in humans as well as rodents [47e50]. These studies suggest
that while mild IR leads to an upregulation of hepatic ketogenesis,
severe IR leads to blunted hepatic ketogenesis even under conditions
of high fat oxidation in the liver. The plasma BHB levels of iSIRT3 mice
fed HFD were not different from those of mice fed CD and showed an
increasing trend compared to S3fl mice on HFD, which did not reach
1270 MOLECULAR METABOLISM 6 (2017) 1264e1273 � 2017The Authors. Published by Elsevier GmbH.
statistical significance. This might be because the blood samples from
our mice were trunk blood samples collected after decapitation, which
represent a diluted pool of blood coming from the intestine. Analysis of
plasma BHB levels from the hepatic portal vein would have allowed for
a better estimate of the amount of ketone bodies generated in the
small intestine [11,51,52]. Our results suggest that SIRT3 over-
expression in the enterocytes led to an increase in ketone body pro-
duction in the intestine but not in the liver of iSIRT3 mice on HFD. This
is consistent with pharmacological studies in rats, where peripheral
administration of FAO stimulators showed an upregulation of FAO and
ketogenic markers in the small intestine, but not the liver, as well as
increased BHB levels in the hepatic portal vein blood plasma
[11,51,52]. Both S3fl and iSIRT3 mice on HFD also showed reduced
NEFA and TAG levels under fed conditions compared to CD fed mice,
with no genotype effect. These HFD-induced reductions in plasma
NEFA and TAG levels are consistent with previous findings, which show
that there is a species-specific decrease in circulating TAG and free
fatty acids in mice with DIO [53].
This is an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 6: iSIRT3 mice showed a differentially regulated metabolic activity of
jejunal enterocytes in response to an oral gavage of fatty acid. LC-MS analyses of
metabolites from the duodenum, jejunum, and liver of S3fl and iSIRT3 mice after oleic
acid gavage, represented as fold change compared to S3fl controls. (A) NADþ, (B)
NADH, (C) ATP/ADP, (D) Palmitoyl CoA [n ¼ 3e5; ManneWhitney test, *p < 0.05].
Data are presented as mean values � SEM.
Traditionally, ketone bodies were mainly thought of as an alternative
fuel source for the brain and other peripheral organs, in conditions of
prolonged fasting. More recently, BHB has been proposed as a
signaling metabolite even under conditions of nutrient abundance (as
reviewed in [54] and [55]) and thereby might protect against the
development of IR and T2D. These reviews mainly focus on the liver as
the main organ contributing to circulating ketone bodies. In line with
previous findings [15,16], our data suggest that the gut also has the
capacity to contribute to circulating ketone levels and, in fact, might be
an interesting extra-hepatic target to manipulate whole body glucose
homeostasis, especially in DIO.
Studies addressing the effects of peripheral administration of FAO stim-
ulators suggest that enhanced FAO and ketogenesis in the small intestine
might reduce energy intake and body weight [51,52]. Our results seem to
indicate otherwise because enhanced FAO and ketogenesis in enterocytes
did not lead to changes in energy intake or body weight, on CDor on HFD.
This difference might be due to the fact that the pharmacological studies
looked at the acute effects of peripherally administered FAO stimulators.
Our transgenic mice overexpressed SIRT3 under the constitutive
expression of Cre recombinase, downstream of the Villin promoter. This
might have caused compensatory changes during development and,
hence, blunted any changes in food intake. The use of an inducible Cre
mousemodel that would allow for the initiation of SIRT3 overexpression in
a specific timewindowmight help to answer this question. In addition, our
mouse model expressed only one extra copy of the Sirt3 gene. A homo-
zygous knock-in mouse model could presumably cause a greater over-
expression of SIRT3 with stronger or different phenotypic effects.
Further studies should try to identify the exact mechanisms of the
observed effects in HFD fed iSIRT3 mice. In any case, targeting in-
testinal metabolism in obese patients through non-surgical in-
terventions might be an interesting new approach to fight IR and T2D.
MOLECULAR METABOLISM 6 (2017) 1264e1273 � 2017TheAuthors. Published by ElsevierGmbH. This is an o
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