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Abstract

The NAD+-dependent deacetylase SIRT2 is unique amongst sirtuins as it is effective in the

cytosol, as well as the mitochondria. Defining the role of cytosolic acetylation state in specific

tissues is difficult since even physiological effects at the whole body level are unknown. We

hypothesized that genetic SIRT2 knockout (KO) would lead to impaired insulin action, and

that this impairment would be worsened in HF fed mice. Insulin sensitivity was tested using

the hyperinsulinemic-euglycemic clamp in SIRT2 KO mice and WT littermates. SIRT2 KO

mice exhibited reduced skeletal muscle insulin-induced glucose uptake compared to lean

WT mice, and this impairment was exacerbated in HF SIRT2 KO mice. Liver insulin sensitiv-

ity was unaffected in lean SIRT2 KO mice. However, the insulin resistance that accompa-

nies HF-feeding was worsened in SIRT2 KO mice. It was notable that the effects of SIRT2

KO were largely disassociated from cytosolic acetylation state, but were closely linked to

acetylation state in the mitochondria. SIRT2 KO led to an increase in body weight that was

due to increased food intake in HF fed mice. In summary, SIRT2 deletion in vivo reduces

muscle insulin sensitivity and contributes to liver insulin resistance by a mechanism that is

unrelated to cytosolic acetylation state. Mitochondrial acetylation state and changes in feed-

ing behavior that result in increased body weight correspond to the deleterious effects of

SIRT2 KO on insulin action.

Introduction

SIRT2 is unique in that it is the only sirtuin known to exist in both the mitochondria and cyto-

sol [1]. Like all members of the sirtuin family, SIRT2 is NAD+-dependent [2]. SIRT2 links

lysine acetylation to cellular energy homeostasis, as this reaction is regulated by both acetyl-

CoA availability and NAD+ levels. In accordance with this, protein acetylation is determined

by nutritional and metabolic states [3, 4]. The first demonstrations of enzyme acetylation regu-

lating flux through metabolic pathways sparked great interest in this protein modification [5,
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Louvain, BELGIUM

Received: June 26, 2018

Accepted: November 20, 2018

Published: December 11, 2018

Copyright: © 2018 Lantier et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the paper and its Supporting Information

files.

Funding: This work was supported by NIH-NIDDK

grants DK054902, DK050277. DG is supported by

2R01CA152601-A1, 1R01CA152799-01A1,

1R01CA168292-01A1, 1R01CA214025-01, the

Avon Foundation for Breast Cancer Research, the

Lynn Sage Cancer Research Foundation, the Zell

Family Foundation, the Chicago Biomedical

Consortium, and the Searle Funds at The Chicago

Community Trust. The mouse plasma insulin and

http://orcid.org/0000-0002-6620-4976
https://doi.org/10.1371/journal.pone.0208634
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0208634&domain=pdf&date_stamp=2018-12-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0208634&domain=pdf&date_stamp=2018-12-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0208634&domain=pdf&date_stamp=2018-12-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0208634&domain=pdf&date_stamp=2018-12-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0208634&domain=pdf&date_stamp=2018-12-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0208634&domain=pdf&date_stamp=2018-12-11
https://doi.org/10.1371/journal.pone.0208634
https://doi.org/10.1371/journal.pone.0208634
http://creativecommons.org/licenses/by/4.0/


6]. Overnutrition and obesity lead to increased lysine acetylation as a consequence of increased

acetyl-CoA [7–10]. This has led to the hypothesis that protein hyperacetylation contributes to

the pathogenesis of insulin resistance and type 2 diabetes [11].

Recent studies have specifically focused on the link between glucose homeostasis and mito-

chondrial protein acetylation, providing evidence that these events are coupled [4, 8, 12]. The link

between increased mitochondrial protein acetylation and impaired glucose metabolism is particu-

larly striking during overnutrition, as various models of muscle mitochondrial hyperacetylation

show impaired glucose metabolism [9, 10, 13]. In stark contrast, the impact of cytosolic protein

acetylation on glucose metabolism in vivo is unknown. In the present study, genetic and dietary

means were used to study the effect of increased acetylation state. Mice with a whole-body knock-

out (KO) of SIRT2 and their wildtype (WT) littermates were fed a chow or high fat (HF) diet. A

whole-body KO was used as a first step as potential sites of action have not been defined and this

will provide us with the opportunity to do so. The hypothesis tested was that loss of SIRT2 would

induce hyperacetylation and impaired insulin sensitivity. It was further hypothesized that the insu-

lin resistance due to diet-induce obesity would be exacerbated with deletion of the SIRT2 gene.

Research design and methods

Mouse models

Male mice lacking the SIRT2 protein (SIRT2 KO) and their wild type littermates (WT) on a

C57BL/6J background [14] were fed a chow (13.5% calories from fat; 5001, LabDiet) or HF diet

(60% calories from fat; F3282, BioServ) for 9 weeks beginning at 3 weeks of age (Fig 1A). Mice

were housed in a temperature/humidity-controlled environment with a 12h light cycle. All studies

were performed on 12 week 5h-fasted male mice. The Vanderbilt Animal Care and Use Commit-

tee approved all animal procedures specifically for this study. Animals were anesthetized by pento-

barbital injection and sacrificed as approved by the Vanderbilt Animal Care and Use Committee.

Hyperinsulinemic euglycemic clamp (insulin clamp)

Catheters were surgically placed in the carotid artery and jugular vein for sampling and infu-

sions, respectively, one week before insulin clamps were performed. Mice were fasted for 5h

before clamps (Fig 1B and 1C). Mice were neither restrained nor handled during clamp experi-

ments [15]. Erythrocytes were infused to compensate for blood withdrawal. [3-3H]glucose was

primed and continuously infused from t = -90min to t = 0min (0.04 μCi/min). The insulin

clamp was initiated at t = 0min with a continuous insulin infusion (4 mU/(kg�min)) and variable

glucose infusion was maintained until t = 155min. The glucose infusate contained [3-3H]glucose

(0.06μCi/μL) to minimize changes in [3-3H]glucose specific activity. Arterial glucose was moni-

tored every 10 min to provide feedback to adjust the glucose infusion rate (GIR) as needed to

clamp arterial glucose concentration. [3-3H]glucose kinetics were determined at -15min and

-5min for the basal period, and for the clamp period every 10min between 80 and 120min. A

13μCi intravenous bolus of 2[14C]deoxyglucose ([14C]2DG) was administered at 120min to

determine the glucose metabolic index (Rg), a measure of tissue-specific glucose uptake. Blood

samples were collected at 122, 125, 135, 145 and 155min to measure [14C]2DG disappearance

from plasma. Tissues were freeze-clamped to assess tissue-specific Rg and perform subsequent

analyses. A full step-by-step description of the surgery, isotope clamp method and calculations is

available from the Vanderbilt Mouse Metabolic Phenotyping Center (MMPC) web site (www.

vmmpc.org). A weight-matched subgroup of HF mice was formed by excluding mice whose

body weight was greater than 1 standard deviation from the mean body weight of all clamped

HF-fed mice (mean ± SD criteria: 38.4 ± 4.2 grams, leading to group sizes of 7 WT and 10 KO

mice, see Table 1).
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Plasma and tissue tracer processing

Radioactivity of [3-3H]glucose, [14C]2DG and [14C]2DG-6-phosphate were determined as pre-

viously described [16], as well as whole-body glucose appearance (Ra) endogenous glucose pro-

duction (endoRa; a measure of hepatic glucose production), and tissue-specific glucose uptake

Rg [17, 18]. Glycogen was determined using the method of Chan and Exton [19]. Tissue tri-

glycerides were measured by an enzyme-linked spectrophotometric assay (Triglycerides-GPO

reagent set, Pointe Scientific). Plasma insulin were determined by ELISA (Millipore). Tissue

acetyl-CoA levels were determined by fluorescent enzymatic assay (Abcam 87546). Citrate

synthase activity was assessed enzymatically as previously described [9].

Energy balance

Body composition was measured by NMR. Energy expenditure was measured using indirect

calorimetry (Promethion, Sable Systems). Mice were individually placed in metabolic cages

with bedding (identical to home-cages) within the Vanderbilt MMPC in a 12h light cycle, tem-

perature/humidity-controlled room for 5 days. Data represent the last 4 days of measurement.

Cage air is sampled through microperforated stainless steel tubes located at the bottom of the

cages ensuring that cage air is sampled uniformly. Promethion utilizes a pull-mode, negative

pressure system with an excurrent flow rate of 2L/min. Water vapor is continuously measured

and its dilution effect on O2 and CO2 are mathematically compensated for during data analysis

[20]. O2 consumption and CO2 production are measured for each mouse for 30sec every

5min. Room air reference gases are sampled every 4 cages. The respiratory quotient (RQ) is

the ratio of CO2 production over O2 consumption. Energy expenditure is calculated using the

Weir equation [21]. Ambulatory activity is determined every second with XYZ beams. Data

acquisition and raw data processing were coordinated by MetaScreen v2.2.18 and ExpeData

v1.7.30.

Fig 1. Study design and insulin clamp protocol for the conscious unrestrained mouse. A: All mice were randomized to either chow or HF diet at 3 weeks of age. Studies

were performed at 12 weeks of age. BC: body composition; EB: energy balance. B: Insulin clamp protocol. C: Insulin clamp setup. Mice are never handled nor retrained

after they are hooked up to the swivel (t = -90min). [14C]2DG: 2[14C]deoxyglucose.

https://doi.org/10.1371/journal.pone.0208634.g001
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Tissue protein lysates and Western blots

After either a 5h fast or an insulin clamp, mice were anesthetized and tissues were flash-frozen.

Mitochondrial and cytosolic protein fractions were obtained as previously described [22]. Whole

tissue lysates were obtained by homogenization in Lysis Buffer containing 25mM Tris-HCl pH7.4,

10mM EDTA, 10% Glycerol, 1% Triton-X100, HALT protease/phosphatase inhibitor cocktail

(Pierce) and deacetylase inhibitors nicotinamide (10mM) and Trichostatin A (1μM), then centri-

fuged at 13,000 rpm for 10 min at 4˚C. 20μg of the supernatant was applied to 4–12% SDS-PAGE.

Immunoblots were incubated with primary antibodies against acetylated-lysine (Cell Signaling

9814; 1:500), phospho-Akt (Ser473) (Cell Signaling 9271; 1:1000), Akt (Cell Signaling 9272; 1:1000),

phospho-IRS1 (Ser302) (Cell Signaling 2491; 1:1000), IRS1 (Cell Signaling 2382; 1:1000), phospho-

FOXO1 (Ser256) (Cell Signaling 9461; 1:1000), FOXO1 (Cell Signaling 2880; 1;1000), SIRT3 (Cell

Signaling 54905; 1:1000), SIRT2 (Proteintech 196551AP; 1:600). Equal loading was assessed by blot-

ting for β-actin, VDAC or GAPDH (Abcam 8224, 15895, and 9484 respectively, 1:1000). Secondary

antibodies (Li-Cor or Cell Signaling, 1:10,000) were incubated at room temperature for 1h and visu-

alization and quantification were performed using the Odyssey imaging system (Li-Cor) or chemi-

luminescence. All gels included samples from each group. A total n = 6–8 mice per group were

analyzed for each protein. Intensities were normalized to WT within each blot.

Real time PCR

mRNA was extracted from freeze-clamped livers using the Qiagen RNeasy Mini kit, and gene

expression was determined with the following Taqman Assays (ThermoFisher) according to

manufacturer’s instructions: adgre (F4/80) (Mm00802529_m1), il6 (Mm00446190_m1) and

il1b (Mm00434228_m1). Results were analyzed using the 2-ΔΔCt method with GAPDH

(Mm99999915_g1) as reference gene [23].

Table 1. Characteristics of the clamped WT and SIRT2 KO mice on a chow or HF diet.

Chow Diet HF Diet Weight-matched

HF Diet Subgroups

WT SIRT2 KO WT SIRT2 KO WT SIRT2 KO

N 7 9 12 13 7 10

Body Weight (g) 24.9±0.9 27.2±0.7 36.5±1.5 # 39.5±1.0 # 37.9±1.4 # 39.5±0.8 #

Fasting blood glucose (mg/dL) 125 ± 5 128 ± 7 154 ± 7 # 166 ± 7 # 163 ± 8 # 171 ± 8 #

Clamp blood glucose (mg/dL) 151 ± 4 156 ± 5 154 ± 2 155 ± 2 154 ± 1 154 ± 2

Fasting Insulin (ng/mL) 1.5 ± 0.2 1.4 ± 0.2 4.1 ± 0.7 # 6.3 ± 0.9 # 4.2 ± 0.6 # 5.6 ± 0.6 #

Clamp Insulin (ng/mL) 6.7 ± 1.1 5.8 ± 0.7 11.8 ± 1.7 12.1 ± 1.6 12.2 ± 2.1 11.9 ± 1.6

GIR (mg/kg/min) 53 ± 4 45 ± 3 32 ± 3 25 ± 2 � 28.5 ± 3.7 25.5 ± 1.9

Fasting endoRa (mg/kg/min) 18.3 ± 0.7 16.9 ± 1.1 14 ± 0.6 13 ± 0.3 13.7 ± 0.5 12.7 ± 0.3

Clamp endoRa (mg/kg/min) 1.7 ± 1.2 6.6 ± 2.1 2 ± 1 7 ± 0.9 �� 3.3 ± 1.1 6 ± 0.9

Clamp Rd (mg/kg/min) 55.1 ± 3.5 50.0 ± 2.8 35 ± 2.8 31 ± 1.7 31.8 ± 2.9 31.6 ± 2.2

% endoRa Suppression 90 ± 7 62 ± 12 83 ± 7 50 ± 6 �� 76 ± 8 53 ± 7

Fasting plasma leptin

(ng/mL)

0.8 ± 0.2 0.5 ± 0.2 37.3±9.0 # 40.1 ± 5.9 # 37.1 ± 8.9 # 37.1 ± 5.9 #

The weight-matched subgroup of HF mice includes mice whose body weight was within 1 Standard Deviation of the mean body weight of all clamped HF mice (i.e.

38.4 ± 4.2 grams).

� p<0.05;

�� p<0.01 KO vs. WT within the same diet.
# p<0.05 HF vs. Chow within the same genotype.

GIR: Glucose Infusion Rate; endoRa: endogenous Rate of glucose appearance; Rd: Rate of glucose disappearance.

https://doi.org/10.1371/journal.pone.0208634.t001
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Statistics

Data are expressed as mean±SE. Data points outside of average±1.5�SD were considered outli-

ers and excluded from analysis. Statistical analyses were performed using two-tailed unpaired

Student’s t-test (for two group analysis) or two-way factorial ANOVA for independent factors,

followed by Tukey’s post hoc test for four group analysis (� symbols referring to genotype

effect, and # symbols referring to diet effect). Energy expenditure was analyzed using the Anal-

ysis of Covariance (ANCOVA) by regressing energy expenditure (kcal/hr) against body weight

[24]. ANCOVA-adjusted values for EE were calculated using the ANCOVA-generated regres-

sion equation. The relationship between body weight and GIR was similarly tested by the

ANCOVA. The ANCOVA analysis was provided by the MMPC Energy Expenditure Analysis

website (http://www.mmpc.org/shared/regression.aspx). The significance level for all tests was

p<0.05 (�p<0.05; ��p<0.01; ���p<0.001). @ p<0.05 WT vs. SIRT2 KO by ANCOVA when

regression is run against body weight.

Results

SIRT2 deletion increases weight gain

To investigate the interaction between SIRT2 deletion and diet, we monitored weight gain in WT

and SIRT2 KO mice during 9 weeks of chow or HF diet, after which body composition was

assessed and mice were placed in an indirect calorimetry system (Fig 1A). Chow-fed SIRT2 KO

mice exhibited greater weight gain (Fig 2A) which was due to an increase in lean and fat mass

(Fig 2B and 2C). Energy expenditure (EE) was unchanged, and this was confirmed by the

ANCOVA analysis (Fig 2D and 2E). The respiratory quotient (RQ) was decreased in the dark

phase (Fig 2F and 2G). On a HF diet, SIRT2 KO mice had increased weight gain starting at 4

weeks of age (Fig 2H) and fat mass was significantly increased at 12 weeks of age (Fig 2I and 2J).

EE was slightly higher in SIRT2 KO mice during the dark cycle (Fig 2K and 2L). RQ was not dif-

ferent between genotypes on a HF diet (Fig 2M and 2N). Whole body deletion of SIRT2 was

assessed by Western blot (S1A Fig). SIRT2 protein levels were unchanged by HF-feeding in skele-

tal muscle or liver (S1B Fig). SIRT3 is an important regulator of mitochondrial protein acetyla-

tion, and changes in its expression could induce changes in the mitochondrial acetylome.

However neither gastrocnemius nor liver SIRT3 protein expression were altered with either diet

or SIRT2 deletion (S1C and S1D Fig). Gastrocnemius acetyl-CoA was significantly increased in

HF SIRT2 KO relative to chow SIRT2 KO mice (S1E Fig), but liver acetyl-CoA was unchanged

by diet or genotype (S1F Fig). Citrate synthase activity, an index of mitochondrial content, was

unchanged in gastrocnemius or liver (S1G and S1H Fig).

The increased fat mass of the HF SIRT2 KO mice occurred because food intake was

increased by ~40% in these mice (Fig 3I). Feeding behavior in HF SIRT2 KO mice was altered:

these mice ate larger, longer meals, with more frequency when compared to HF WT mice (Fig

3J–3N). These alterations in food intake were not observed in chow-fed mice (Fig 3A). The

feeding behavior itself (i.e. meal patterning and feeding habits) was significantly different, but

this was without consequences on the overall amount of kcal ingested. Because the SIRT2 KO

mice had shorter meals (Fig 3E), but ate more often (Fig 3D), the time spent eating, as % of

cycle time, was not altered between the WT and SIRT2 KO mice on chow diet (Fig 3B). There-

fore, the difference in individual meal size did not manifest itself in overall calorie intake in the

chow-fed mice. Investigation of whole brain protein acetylation levels showed that the acetyla-

tion status of what appears to be a single protein with a molecular weight of ~40kDa was dis-

tinctly and significantly regulated by SIRT2, as its acetylation status was increased 4-fold in the

SIRT2 KO mice (S2 Fig). Other visible proteins were unaltered by either genotype or diet.
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SIRT2 KO mice have decreased skeletal muscle insulin-stimulated glucose

uptake

Fasting arterial glucose was not different between WT and SIRT2 KO mice (Fig 4A and 4E).

However, HF-feeding significantly increased fasting arterial glucose in both genotypes (Fig 4 and

Table 1). WT and SIRT2 KO mice underwent insulin clamps after either 9 weeks of chow or HF

diets (Fig 1A). Fasting insulin was similar between WT and SIRT2 KO mice (Fig 4C and 4G).

Fig 2. HF SIRT2 KO mice exhibit increased adiposity and energy expenditure. (A) Body weight of the chow WT and SIRT2 KO mice. Lean (B) and fat mass (C) in WT

and SIRT2 KO mice on a chow diet at 12 weeks of age. Energy Expenditure (EE) over time (D) or ANCOVA-adjusted 12h average of EE (E) in chow-fed WT or SIRT2 KO

mice. RQ over time (F) or expressed as 12h averages (G) in chow-fed WT or SIRT2 KO mice. (H) Body weight of the HF-fed WT and SIRT2 KO mice. Lean (I) and fat

mass (J) in WT and SIRT2 KO mice on a HF diet at 12 weeks of age. Energy Expenditure (EE) over time (K) or ANCOVA-adjusted 12h average of EE, regressed to body

weight (L) in HF-fed WT or SIRT2 KO mice. RQ over time (M) or expressed as 12h averages (N) in HF-fed WT or SIRT2 KO mice. @ p<0.05 WT vs. SIRT2 KO by

ANCOVA when regression is run against body weight, absolute fat mass or absolute fat-free mass. There was no interaction between body weight, lean mass, fat mass, and

Energy Expenditure. (n = 8/group for all panels). Black bars: WT; open bars: SIRT2 KO.

https://doi.org/10.1371/journal.pone.0208634.g002
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During the clamp, blood glucose was maintained at 150 mg/dL in all groups (Fig 4A and 4E).

Insulin was increased equally in WT and SIRT2 KO littermates (Fig 4C and 4G). In HF-fed

mice, the GIR was significantly reduced in SIRT2 KO compared to the WT mice, indicating

greater insulin resistance in the HF-fed SIRT2 KO mice (Fig 4F). The clamp glucose disappear-

ance (Rd) was similar between genotypes (Fig 4H). Interestingly, glucose disappearance was not

Fig 3. Feeding behavior was altered in HF SIRT2 KO mice. Total food intake in kcal per 12h cycle (A, I), time spent eating per 12h cycle (B, J), average individual

meal size (C, K), number of meals per 12h cycle (D, L), average individual meal duration (E, M) and average time interval between meals (F, N) in chow and HF-fed

mice, respectively, during either dark or light cycle (average of four days). Water intake (G, O) and locomotor activity (H, P) in chow or HF-fed mice respectively,

during either dark or light cycle (average of four days). (n = 8/group for all panels). Black bars: WT; open bars: SIRT2 KO.

https://doi.org/10.1371/journal.pone.0208634.g003

Fig 4. SIRT2 KO mice exhibit muscle insulin resistance during the hyperinsulinemic-euglycemic clamp. A, E: Blood glucose was monitored throughout the clamp at

10-min intervals by sampling from the arterial catheter. Blood glucose was maintained at euglycemia (*150 mg/dL) in both chow-fed (A) and HF-fed (E) mice. The GIR

in the venous catheter needed to maintain euglycemia in chow-fed (B) or HF-fed (F) mice. Plasma insulin levels at baseline and during the clamp in chow (C) or HF-fed

mice (G). Rd, rate of glucose disappearance, in chow-fed (D) or HF-fed (H) mice, determined by administration of [3-3H]glucose. Rg in gastrocnemius, vastus lateralis,

white epidydimal adipose tissue, and brain is determined by the administration of nonmetabolizable 2[14C]deoxyglucose in chow-fed (I) or HF-fed (J) WT and SIRT2 KO

mice. (n = 7-13/group, see Table 1). Black bars: WT; open bars: SIRT2 KO. For clamp data of weight-matched HF subgroup, see Table 1 and Fig 8.

https://doi.org/10.1371/journal.pone.0208634.g004

SIRT2 protects against obesity-induced insulin resistance

PLOS ONE | https://doi.org/10.1371/journal.pone.0208634 December 11, 2018 8 / 20

https://doi.org/10.1371/journal.pone.0208634.g003
https://doi.org/10.1371/journal.pone.0208634.g004
https://doi.org/10.1371/journal.pone.0208634


different between chow-fed SIRT2 KO and WT mice, but differences in Rg were observed in spe-

cific tissues. Rg was significantly reduced in gastrocnemius of chow SIRT2 KO mice compared to

WT mice (Fig 4I). This reduction was further worsened in HF SIRT2 KO mice compared to HF

WT littermates (Fig 4J). HF SIRT2 KO mice also exhibited a blunted white adipose tissue Rg (Fig

4J). Consistent with decreased gastrocnemius Rg in SIRT2 KO mice was a decrease in insulin sig-

naling. SIRT2 KO mice on a chow diet exhibited a reduction in P-Akt/Akt (Thr473) compared

to WT. HF diet induced a reduction in the ratio of P-Akt/Akt in muscle of WT mice, which was

accentuated by SIRT2 KO (Fig 5A and 5D). P-IRS1/IRS (Ser302) and P-mTOR/mTOR

(Ser2448) ratios were unchanged by diet or genotype (S3 Fig).

To test whether the defective muscle Rg in SIRT2 KO mice was associated with high protein

acetylation we probed for acetylated lysine in muscle protein lysates. HF diet did not significantly

increase lysine acetylation in whole gastrocnemius of WT mice (Fig 5B and 5E). Mitochondria of

the same muscle exhibited a robust increase in mitochondrial protein acetylation, without an

effect on cytosolic protein acetylation (Fig 5C, 5F and 5G). Deletion of SIRT2 in chow-fed mice

significantly increased whole gastrocnemius lysine acetylation. However, lysine acetylation levels

in gastrocnemius of HF SIRT2 KO mice were not further increased (Fig 5E). Probing for acety-

lated proteins in muscle cytosolic or mitochondrial fractions revealed that neither SIRT2 deletion

nor HF diet significantly increased acetylation in muscle cytosol. This was in contrast to the

increases observed in muscle mitochondria (Fig 5C, 5F and 5G). Neither cytosolic nor mitochon-

drial protein acetylation appeared to be altered in the vastus lateralis muscle (S4 Fig). To investi-

gate these unexpected changes in gastrocnemius mitochondrial protein acetylation, we examined

whether SIRT2 localization within the cell was altered with HF diet. While we were able to detect

low levels of SIRT2 in the mitochondria of gastrocnemius, neither cytosolic nor mitochondrial

SIRT2 protein levels were altered by HF diet in skeletal muscle (Fig 5H).

HF-fed SIRT2 KO mice have exacerbated hepatic insulin resistance

EndoRa was not different between genotypes in chow-fed mice in the basal state (Fig 6A). While

insulin suppression of endoRa tended to be reduced in chow-fed SIRT2 KO mice, rates were not

significantly different compared to WT mice. In HF-fed mice, suppression of endoRa was signifi-

cantly reduced during the insulin clamp in SIRT2 KO mice compared to WT mice (Fig 6B). This

reflects a further deterioration of liver insulin sensitivity in HF-fed SIRT2 KO mice.

The etiology of the liver insulin resistance observed in HF-fed mice was examined. Hepatic

insulin resistance is generally associated with increased liver triglycerides. However, liver triglyc-

eride content was not different between genotypes (Fig 6C). Liver glycogen was also unchanged

between genotypes (Fig 6D). We performed immunoblotting on liver protein extracts from the

insulin-clamped HF mice and assessed the phosphorylation status of three key proteins of the

insulin signaling pathway: Insulin Receptor Substrate 1 (IRS1), Akt, and Forkhead box protein

O1 (FOXO1). Differences in the phosphorylation to total ratios of these proteins was not differ-

ent in HF-fed SIRT2 KO mice compared to HF-fed WT mice (Fig 6E–6H).

HF diet induces low-grade chronic inflammation and this has been proposed to be central to

the pathogenesis of insulin resistance [25]. The expression of the pro-inflammatory genes encod-

ing F4/80 and IL1β were significantly increased in the livers of HF-fed SIRT2 KO mice compared

to HF-fed WT mice, and a similar trend was observed for the gene encoding IL6 (Fig 6I–6K).

Overall these findings indicate a greater pro-inflammatory state in HF-fed SIRT2 KO livers.

Liver protein acetylation is strongly increased in SIRT2 KO mice

We assessed the level of acetylated proteins in whole liver, cytosolic, and mitochondrial lysates

(Fig 7A and 7B). SIRT2 KO caused liver protein hyperacetylation, independent of diet (Fig 7D),

SIRT2 protects against obesity-induced insulin resistance

PLOS ONE | https://doi.org/10.1371/journal.pone.0208634 December 11, 2018 9 / 20

https://doi.org/10.1371/journal.pone.0208634


SIRT2 protects against obesity-induced insulin resistance

PLOS ONE | https://doi.org/10.1371/journal.pone.0208634 December 11, 2018 10 / 20

https://doi.org/10.1371/journal.pone.0208634


which appeared to be driven by robust hyperacetylation of a protein of a MW of ~40kDa. A

band of the same size was also the most SIRT2-dependent acetylated protein in whole brain

Fig 5. Insulin-induced skeletal muscle Akt phosphorylation were reduced in SIRT2 KO mice. A, D: Immunoblots for P-Akt (Ser473), Akt, and β-actin

on gastrocnemius homogenates from chow-fed and HF-fed insulin clamped mice. Integrated intensities for P-Akt were obtained by the Odyssey software

and normalized to Akt intensities (n = 7/group). B, E: Immunoblots for acetylated lysine and β-actin on gastrocnemius homogenates from chow-fed and

HF-fed insulin clamped mice. Integrated intensities were obtained by the Odyssey software and normalized to β-actin intensities (n = 8/group). C, F, G:

Immunoblots for acetylated lysine, GAPDH and VDAC on cytosolic or mitochondrial gastrocnemius homogenates. Integrated intensities (F, G) were

obtained by the Odyssey software and normalized to GAPDH or VDAC respectively (n = 6/group). Black bars: WT; open bars: SIRT2 KO. H: Immunoblots

for SIRT2 in cytosolic (top) and mitochondrial (bottom) protein fractions extracted from gastrocnemius muscle from 5h-fasted WT and SIRT2 KO mice on

either a chow of HF diet. SIRT2 intensities were normalized to GAPDH (cytosolic fraction) or VDAC (mitochondrial fraction) (n = 6/group). Black bars:

Chow; open bars: HF.

https://doi.org/10.1371/journal.pone.0208634.g005

Fig 6. HF SIRT2 KO mice exhibit hepatic insulin resistance. A, B: endoRa, a marker of hepatic glucose production, in chow-fed (A) or HF-fed (B) mice, determined by

administration of [3-3H]glucose during the insulin clamp (n = 7-13/group, see Table 1). C, D: Liver triglycerides (C) and liver glycogen (D) in chow and HF WT and

SIRT2 KO mice (n = 7/group). E: Immunoblots for P-IRS1 (Ser302), IRS1, P-Akt (Ser473), Akt, P-FOXO1 (Ser256), FOXO1 and GAPDH on liver homogenates from

clamped mice (n = 7/group). The uncropped Western blot is presented in S5 Fig. F, G, H: Integrated intensities were obtained by the Odyssey software and phospho-

proteins were normalized to their respective total protein intensities (n = 7/group). I, J, K: Hepatic mRNA relative expression for adgre (F4/80) (I), il1b (J), il6 (K) from

HF WT and SIRT2 KO mice (n = 8/group). Black bars: WT; open bars: SIRT2 KO.

https://doi.org/10.1371/journal.pone.0208634.g006

SIRT2 protects against obesity-induced insulin resistance

PLOS ONE | https://doi.org/10.1371/journal.pone.0208634 December 11, 2018 11 / 20

https://doi.org/10.1371/journal.pone.0208634.g005
https://doi.org/10.1371/journal.pone.0208634.g006
https://doi.org/10.1371/journal.pone.0208634


lysates (S2 Fig). HF-feeding caused a surprising reduction in protein acetylation in whole liver

lysates, regardless of genotype (Fig 7D). The decrease in liver acetylation was due to reduced

cytosolic acetylation, as mitochondrial protein acetylation was increased (Fig 7B, 7E and 7F).

HF-fed SIRT2 KO mice showed increased liver acetylation in both cytosolic and mitochondrial

compartments compared to the HF-fed WT mice. Despite the increase in cytosolic acetylation

in HF SIRT2 KO mice compared to their HF WT littermates, it still remained below cytosolic

acetylation of the chow-fed SIRT2 KO mice.

The increased body weight of the HF SIRT2 KO mice is a determinant of

their hepatic insulin resistance

Given the differences in weight and fat mass between HF-fed WT and SIRT2 KO mice, and

that adiposity is a strong determinant of insulin sensitivity, we further examined the clamp

phenotype using a weight-matched subgroup of HF-fed mice (Fig 8 and Table 1). This allowed

Fig 7. SIRT2 KO livers exhibit increased protein acetylation in both cytosolic and mitochondrial fractions. A, B. Immunoblots for acetylated lysine on whole liver (A)

or cytosolic and mitochondrial liver fractions (B). Integrated intensities (D, E, F) were obtained by the Odyssey software and normalized to β-actin, GAPDH or VDAC

intensities, respectively (n = 6/group).

https://doi.org/10.1371/journal.pone.0208634.g007
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us to determine whether differences observed in the clamp data were driven by the increase in

body weight. The weight-matched subgroups were assembled by excluding mice with total

body weights that were beyond 1 standard deviation of the average body weight of HF-fed

mice, regardless of genotype. The weight-matched subgroup did not exhibit significantly dif-

ferent GIR between HF-fed WT and SIRT2 KO mice (Fig 8B and Table 1), suggesting that the

additional weight gain was required for the whole-body insulin resistance in the HF-fed SIRT2

KO mice. EndoRa was not significantly different between the weight-matched subgroups,

showing that the greater hepatic insulin resistance was dependent on the increase in body

weight in the HF-fed SIRT2 KO mice (Fig 8D). Interestingly, the reduced glucose uptake in

gastrocnemius remained present in the weight-matched subgroup (Fig 8E). When GIR was

plotted against body weight for all chow-fed or HF-fed mice (Fig 8F) we observed a significant

correlation between GIR and body weight (r2 = 0.63, p<0.001), confirming that body weight is

a strong determinant of GIR in the cohorts studied. Further, we showed that this relationship

was not different between the two genotypes. Importantly, the ANCOVA linear model

Fig 8. Weight-matched HF WT and SIRT2 KO mice only exhibit increased muscle insulin resistance during the insulin clamp. Mice whose body weights were within

1SD of the average body weight of all HF mice were included (38.4 ± 4.2 grams). Body weights of weight-matched HF subgroup are presented in Table 1. A: Blood glucose

was monitored throughout the clamp at 10-min intervals by sampling from the arterial catheter. Blood glucose was maintained at euglycemia (*150 mg/dL). B: The GIR

in the venous catheter needed to maintain euglycemia in weight-matched HF-fed mice. C: Plasma insulin levels at baseline and during the clamp in weight-matched HF-

fed mice. D: endoRa, a marker of hepatic glucose production, in weight-matched HF-fed mice, determined by administration of [3-3H]glucose. E: Rg in gastrocnemius,

vastus lateralis, white epidydimal adipose tissue and brain is determined by the administration of nonmetabolizable glucose 2[14C]deoxyglucose in weight-matched HF-

fed mice. F: GIR plotted against body weight for all WT and SIRT2 KO clamped mice (chow and HF). The regression lines were generated by the ANCOVA statistical tool.

For clamp data of entire HF groups, see Figs 4 and 6 and Table 1 (n = 7-10/group for all panels, see Table 1).

https://doi.org/10.1371/journal.pone.0208634.g008
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concluded that the two regression lines were not significantly different from each other (group

effect, p = 0.16). This indicates that while the gastrocnemius resistance to insulin in SIRT2 KO

mice was weight independent, whole body insulin action between SIRT2 KO and WT mice

was similar for a given weight (Fig 8F).

Discussion

SIRT2 is unique amongst sirtuins in that it was recently shown to be compartmentalized not

only in the cytosol but also in the mitochondria [1]. A strong body of work has shown that

mitochondrial acetylation is associated with metabolic disease [9, 13, 26]. The role of cytosolic

acetylation in glucose homeostasis has received far less attention, even though the cytosol is

the compartment where much of glucose metabolism (e.g. glycolysis, glucose production, gly-

cogen synthesis) is regulated and the fact that cytosolic proteins undergo reversible acetylation

[27]. Further, SIRT2 has been shown to be downregulated in visceral white adipose from obese

subjects [28] as well as liver from ob/ob mice [29], suggesting SIRT2 may play an important

role in the development of insulin resistance. In this study we used the whole body SIRT2 KO

mouse to investigate the role of hyperacetylation on insulin action in vivo. The whole body KO

is an appropriate first step since it allows for a global assessment of tissues involved. Moreover,

a genetic mutation in patients leading to decreased expression of the SIRT2 gene would be

present in the whole body. We hypothesized that deletion of SIRT2 would lead to increased

acetylation and a more severe insulin resistance when fed a HF diet.

Lean SIRT2 KO mice exhibited insulin resistance in skeletal muscle. This was evidenced by

a significant reduction in muscle Rg in insulin-stimulated conditions and a downregulation of

Akt phosphorylation. Concomitant with this, protein acetylation levels in muscle were signifi-

cantly increased in chow SIRT2 KO mice, showing that SIRT2 deletion is sufficient to induce

robust hyperacetylation. Surprisingly, acetylation within the mitochondrial, but not cytosolic,

compartment appeared to be the major driver for this finding, given that cytosolic acetylation

was unaffected by either diet or SIRT2 deletion. Nevertheless, the absence of increases in the

acetylation of cytosolic critical glucoregulatory proteins–without a detectable increase in over-

all cytosolic acetylation–cannot be ruled out in the HF SIRT2 KO muscle. Interestingly, a

downregulation of the insulin-dependent phosphorylation cascade may not be a critical driver

of the observed insulin resistance, since we did not observe significant downregulation of

P-IRS1 or P-mTOR. However, we can postulate that acetylation events within the pathway

may be altered, thereby altering pathway activity.

Interestingly, the increased mitochondrial acetylation found specifically in HF gastrocne-

mius was consistent with the increased acetyl-CoA in these tissues and the hypothesis that

mitochondrial protein acetylation is subject to regulation by mass action [8]. The mitochon-

drial effect was also in agreement with a recent study that demonstrated the mitochondrial

localization of SIRT2 and that absence of SIRT2 increased acetylation levels of mitochondrial

proteins [1]. Moreover, there is recent evidence that SIRT2 is critical for intact mitochondrial

function, mitochondrial dynamics, and mitochondrial biogenesis [1, 29, 30]. Taken together,

our results show that SIRT2 deletion, independent of diet and body weight, was sufficient to

cause muscle insulin resistance. Our results are consistent with findings that illustrate the

importance of maintaining the acetylation state in muscle mitochondria for insulin-stimulated

muscle glucose metabolism [8, 26]. This is the first study to focus on SIRT2 in vivo, showing

that muscle hyperacetylation is sufficient to impair insulin action in muscle of chow-fed mice.

The added challenge of HF-feeding was required for impairments in whole-body insulin

action. The impairment in muscle Rg was further worsened in HF-fed SIRT2 KO mice, while

muscle protein acetylation was not further augmented. This shows that muscle hyperacetylation
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by either diet or SIRT2 KO lead to similar levels of acetylation, but that these two processes are

not additive. Our results show that while hyperacetylation in skeletal muscle is sufficient to

impair muscle insulin sensitivity, HF-feeding is able to further blunt insulin action in SIRT2

KO mice independent of a further increase in total protein acetylation, whether cytosolic or

mitochondrial. One cannot rule out that there is an increase in acetylation of a specific protein

(s) that occurs without an increase in total protein acetylation. Interestingly, the vastus lateralis

muscle did not exhibit significant defects in Rg. These differences between gastrocnemius and

vastus lateralis muscles may be due to differences in susceptibility to protein acetylation imbal-

ance, as the vastus lateralis muscle did not exhibit any changes in protein acetylation with either

dietary or genetic manipulation.

Liver insulin resistance in response to HF diet is amplified by SIRT2 KO. The HF SIRT2

KO mice exhibited a significant reduction in insulin-induced suppression of endoRa. and

SIRT2 KO mice on an HF diet had a ~8% greater body weight than WT mice. However, when

the difference in body weight between WT and SIRT2 KO was eliminated by examining a sub-

set of each genotype with overlapping body weights, the difference in endoRa was no longer

observed. This indicates that the liver insulin resistance in HF-fed SIRT2 mice was attributable

to increased body mass. Increases in body weight and/or fat mass have been shown to cause

insulin resistance in multiple tissues, including liver and adipose tissue [31]. Liver inflamma-

tion was increased in the HF-fed SIRT2 KO mice, supporting an inhibitory role of SIRT2 on

inflammation [32]. The present studies together with studies of others suggest that the

observed reduction in SIRT2 protein in obese subjects may contribute to low-grade inflamma-

tion [28]. The present findings support the paradigm that weight gain, inflammation and insu-

lin resistance are closely linked in liver and raise the possibility that the presence of SIRT2 may

be protective to this process.

SIRT2 KO induced strong protein hyperacetylation in liver. This increase appeared to be

driven specifically by SIRT2 deletion, and not by the increased body weight of the KO mice, as

the mice assessed for protein acetylation did not have significantly different body weights.

Moreover, while the protein acetylation profiles between WT and SIRT2 KO livers were strik-

ingly different, the protein acetylation profile of chow and HF WT mice appeared qualitatively

similar. HF-feeding induced liver protein hyperacetylation in the mitochondria, as shown pre-

viously [8, 12]. Protein acetylation was in contrast reduced in the liver cytosol of HF-fed WT

mice. One major mechanism that could contribute to this is reduced cytosolic acetyl-CoA

availability [33, 34]. This hypothesis is supported by the demonstration that acetyl-CoA is

decreased in the livers of HF-fed mice [7]. The present studies show that SIRT2 is critical in

restraining excessive protein acetylation in both liver and muscle. However, in contrast to the

findings in muscle, liver hyperacetylation due to SIRT2 deletion in the absence of HF-feeding

did not cause impaired hepatic insulin action. Our findings suggest that changes in energy bal-

ance (i.e the difference between energy intake and energy expenditure), as opposed to liver

protein acetylation, may be the main driver for the liver insulin resistance observed in SIRT2

KO mice.

Our study identifies a strong role for SIRT2 in feeding behavior regarding highly palatable

diets. Consistent with a previous report, we found that HF-fed SIRT2 KO mice exhibit an

increase in weight gain [35]. We showed that this was due to a 40% increase in calorie intake

in HF-fed SIRT2 KO mice. SIRT2 is the most abundant sirtuin in the brain, being highly

expressed in nearly all brain cells [36, 37]. In particular, SIRT2 inhibitors have been shown to

reverse anhedonia (i.e. lack of interest in a rewarding stimulus) and increase sucrose intake

[38, 39]. This is consistent with our findings showing increased uptake of the high reward HF

diet in the SIRT2 KO mice, and suggests a potential role for SIRT2 in satiety sensing in the face

of high-calorie diets. This finding is further supported by the demonstration that SIRT2
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downregulation is associated with decreased ATP levels in a neuronal cell line [40]. This

would predictably lead to inhibition of hypothalamic proopiomelanocortin (POMC) anorexi-

genic neurons and activation of neuropeptide Y/agouti-related peptide (NPY/AgRP) orexi-

genic neurons via AMPK activation, which would promote feeding behavior [41]. In addition,

SIRT2 is a critical negative regulator of adipogenesis, and this, along with overnutrition, could

contribute to the increased fat mass observed in the HF-fed SIRT2 KO mice [42, 43].

In conclusion, the present study shows that whole body SIRT2 KO leads to widespread met-

abolic defects that include increased energy intake, adiposity, and insulin resistance in mice on

a HF diet. We show that SIRT2 KO alone is sufficient to induce muscle insulin resistance in

lean mice, and SIRT2 deletion exacerbates diet-induced insulin resistance, independent of a

further increase in hyperacetylation. Although SIRT2 deletion is sufficient to induce muscle

insulin resistance, this impairment is offset by effects on other tissues, so that it is undetectable

by techniques used to study the whole body. We further show that liver insulin resistance in

HF-fed mice is worsened by SIRT2 KO. This appears to be secondary to the increased fat mass

due to increased caloric intake in HF SIRT2 KO mice. Consequently, the effects of SIRT2 on

feeding behavior are a major driver of HF-feeding induced liver insulin resistance. These data

show that SIRT2 protects against severe insulin resistance under conditions of overnutrition.

These effects are particularly interesting since they are not associated with increases in total

muscle or liver protein acetylation.

Supporting information

S1 Fig. HF diet does not alter SIRT2 protein in liver or muscle of WT mice. A. Immunoblot

for SIRT2 in WT and SIRT2 KO soleus, gastrocnemius, vastus lateralis, liver, brain, and peri-

gonadal white adipose tissue (WAT).

B. Immunoblot for SIRT2 on gastrocnemius (n = 6/group), vastus lateralis (n = 6/group), and

liver (n = 8/group). Integrated intensities were obtained by the Odyssey software and normal-

ized to GAPDH or β-actin. Black bars: chow; open bars: HF.

C, D: Relative intensities for SIRT3, normalized to GAPDH, in protein fractions extracted

from gastrocnemius (C) or liver (D) from 5h-fasted WT and SIRT2 KO mice on either a chow

of HF diet (n = 6/group).

E, F: Acetyl-CoA content was assessed in gastrocnemius and liver frozen tissue harvested from

5h fasted WT and SIRT2 KO mice on either a chow or HF diet. Two-way anova was performed

followed by Tukey’s posthoc test. ## p<0.01 vs chow SIRT2 KO (n = 6/group).

G, H; Citrate synthase activity was assayed in homogenates from frozen gastrocnemius and

liver tissues collected from 5h fasted WT and SIRT2 KO mice on either a chow or HF diet

(n = 6/group).

(PDF)

S2 Fig. Protein acetylation profile in whole brain of SIRT2 KO mice. Immunoblots for acet-

ylated lysine on whole brain collected from 5h fasted WT and SIRT2 KO mice on a chow or

HF diet. Integrated intensities of the individual bands were obtained from the 32 sec exposure

image by the Odyssey software and normalized to GAPDH (n = 6/group). Two-way ANOVA

was performed to determine significance.

(PDF)

S3 Fig. IRS1 and mTOR phosphorylation in muscle of SIRT2 KO mice. Immunoblots for

P-IRS1 (Ser302), total IRS1, P-mTOR (Ser2448) and total mTOR on whole gastrocnemius col-

lected from insulin-clamped WT and SIRT2 KO mice on a chow or HF diet. Integrated inten-

sities of the individual bands were obtained by the Odyssey software and normalized to their
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respective total protein (n = 6/group). Two-way ANOVA determined no statistical difference

between groups.

(PDF)

S4 Fig. Vastus lateralis protein acetylation was unchanged by diet or genotype. Relative

intensities for acetylated lysine (AcK), normalized to GAPDH, in cytosolic (left) and mito-

chondrial (right) protein fractions extracted from vastus lateralis muscle from 5h-fasted WT

and SIRT2 KO mice on either a chow of HF diet (n = 6/group).

(PDF)

S5 Fig. Immunoblots for P-IRS1 (Ser302), IRS1, P-Akt (Ser473), Akt, P-FOXO1 (Ser256),

FOXO1 and GAPDH on liver homogenates from clamped WT and SIRT2 KO mice. Quan-

tification presented in Fig 6F–6H.

(PDF)
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