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Abstract

Annexin A6 (AnxA6) controls cholesterol and membrane transport in endo- and exocytosis,

and modulates triglyceride accumulation and storage. In addition, AnxA6 acts as a scaffold-

ing protein for negative regulators of growth factor receptors and their effector pathways in

many different cell types. Here we investigated the role of AnxA6 in the regulation of whole

body lipid metabolism and insulin-regulated glucose homeostasis. Therefore, wildtype (WT)

and AnxA6-knockout (KO) mice were fed a high-fat diet (HFD) for 17 weeks. During the

course of HFD feeding, AnxA6-KO mice gained less weight compared to controls, which

correlated with reduced adiposity. Systemic triglyceride and cholesterol levels of HFD-fed

control and AnxA6-KO mice were comparable, with slightly elevated high density lipoprotein

(HDL) and reduced triglyceride-rich lipoprotein (TRL) levels in AnxA6-KO mice. AnxA6-KO

mice displayed a trend towards improved insulin sensitivity in oral glucose and insulin toler-

ance tests (OGTT, ITT), which correlated with increased insulin-inducible phosphorylation

of protein kinase B (Akt) and ribosomal protein S6 kinase (S6) in liver extracts. However,

HFD-fed AnxA6-KO mice failed to downregulate hepatic gluconeogenesis, despite similar

insulin levels and insulin signaling activity, as well as expression profiles of insulin-sensitive

transcription factors to controls. In addition, increased glycogen storage in livers of HFD-

and chow-fed AnxA6-KO animals was observed. Together with an inability to reduce glu-

cose production upon insulin exposure in AnxA6-depleted HuH7 hepatocytes, this impli-

cates AnxA6 contributing to the fine-tuning of hepatic glucose metabolism with potential

consequences for the systemic control of glucose in health and disease.
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Introduction

The liver is the central organ for many vital metabolic functions, including lipid and glucose

homeostasis. This is exemplified in non-alcoholic fatty liver disease, which is characterized by

excess hepatic lipid accumulation and closely linked to disorders with dysregulated glucose

homeostasis, including type 2 diabetes, insulin resistance, obesity, and the metabolic syndrome

[1,2]. Over the years, substantial progress has been made to dissect how abnormal lipid deposi-

tion in the liver interferes with the complex signaling networks that coordinate the balance of

anabolic and catabolic pathways. Central to this intricate web of signals governing metabolic

routes are a set of hormones, in particular insulin, modulating kinase and transcription factor

activity, which then fine-tune expression, localization and action of numerous enzymes and

transporters that control the level of critical metabolites in lipid and glucose metabolism [1–4].

In addition, regulatory proteins that control delivery of proteins and lipids to specific cellu-

lar destinations, enabling localized assembly and disassembly of multifactorial protein com-

plexes in a spatiotemporal manner, are increasingly emerging as important control devices for

liver function in health and disease [5–8]. This complex transport machinery includes Rab

GTPases and soluble NSF attachment protein receptor proteins (SNAREs), as well as many

others scaffolding and targeting proteins [5–8]. This also comprises the annexins, a group of

twelve structurally related Ca2+- and phospholipid-binding proteins in humans, which con-

tribute to regulate trafficking and signalling pathways through a variety of means [9,10]. Up to

date, AnxA1, A2 and A7 have been associated with insulin sensitivity, glucose and lipid metab-

olism [11]. Diet-induced obese AnxA1-deficient animals showed increased adiposity, elevated

glucose and insulin levels and development of insulin resistance [12]. On the other hand,

AnxA1 or AnxA1-related peptides counteract non-alcoholic steatohepatitis [13], as well as ath-

erosclerosis and cardiovascular disease triggered by hyperlipidemia [14–16]. AnxA2 interacts

with insulin and insulin-like growth factor receptors [17], and is phosphorylated and sumoy-

lated upon insulin stimulation [18,19], possibly relevant for cell adhesion [17], but also translo-

cation of the glucose transporter type 4 (GLUT4) in adipocytes [20]. Moreover, AnxA2

regulates mouse extrahepatic low density lipoprotein receptor (LDLR) levels in vivo [21,22],

which correlates with elevated LDL cholesterol levels in humans carrying AnxA2 gene variants

[23]. Loss of AnxA7 was linked to abnormal insulin secretion [24]; however, these findings

were challenged by others [25].

AnxA6 is the largest member of the annexin family and may also contribute to control

whole body lipid and glucose metabolism. In adipocytes, we and others showed that AnxA6 is

associated with lipid droplets [26–28], and AnxA6 depletion reduced lipolysis [28]. Together

with increased AnxA6 levels in white adipose tissue from obese mice, this suggested AnxA6

levels to influence fatty acid release from adipocytes [28], a critical risk factor for the develop-

ment of fatty liver disease. In hepatocytes, AnxA6 is highly abundant, making up approxi-

mately 0.25% of total liver protein [29,30]. Our laboratories found hepatic AnxA6 levels

unchanged in murine non-alcoholic steatohepatitis and human liver fibrosis, but substantially

reduced in hepatocellular carcinoma [31], which is linked to increased lipogenesis and choles-

terol levels [32]. Other studies reported upregulation of AnxA6 levels in liver biopsies from

obese humans and in women with type 2 diabetes [33, 34], Niemann-Pick Type C-deficient

mice or mice fed a high-fat ketogenic diet [35, 36]. Hence, hepatic AnxA6 levels may be differ-

entially regulated under metabolic stress.

Alike other annexins, AnxA6 is found at the plasma membrane, endosomes, but also secre-

tory vesicles to organize membrane domains, cytoskeleton re-arrangements and signal com-

plex formation [30,37–39]. As a putative regulator of hepatic lipid metabolism, AnxA6

modulates LDL endocytosis and LDL-cholesterol export from late endosomes [40,41]. In
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addition, we recently reported that AnxA6 co-localizes with lipid droplet markers in HuH7

hepatocytes [42]. Liver sections from AnxA6-KO mice displayed reduced lipid droplet num-

bers, which correlated with reduced triglyceride accumulation in AnxA6-deficient primary

mouse hepatocytes and human HuH7 hepatocytes [42]. Furthermore, AnxA6 acts as a scaffold

for p120 GTPase activating protein and protein kinase Cα, which are both negative effectors

that downregulate epidermal growth factor receptor, Ras, mitogen activated protein kinase

and Akt signaling pathways [37–39], all of which with multiple links to hepatic lipid and glu-

cose homeostasis in normal and diseased settings [43–45].

In the present study, we assessed the influence of AnxA6 deficiency on lipid and glucose

metabolism in HFD-fed mice. AnxA6-KO mice gained less weight compared to controls dur-

ing the HFD feeding period, which correlated with reduced white adipose tissue mass. Lipo-

protein profiles, kinetics of plasma glucose and insulin levels in oral glucose or insulin

tolerance tests (OGTT, ITT), and magnitude of insulin-inducible Akt and S6 kinase phosphor-

ylation suggest improved insulin sensitivity in HFD-fed AnxA6-KO animals. However, an

inability to downregulate hepatic gluconeogenesis, despite normal insulin levels and insulin

signaling, as well as expression profiles of insulin-sensitive transcription factors, indicate that

AnxA6 deficiency compromises regulatory steps in hepatic glucose homeostasis that only

become apparent during metabolic stress. The potential consequences for the systemic control

of glucose in health and disease are discussed.

Materials and methods

Reagents and antibodies

DMEM, geneticin (G418), puromycin, pyruvate, oleic acid, β-D(+)-glucose, and paraformal-

dehyde were from Sigma. Insulin (Actrapid1) was from Novo Nordisk (Bagsværd, Denmark).

ELISA kits for adiponectin (DuoSet1 ELISA mouse adiponectin/Acrp30) and leptin (Duo-

Set1 ELISA mouse Leptin) were from R&D Systems (Minneapolis, MN, USA). The Ultra-

Sensitive Rat Insulin ELISA Kit was obtained from Crystal Chem (Downers Grove, IL, USA).

SDS-PAGE molecular weight markers were from Fermentas. Polyclonal rabbit anti-AnxA6

was prepared in our laboratories [40,46]. Rabbit polyclonal antibodies against total and phos-

phorylated S6, Akt, insulin receptor substrate 1 (IRS1), mechanistic target of rapamycin

(mTOR), 5’ adenosine monophosphate-activated protein kinase α (AMPKα), extracellular sig-

nal-regulated kinase (Erk1/2), as well as Forkhead box O1 (FoxO1), liver X receptor (LXR),

AnxA2, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), horseradish peroxidase

(HRP)-labeled secondary goat anti-mouse and goat anti-rabbit antibodies, were from Cell Sig-

naling. Rabbit antibodies against peroxisome proliferator-activated receptor α (PPARα), and

sterol regulatory element-binding protein 1 (SREBP1) were from Santa Cruz. Rabbit anti-insu-

lin receptor β antibody was from Upstate, rabbit anti-low density lipoprotein receptor-related

protein 1 antibody was from Epitomics, rabbit anti-apolipoprotein E antibody was from Acris,

and goat anti-LDLR antibody was from R&D Systems. Rabbit polyclonal anti-β-actin and anti-

scavenger receptor BI (SR-BI) antibodies were from BD Transduction Laboratories and

Novus, respectively. HuH7 cells were from the American Type Culture Collection (ATCC,

Manassas, VA, USA).

Animals

Eight weeks old male WT and AnxA6-KO C57BL/6J mice (n = 25-27/group) [47] were held

single caged at 23˚C in a 12:12 h light-dark cycle, allowed access to water and a high fat diet ad
libitum (Bio-Serv F3282, High Fat Diet 35.5% lard; Frenchtown, NJ, USA) for 17 weeks. Eight

to twelve weeks old WT and AnxA6-KO animals (n = 4) on a chow diet were analyzed in some
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experiments. Every effort was made to minimize animal suffering and to use the minimum

number of animals per group and experiment. Bodyweight, food intake and core body temper-

ature were monitored regularly. All animal care and experimental procedures were approved

by the Animal Welfare Officers of University Medical Center Hamburg-Eppendorf, the

Behörde für Soziales, Familie, Gesundheit und Verbraucherschutz (Hamburg, Germany) and

the local ethics committee at the University of Barcelona following European (2010/63/UE)

and Spanish (RD53/2013) regulations for the care and use of laboratory animals.

Determination of hormones and lipids from blood and liver tissue

For the determination of triglycerides and cholesterol in plasma and lipoproteins (n = 3), lep-

tin and adiponectin (n = 14), animals were fasted for 4 h. Blood samples were taken and centri-

fuged for 5 min at 10,000 rpm and the supernatant (plasma) was used for hormone and lipid

measurements. ELISAs to determine serum concentrations of insulin, leptin and adiponectin

were performed according to manufacturer’s instructions [48]. Total serum triglycerides and

cholesterol levels were quantified using commercial kits (Roche) according to manufacturer’s

instructions [49]. For lipoprotein profiling, pooled plasma samples from 3 mice per genotype

were separated into TRL, HDL and glycerol by fast-performance liquid chromatography

(FPLC) into 40 fractions using S6-superose columns (GE Healthcare, Piscataway, NJ Cleve-

land, OH, USA). Triglyceride, glycerol and cholesterol levels in each fraction as well as liver

samples (see below) were determined using commercial kits as described above [49].

For the determination of hepatic phospholipid content, 50–100 mg liver tissue (n = 4 per

group) was homogenized and samples were analyzed by mass spectrometry as described previ-

ously [50]. In brief, liver samples containing 650 μg protein were mixed with an internal stan-

dard containing 100 μM phosphatidylcholine (19:0/19:0), phosphatidylethanolamine (17:0/

17:0), phosphatidylserine (17:0/17:0), phosphatidylglycerol (17:0/17:0) and phosphatidic acid

(17:0/17:0) (all from Avanti Lipids, Alabaster, AL, USA) as described [50]. After lipid extrac-

tion, samples were diluted 10–100-fold in 2:1 methanol:chloroform with 5 mM ammonium

acetate and mass spectrometry data was acquired on a hybrid triple quadrupole linear ion trap

mass spectrometer (QTRAP 5500 AB Sciex, Framingham, MA, USA) equipped with an auto-

mated chip-based nano-ESI source (TriVersa Nanomate, Advion Biosciences, Ithaca, NY,

USA). Lipids were identified and quantified using LipidView 1.3beta (AB Sciex) software after

correction for isotope contributions.

In vivo insulin response

For the determination of insulin response, animals were fasted for 4 h to receive insulin (1.5

U/kg bodyweight) or saline via intraperitoneal injection (n = 2 per group). Blood glucose was

measured at 0 and 15 min post-injection (see details below). Mice were then sacrificed by cer-

vical dislocation, livers were removed and snap frozen in liquid nitrogen. Membrane, cytosolic

and nuclear fractions were prepared for western blot analysis (see below).

Oral glucose tolerance test (OGTT)

Animals were starved for 4 h prior to administration of 1 g β-D (+)-glucose/kg bodyweight via

oral gavage (n = 25–27) [49]. Glucose was determined in blood obtained from a small incision

in the mouse tail and pressed on a glucometer strip at 0, 15, 30, 60, 90 and 120 min post-

gavage. Blood glucose levels were measured using the Accu-Check1 Aviva blood glucose

monitor (Roche) [48]. Plasma insulin was measured using an ELISA at 0 and 15 min post-

gavage in 4–5 mice per genotype.

Annexin A6 regulates hepatic lipid and glucose homeostasis

PLOS ONE | https://doi.org/10.1371/journal.pone.0201310 August 15, 2018 4 / 26

https://doi.org/10.1371/journal.pone.0201310


Pyruvate tolerance test (PTT)

Animals were starved for 4 h prior to administration of pyruvate (2 g/kg bodyweight) via

intra-peritoneal injection [51]. Blood glucose and insulin levels at multiple time points over a

2–4 h period were measured as described above (n = 5–19 per time point). Mice were then

anaesthetized at the different time points after pyruvate injection using ketamin-xylazine injec-

tion anesthesia and transcardially perfused with ice-cold PBS. Livers were removed and snap

frozen in liquid nitrogen. Membrane, cytosolic and nuclear fractions were prepared for west-

ern blot analysis (n = 4 per group at t = 0 min and 120 min after pyruvate injection; see below).

Preparation of membrane and cytosolic fractions from mouse liver

Mouse liver tissue (n = 2–4 per group) was snap frozen in liquid nitrogen immediately follow-

ing sacrifice. Tissue samples (200 mg) were homogenized in 20 mM Tris-HCl pH 7.4, 2 mM

MgCl2, 0.25 M sucrose (with protease inhibitor cocktail; Roche, Basel, Switzerland) using a

TissueLyser (Qiagen). The sample was centrifuged at 800 g for 15 min at 4˚C, and the superna-

tant was cleared using the same conditions. For membrane and cytosol separation, the super-

natant was then centrifuged at 100,000 g for 1 h at 4˚C. The supernatant (cytosol) was

removed, and the membrane pellet was resuspended in 50 mM Tris-HCl pH 8.0, 2 mM CaCl2,

80 mM NaCl, 1% (v/v) Triton X-100, 0.1% (w/v) SDS, and protease inhibitors. Samples were

again centrifuged at 100,000 g for 30 min at 4˚C to separate nuclei (pellet) from cellular mem-

branes (supernatant). The protein content of the membrane, nuclear and cytosolic fractions

was determined [52], and samples were analyzed by western blotting (see below).

For the preparation of extracts from HuH7 hepatocytes, cells were harvested in lysis buffer

(20 mM Tris-HCl, pH 7.5, 2 mM EDTA, 100 mM NaCl, 5 mM MgCl2, 1% (v/v) Triton X-100,

5 mM NaF, 10% (v/v) glycerol, 0.5% (v/v) 2-mercaptoethanol, 0.1 mM Na3VO4 and protease

inhibitors). After centrifugation at 10,000 g the protein concentration of the cleared cell lysate

was determined. Cell lysates were separated by 10 or 12.5% SDS-PAGE and transferred to

Immobilon-P (Millipore) for western blot analysis (see below).

RNA extraction from mouse liver and real-time quantitative PCR

Liver samples (100 mg) were homogenized in 1 ml TRIzol1 (Invitrogen) in a TissueLyser

(Qiagen) at 20 Hz for 6 min (n = 4 per group at t = 0 min and 120 min after pyruvate injec-

tion). 200 μl chloroform was added, samples were vortexed and centrifuged for 15 min at

14,000 g. The supernatant was mixed with 100% ethanol (1/3 v/v) and RNA was extracted

using the RNA extraction kit (NucleoSpin1 RNA kit, Macherey-Nagel) according to the

manufacturer’s instructions. RNA purity and concentration was determined using the Nano-

Drop ND-1000 (PeqLab). cDNA synthesis was performed with 400 ng RNA using the High

Capacity cDNA Reverse Transcription Kit (Applied Biosystems) with random hexamer prim-

ers following the manufacturer’s instructions. Relative mRNA levels were determined by semi-

quantitative RT-PCR (qRT-PCR) using the TaqMan Gene Expression Assay Technique and

the 7900HT Fast Real-Time PCR System (Applied Biosystems). The following TaqManAssay-

on-Demand primer sets for mouse gene expression analysis were purchased from Invitrogen:

AnxA6 (mAnxA6, Mm00478966_m1), carnitine palmitoyltransferase 1A (CPT1α; mCpt1a
liver, Mm00550438_m1), fatty acid synthase (mFasn, Mm00662319_m1), fibroblast growth

factor 21 (Fgf21; mFgf21, Mm00840165_g1), glucose-6 phosphatase (G6P) catalytic (mG6pc,
Mm00839363_m1), solute carrier family 2 (facilitated glucose transporter), member 2

(SLC2A2, GLUT2; mSlc2a2,mGlut2, Mm00446224_m1), insulin induced gene 1 (Insig1; mIn-
sig1, Mm00463389_m1), hydroxyacyl-Coenzyme A dehydrogenase/3-ketoacyl-Coenzyme A

thiolase/enoyl-Coenzyme A hydratase (trifunctional protein), α (mHadha, Mm00805228_m1)
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and β subunit (mHadhb, Mm00523880_g1, LDLR (mLdlr, Mm00440169_m1), pyruvate dehy-

drogenase lipoamide kinase isozyme 4 (mPdk4, Mm00443325_m1), TATA-box binding pro-

tein (Tbp; mTbp (Mm00446973_m1). Gene of interest cycle threshold (Ct) values were

normalized to the housekeeper Tbp mRNA levels, using the ΔΔCT method [53].

Relative mRNA levels in HuH7 hepatocytes were determined by quantitative real-time PCR

in triplicates using SYBR-Green and the 7900HT Fast Real-time PCR System (Applied Biosys-

tems) as described previously [42]. In brief, total RNA was isolated and cDNA synthesis was

performed with 500 ng of RNA using the High Capacity cDNA Reverse Transcription Kit

(Applied Biosystems) with random hexamer primers (AnxA1: forward 5’-AATCCATCCTCG
GATGTCGC-3’, nt 335–354; reverse 5’-TCAGTGTTTCATCCAGGGGC-3’, nt 478–497;

AnxA6: forward 5’-TGGCTGCTGAGATCTTGGAAA-3’, nt 1679–1699; reverse 5’-GATCGT
CATGAAACGTGTCTCC-3’, nt 1734–1755; PDK4: forward 5’-TCAGACAGAGGAGGTG
GTGTT-3’, nt 1194–2114; reverse 5’-AAAACCAGCCAAAGGAGCATTC, nt 2189–3110; 28s

rRNA: forward 5’-GTTGTTGCCATGGTAATCCTGCTCAGTAC-3’, nt 4535–4564, reverse

5’-TCTGACTTAGAGGCGTTCAGTCATAATCC-3’, nt 4638–4667) following the manufac-

turer’s instructions. Gene of interest cycle threshold (Ct) values were normalized to 28s rRNA

housekeeper levels (ΔΔCt method) as described [42].

SDS-PAGE and western blotting

Membrane and cytosol fractions from mouse liver tissue (n = 2–4 per group) were separated

by 10 or 12% SDS-PAGE (NuPAGE1 Novex1 4–12% Bis-Tris Protein Gels, Invitrogen) and

transferred to nitrocellulose (Whatman) using a MiniTrans-Blot1 cell module (BioRad). Pro-

teins were detected using their specific primary antibodies, followed by HRP-conjugated sec-

ondary antibodies and enhanced chemiluminescence detection (ECL, Amersham). For each

sample and protein of interest, at least 2 individual blots were performed. The intensity of

bands was quantified using Image Studio Lite Ver. 3.1 (LI-COR) and results were normalized

to β-actin. Relative levels of phosphorylated Akt, Erk1/2, mTOR, S6 and IRS1 were normalized

to total Akt, Erk1/2, mTOR, S6 and IRS1, respectively.

For western blot analysis of AnxA6 and GAPDH expression in HuH7 hepatocytes, cell

lysates were separated by 10 or 12.5% SDS-PAGE and transferred to Immobilon-P (Millipore).

AnxA6 and GAPDH proteins were detected using their specific primary antibodies, followed

by HRP-conjugated secondary antibodies and enhanced chemiluminescence detection (ECL,

Amersham).

Haematoxylin and eosin (H&E) staining of liver sections

For histological analysis, mice were anaesthetised as above and perfused with 4% (w/v) para-

formaldehyde and 5% (w/v) sucrose. A piece of liver was fixed for paraffin embedding and

H&E staining was performed as described (n = 4 per group) [54].

Electron microscopy of mouse liver sections

For transmission electron microscopy (TEM), liver tissue was isolated from mice (n = 4 per

group) following anaesthesia after intracardial perfusion with 2.5% glutaraldehyde in phos-

phate buffer. Liver samples were then fixed overnight in 2.5% glutaraldehyde and 4% parafor-

maldehyde. Small cubes of 1 mm3 were post-fixed in osmium tetroxide and embedded in

Spurr (Sigma Aldrich) [42,55]. TEM images were acquired from ultrathin sections using a

JEOL-1010 electron microscope (JEOL USA, Peabody, MA, USA) with a SC1000 ORIUS-CCD

digital camera (Gatan, Pleasanton, CA, USA).
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Glycogen and production of glucose and ketone bodies in primary

hepatocytes

Primary hepatocytes from WT and AnxA6 KO-mice were isolated (n = 5 per group) as

described previously [42]. To determine gluconeogenic capacity, 2.5 x 105 primary hepatocytes

were seeded in triplicates and grown overnight in DMEM, 2% FCS, 1 mM methionine and 200

nM dexamethasone, fasted for 6 h without glucose, and then incubated with 2 mM pyruvate or

20 mM glycerol for 24 h. Media was stored for glucose measurement. For cellular glycogen

quantification, cells were lysed in 180 μl 1 M KOH, equilibrated with 45 μl Na2SO4, and glyco-

gen was precipitated with 0.975 ml 100% ethanol, followed by centrifugation at 15,000 g for 15

min at 4˚C. The pellet was resuspended in 110 μl deionized H2O, and glycogen was precipi-

tated with 0.990 ml 100% ethanol. After centrifugation at 15,000 g for 15 min at 4˚C, the pre-

cipitated glycogen was digested to glucose with 100 μl amyloglucosidase (Sigma-Aldrich; 3 mg

in 10 ml 0.25 M acetate buffer) at 37˚C for 2 h [56]. Media glucose and glycogen-derived glu-

cosyl levels were determined using the Glucose GO assay kit (Sigma).

For ketone bodies, cells were grown in DMEM, 2% FCS, 1 mM methionine and 200 nM

dexamethasone (Sigma) overnight. 2-hydroxybutyrate levels in the media were measured

using a colorimetric assay following manufacturer’s instructions (Cayman Chemical).

Glycogen and glucose production in HuH7 hepatocytes

Wildtype (HuH7-WT) and AnxA6-depleted HuH7 hepatocytes (HuH7-A6KD) were grown in

DMEM, with 10% fetal calf serum, L-glutamine (2 mM), penicillin (100 U/ml) and streptomy-

cin (100 μg/ml) at 37˚C, 5% CO2. For the generation of HuH7-A6KD, 1–2 × 106 cells were

transfected with 1.5 μg SureSilencing shRNA plasmid (SABiosciences) targeting human

AnxA6 at position 352–372 (50-gcaaggacctcattgctgatt-30) and Lipofectamine 2000 according to

the manufacturer’s instructions. After 48 h, cells were selected in the presence of 100 μg/ml

puromycin. After 2 weeks, puromycin-resistant and AnxA6-depleted colonies were identified

[57]. Cells were seeded in triplicate onto six-well plates in Krebs buffer and treated ± 2 mM

pyruvate and ± 100 nM insulin for 2 h. Cells were washed with ice-cold PBS and lysed in

300 μl 1 M KOH. For glycogen extraction, 75 μl saturated Na2SO4 and 1.625 ml 100% ethanol

was added and the sample was centrifuged at 15,000 g for 15 min at 4˚C. The pellet was resus-

pended in 200 μl deionized H2O, and glycogen was precipitated with 1.8 ml 95% ethanol. The

sample was centrifuged at 15,000 g for 15 min at 4˚C and the precipitated glycogen was

digested to glucose with 250 μl amyloglucosidase at 37˚C for 2 h [56]. Media glucose and glyco-

gen-derived glucosyl levels were determined using the hexokinase reagent (GAHK20, Sigma-

Aldrich) according to manufacturer’s instructions.

Statistics

Statistical analysis was carried out using Microsoft Excel and GraphPad Prism 6. Data represent

means ± SEM of at least three independent experiments unless otherwise stated. Statistical com-

parison was performed using an unpaired Student’s t-tests or two-way ANOVA test (� = p< 0.05,
�� = p< 0.01, ��� = p< 0.001).

Results

AnxA6-KO animals display normal liver functions under standard growth

conditions

We recently identified reduced triglyceride accumulation in primary AnxA6-deficient hepato-

cytes upon oleate supply and lower lipid droplet numbers in liver sections from AnxA6-KO
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mice [42], indicating AnxA6 to participate in hepatic metabolism and liver physiology. In line

with previous studies [28,47], plasma levels of the liver enzymes aspartate aminotransferase

(67 ± 10.6 in WT vs. 90.5 ± 22.1 U/l in AnxA6-KO), alanine aminotransferase (25 ± 9.9 vs.

33.5 ± 5.1 U/l) and lactate dehydrogenase (858 ± 268.2 vs. 583 ± 164.1 U/l), as well as albumin

(26.5 ± 1 vs. 23.5 ± 1.7 g/l) and total plasma protein (42.5 ± 4.9 vs. 46 ± 4.1 g/l) (Fig 1A) indi-

cated normal liver function in AnxA6-KO animals fed a standard chow diet. Furthermore,

body weight (29 ± 2 vs. 29 ± 9 g), total plasma cholesterol (82 ± 3 vs. 65 ± 8 mg/dl), triglycer-

ides (70 ± 15 vs. 80 ± 5 mg/dl), free fatty acids (1.6 ± 0.3 vs. 1.5 ± 0.2 μmol/l), LDL (32 ± 2 vs.

24 ± 4 mg/dl), and HDL (38 ± 2 vs. 33 ± 3 mg/dl) in 8–12 weeks old control and AnxA6-KO

animals were alike (Fig 1A). Likewise, H&E staining of liver sections (Fig 1B) and triglyceride,

cholesterol and phospholipid content in liver tissue supported normal liver morphology and

hepatic lipid metabolism in mice lacking AnxA6 (Fig 1C). Also, fasting blood glucose mea-

sured prior to OGTTs were similar in both genotypes (75 ± 5 mg/dl), as was the handling of

the glucose challenge (140 ± 10 mg/dl at t = 30 min; Fig 1D). Likewise, glucose levels in WT

and AnxA6-KO mice were similar (100 ± 15 mg/dl) and decreased 30 min after insulin

Fig 1. Liver function, lipid and insulin-regulated glucose metabolism are normal in chow-fed AnxA6-KO mice. (A) Spider diagram presentation of

total protein, albumin, aspartate aminotransferase (AST), alanine aminotransferase (ALAT), lactate dehydrogenase (LDH), as well as total cholesterol,

triglycerides (TAG), low density lipoprotein (LDL), high density lipoprotein (HDL), and free fatty acids (free FA) in the plasma of 8–12 weeks old wildtype

(WT) and AnxA6-KO animals (AnxA6-/-) on a chow diet (n = 4). The data are presented relative to WT (100%). For absolute values, see text and [28] for

further details. (B) H&E staining of liver sections from WT and AnxA6-KO mice on a chow diet. (C) Liver homogenates from 8–12 weeks old WT and

AnxA6-KO mice were analyzed for triglyceride, cholesterol and phospholipid content as described in Material and Methods (mean ± SEM, n = 8). SM,

sphingomyelin; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PS, phosphatidylserine. (D) WT and AnxA6-KO mice on a chow diet were

starved for 4 h prior to receive glucose via oral gavage (1 g/kg body weight). Blood glucose levels were determined 0–120 min after glucose administration

(mean ± SEM, n = 6). (E) WT and AnxA6-KO mice received insulin (1.5 U/kg bodyweight) or saline via intraperitoneal injection. Blood glucose was

measured at t = 0–120 min post-injection (mean ± SEM, n = 6). (D-E) Data points for t = 0 and 30 min have been described previously [28].

https://doi.org/10.1371/journal.pone.0201310.g001
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injection (45 ± 5 mg/dl) to return to baseline thereafter (Fig 1E). Hence, under normal (chow

diet) conditions, overall liver function, lipid and insulin-regulated glucose metabolism in

AnxA6-KO mice appeared similar to control animals.

Less weight gain of AnxA6-KO mice after HFD feeding

To examine if physiological stress mimicking conditions of constant overfeeding could reveal

novel roles for AnxA6 in lipid and glucose homeostasis, we studied the metabolic phenotype of

AnxA6-KO mice after 17 weeks of HFD feeding. These conditions are well known to induce met-

abolic stress, hepatic lipid accumulation, obesity and onset of insulin resistance in C57BL/6 mice

[58]. We first monitored whole body and organ weight, food intake and body temperature over

the HFD feeding period (Fig 2). HFD feeding was associated with weight gain in both mouse

strains (Fig 2A). However, HFD-fed AnxA6-KO mice gained less weight over the feeding period,

with average total weight gain 22.6% lower compared to control mice (Fig 2B; WT 16.8 ± 0.9 g,

AnxA6-KO 13.0 ± 0.61 g; �� p< 0.01). After 17 weeks HFD, the weight of the heart, spleen, kid-

ney, liver and brown adipose tissue were comparable in both strains (Fig 2C). In line with reduced

body weight, white adipose tissue mass was significantly reduced in AnxA6-KO mice (WT

1.94 ± 0.202 g, AnxA6-KO 1.432 ± 0.0971 g; �� p<0.01). The difference in adiposity was not asso-

ciated with body temperature (Fig 2D) or food intake (Fig 2E), thereby excluding increased energy

expenditure through thermogenesis or reduced nutrient uptake as a cause for reduced weight

gain in the HFD-fed AnxA6-KO mice. Interestingly, metabolic efficiency (percentage of ingested

food stored as body weight), which is an indirect marker of intestinal uptake capacity and energy

expenditure [59], was significantly lower in AnxA6-KO mice, indicating reduced food absorption

Fig 2. Reduced weight gain and less adiposity of AnxA6-KO mice after HFD feeding. 8 weeks old male WT and AnxA6-KO (AnxA6-/-, A6-/-) C57BL/6J

mice were fed a high fat diet (HFD) for 17 weeks. (A) Weekly weight gain over the 17 week HFD feeding period. (B) Cumulative weight gain after 17 week

HFD feeding (mean ± SEM, n = 25–27). (C) Organ weight comparison after 17 week HFD feeding. AnxA6-KO mice had significantly less white adipose

tissue (WAT; epididymal + subcutaneous WAT) than WT mice (mean ± SEM, n = 7–8 for heart, spleen, kidney, BAT; n = 14 for WAT; n = 22 for liver).

Brown adipose tissue (BAT). (D) Body temperature over 6 weeks HFD feeding (mean ± SEM, n = 14). (E) Food intake over the HFD feeding period.

AnxA6-KO mice consumed slightly more in week 6, 9, 12, and 17, but the area under the curve (AUC) of total food intake over the 17 week HFD feeding

period was comparable. The metabolic efficiency (% food stored as body weight) was reduced in AnxA6-KO mice (mean ± SEM, n = 14). (F) Serum from

HFD-fed WT and AnxA6-KO mice was analyzed for leptin and adiponectin levels using ELISA as described (mean ± SEM, n = 14). �� P< 0.01, � P<0.05

(Student’s T-test).

https://doi.org/10.1371/journal.pone.0201310.g002
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in the gut or increased energy expenditure (Fig 2E). Serum leptin and adiponectin levels in WT

and AnxA6-KO mice (Fig 2F) were within the expected range following HFD feeding [60]. The

trend of reduced leptin levels observed in AnxA6-KO mice could be due to the decrease in adi-

pose tissue mass, possibly lowering the net amount of secreted adipokines. Taken together, the

overall reduction in HFD-induced weight gain in the AnxA6-KO mice correlated with reduced

adiposity, which may reflect the recently observed impaired proliferation in AnxA6-depleted pre-

adipocytes [28], or alternatively, altered metabolic efficiency [59].

Plasma lipid profiling in HFD-fed AnxA6-KO mice

Prolonged HFD feeding induces dyslipidemia [58] and we next compared lipid levels and lipo-

protein profiles in the plasma of WT and AnxA6-KO mice. Total plasma cholesterol levels

were similar in HFD-fed WT (203.57 ± 20 mg/dl) and AnxA6-KO animals (249.25 ± 20 mg/

dl) (Fig 3A), reflecting an approximately 2.5–4 -fold increase compared to their chow-fed con-

trols (see Fig 1A). Similarly, total plasma triglycerides in HFD-fed WT and AnxA6-KO ani-

mals were comparable (Fig 3C) and elevated approximately 2–2.5 -fold (148.16 ± 10 mg/dl in

WT; 173.44 ± 10 mg/dl in AnxA6-KO) compared to their chow-fed counterparts (see Fig 1A).

To compare the lipoprotein profiles of HDF-fed WT and AnxA6-KO mice, we next carried

out FPLC analysis. Animals were fasted for 4 h and pooled serum samples from three HFD-fed

mice of each genotype were separated by FPLC and each fraction analyzed for cholesterol and

triglyceride content as described [49]. Cholesterol profiling (Fig 3B) in HFD-fed WT mice

showed HDL as the prominent peak (fractions #18–20), with neighboring cholesterol-rich

fractions (#13–17) likely representing HDL- or LDL subspecies [61]. AnxA6-KO mice showed

a similar pattern, however cholesterol levels in the fractions containing HDL and other choles-

terol-rich lipoproteins were slightly increased (Fig 3B). On the other hand, triglyceride-rich

lipoproteins (fraction #5) were reduced in HFD-fed AnxA6-KO mice compared to WT mice

(Fig 3D). Glycerol levels (fractions #31–34) in HFD-fed AnxA6-KO mice were comparable to

those from WT mice, indicating lipolysis being functional in adipose tissue of AnxA6-KO

mice. These subtle differences in lipoprotein profiles were not associated with altered expres-

sion of hepatic lipoprotein receptors (LDLR, SR-BI, low density receptor-related protein 1)

and apolipoprotein E (S1A, S1B, S1C and S2 Figs), which facilitates cellular uptake of TRL

[62]. However, as insulin lowers the production of hepatic triglyceride-rich lipoproteins [63]

and increases lipolysis of plasma TRL [64], yet improves HDL levels and function [65], the

lipoprotein profiles of AnxA6-KO mice could indicate increased impact of insulin on lipid

metabolism in these mice.

Fig 3. Serum triglyceride and cholesterol profiling in HFD-fed WT and AnxA6-KO mice. (A, C) Total cholesterol and triglyceride levels showed no

significant differences between genotypes. (B, D) Pooled serum samples from 3 mice of each genotype were separated by fast-performance liquid

chromatography (FPLC) and each fraction was analyzed for cholesterol and triglyceride content. (B) Cholesterol profiling with HDL (fractions #18–20)

and neighboring cholesterol-rich fractions (see arrow; #13–17), likely representing HDL- or LDL subspecies. (D) Triglyceride-rich lipoproteins (TRL,

fraction #5) and free glycerol (fractions #31–34).

https://doi.org/10.1371/journal.pone.0201310.g003
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Increased insulin signaling in livers from HFD-fed AnxA6-KO mice

We next compared insulin-regulated glucose homeostasis in HFD-fed WT and AnxA6-KO

mice. In line with HFD inducing hyperglycemia [58–61], fasting glucose levels were elevated

compared to chow-fed conditions (see Fig 1D) and greater than 140 mg/dl in both mouse

strains (Fig 4A). HFD-fed WT and AnxA6-KO mice had comparable response to a glucose

challenge including similar glucose tolerance and glucose-stimulated release of insulin (Fig

4B). Taken together, these results indicate that glucose-induced insulin production and insu-

lin-dependent blood glucose lowering were unaltered in AnxA6-KO mice.

Upon closer inspection of the data described above, insulin levels in the OGTT were ~ 20%

lower in AnxA6-KO mice compared to the controls at t = 15 min (Fig 4B). Although not sig-

nificant, this corresponded to slightly (~ 10%) lower glucose levels at this time point (t = 15

min in Fig 4A). This indicated that despite smaller amounts of blood insulin levels, HFD-fed

AnxA6-KO mice were able to lower blood glucose more efficiently. To further explore this

trend of increased insulin action with the loss of AnxA6, we next determined blood glucose

levels in HFD-fed WT and AnxA6-KO mice after insulin injection (Fig 4C). Insulin effectively

reduced blood glucose levels in both mouse strains after 15 min, and in line with the trends

observed above, insulin-induced glucose lowering was slightly more effective in the

AnxA6-KO mice (Fig 4C).

Fig 4. Glucose and insulin tolerance tests (OGTT, ITT) and insulin signaling in HFD-fed WT and AnxA6-KO mice. (A, B) HFD-fed WT and

AnxA6-KO (AnxA6-/-) mice were starved for 4 h prior to receive glucose via oral gavage (1 g/kg body weight). (A) Blood glucose levels were determined

0–120 min after glucose administration (mean ± SEM, n = 25–27). (B) Plasma insulin levels before and 15 min after oral glucose gavage (mean ± SEM,

n = 14). (C-D) HFD-fed WT and AnxA6-KO animals (2 per group) were fasted for 4 h to receive insulin (1.5 U/kg bodyweight) or saline via

intraperitoneal injection. (C) Blood glucose was measured at t = 0 min and t = 15 min post-injection. (D) Livers were removed and cytosolic fractions were

analyzed by western blotting for phosphorylated and total ribosomal S6 kinase (P-/total S6), Akt kinase (P-/total Akt), insulin receptor substrate 1 (P-/total

IRS1) and β-actin. (E-G) Relative levels of activated S6, Akt and IRS1 were quantified and normalized to total S6, Akt and IRS1, respectively. The mean

values (± SEM) are shown. � P< 0.05 (Student’s T-test).

https://doi.org/10.1371/journal.pone.0201310.g004
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Given these tendencies of increased insulin sensitivity in lipoprotein profiles (Fig 3) and

glucose homeostasis (Fig 4A, 4B and 4C) of HFD-fed AnxA6-KO animals, we speculated that

insulin signaling in HFD-fed AnxA6-KO could be increased to a greater extend upon insulin

administration. Therefore, liver homogenates of animals injected with and without insulin

were prepared and analyzed by western blotting for phosphorylated and total Akt and S6

kinase, key players in insulin-inducible phosphatidylinositol-4,5-bisphosphate 3-kinase and

mTOR signaling pathways (Fig 4D). Insulin only moderately (~1.5–2 –fold) induced S6 (P-S6)

and Akt (P-Akt) phosphorylation in HFD-fed WT mice (compare lane 1–2 with lane 3–4, for

quantification see Fig 4E and 4F), which is indicative of HFD-induced insulin resistance [56,

58–60]. In contrast, S6 and Akt phosphorylation was increased more strongly (~3–3.5 –fold)

in HFD-fed AnxA6-KO mice following insulin injection (compare lane 5–6 with 7–8). Lack of

increased IRS1 phosphorylation in WT and AnxA6-KO mice after insulin administration sug-

gested that loss of AnxA6 mainly modulates S6 kinase activity via insulin signaling (Fig 4D, for

quantification see Fig 4G). Insulin receptor levels were comparable in both mouse strains (S1B

Fig). Hence, the mild improvement of insulin sensitivity in OGTT and insulin tolerance tests

(ITT) in HFD-fed AnxA6-KO mice (Fig 4) correlated with increased insulin-inducible signal-

ing of phosphatidylinositol-4,5-bisphosphate 3-kinase and mTOR pathways.

Pyruvate administration reveals altered gluconeogenesis in AnxA6-KO

mice

We next examined hepatic gluconeogenesis, which is often de-regulated upon HFD feeding

due to the development of hepatic insulin resistance [66,67]. HFD-fed mice were starved for 4

h, followed by intraperitoneal administration of the gluconeogenic substrate pyruvate. Pyru-

vate caused a rapid increase of blood glucose levels (t = 15–30 min) in HFD-fed WT animals

(Fig 5A). At later time points (t = 60–180 min), insulin-induced suppression of gluconeogene-

sis led to a rapid decline of blood glucose [66,67]. Similar to the WT mice, pyruvate adminis-

tration caused an elevation of blood glucose in HFD-fed AnxA6-KO animals within 15–30

min (Fig 5A). However, AnxA6-deficient mice failed to effectively lower blood glucose levels

at later time points (60–180 min), and continued to exhibit hyperglycemia. These differences

were statistically significant (Fig 5A: 90 min WT 117.70 ± 13.7 mg/dl, AnxA6-KO

186.10 ± 14.2 mg/dl, p = 0.002, n = 10; 180 min WT 78.60 ± 16.4 mg/dl, AnxA6-KO

227.40 ± 52.1 mg/dl, p = 0.016, n = 5; see also area under the curve (AUC) in Fig 5B). Never-

theless, changes in insulin levels 60 and 120 min after pyruvate administration were

Fig 5. Pyruvate tolerance test (PTT) in HFD-fed WT and AnxA6-KO mice. (A-B) HFD-fed and chow fed (C) WT and AnxA6-KO (AnxA6-/-, A6-/-)

mice were starved for 4 h prior to intraperitoneal pyruvate administration (2 g/kg body weight). Blood glucose levels were monitored for 0–180 min

(mean ± SEM; n = 19 at 0 min, n = 15 at 15, 30, 60 min, n = 10 at 90 min, n = 5 at 120, 180 min); (B-C) Area under the curve (AUC, mean ± SEM) of

glucose levels during the PTT of (B) HFD-fed and (C) chow-fed WT and AnxA6-KO mice. (D) Plasma insulin levels of HFD-fed WT and AnxA6-KO

mice during the PTT at t = 0, 60 and 120 min following pyruvate administration (mean ± SEM; n = 4–5 for each time point). � P< 0.05, �� P< 0.01;
� P<0.05 (Student’s T-test).

https://doi.org/10.1371/journal.pone.0201310.g005
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comparable in HFD-fed WT and AnxA6-KO animals (Fig 5D). Hence, HFD-fed AnxA6-KO

mice displayed insulin-induced glucose lowering in OGTT and ITT assays (Fig 4A, 4B and

4C), yet failed to downregulate gluconeogenesis despite normal insulin levels. Together with

the insulin signaling response in livers of AnxA6-KO mice (Fig 4D and 4F), this indicated that

insulin-stimulated suppression of gluconeogenesis was de-regulated in HFD-fed mice lacking

AnxA6.

To examine if this observation in AnxA6-deficient animals was due to HFD feeding, we next

compared glucose levels in PTT assays of chow-fed WT and AnxA6-KO mice. Following pyruvate

administration, both WT and AnxA6-KO mice initially showed a similar increase of blood glu-

cose levels (30 min WT 125.3 ± 17.4 mg/dl; AnxA6-KO 115.3 ± 10.2 mg/dl; n = 4), followed by a

comparable lowering to basal blood glucose levels thereafter (120 min WT 96.8 ± 33.0 mg/dl;

AnxA6-KO 97.0 ± 4.4 mg/dl; n = 4). The area under the curve (AUC, 0–180 min) for glucose lev-

els (mean ± SEM) during the PTT of chow-fed WT and AnxA6-KO mice was comparable (WT

19154 ± 2237 mg/dl; AnxA6-KO 19828 ± 143.8 mg/dl) (Fig 5C). Taken together, only HFD-, but

not chow-fed AnxA6-KO displayed higher blood glucose levels after pyruvate administration,

indicating that insulin-inducible regulatory events responsible for the suppression of gluconeo-

genesis were compromised in these animals after HFD-induced metabolic stress.

Pyruvate administration triggers insulin signaling in HFD-fed AnxA6-KO

mice

Regulation of blood glucose levels upon administration of glucose or insulin in AnxA6-KO

animals were comparable to control animals (Fig 4A, 4B and 4C), and correlated with an abil-

ity to appropriately activate insulin signaling pathways (Fig 4D and 4F). However, the inability

of HFD-fed AnxA6-KO animals to effectively downregulate blood glucose after pyruvate

administration, despite normal insulin levels (Fig 5A, 5B and 5D), prompted us to examine the

possibility of de-regulated insulin signaling in the liver of AnxA6-deficient animals during the

PTT. Therefore, liver extracts from HFD-fed WT and AnxA6-KO animals at t = 0 and 120

min during the PTT were prepared and analyzed by western blotting for mTOR, Akt, AMPKα
and Erk1/2 activation (Fig 6A, for quantification see Fig 6B).

Phosphorylation of mTOR and Akt increased by 5–20% in WT and ~ 30% in AnxA6-KO

mice over the time course of the PTT, indicating that the elevation of blood glucose levels after

pyruvate administration and concomitant insulin response (Fig 5A, 5B and 5D) triggered sig-

naling events in both WT and AnxA6-KO mice (Fig 6A: compare lanes 1–4 with 9–12 for WT

and lanes 5–8 with 13–16 for AnxA6-KO, for quantification see Fig 6B). Interestingly, and in

line with the increased insulin signaling observed in HFD-fed AnxA6-KO mice upon insulin

injection (Fig 4D and 4F), prior (t = 0) and 120 min after pyruvate administration, mTOR as

well as Akt phosphorylation was elevated by 5–20% and 25–30% in AnxA6-KO mice com-

pared to controls, respectively.

In addition, phosphorylation of the energy sensor AMPK, which is activated upon shortage

of cellular ATP levels [68], was monitored. In agreement with AMPK activation decreasing in

energy abundance, phosphorylation of the catabolic subunit AMPKα declined approximately

2–4 -fold during the PTT in both HFD-fed WT and AnxA6-KO animals (compare lanes 1–4

with 9–12 for WT and lanes 5–8 with 13–16 for AnxA6-KO, for quantification see Fig 6B).

Phosphorylation of Erk1/2, which can be activated by insulin [69], was also examined. Both

HFD-fed WT and AnxA6-KO animals showed a reduction of Erk1/2 phosphorylation during

the PTT. In support of AnxA6 inhibiting Erk1/2 activation [11,37–39], and increased insulin

signaling in AnxA6-KO mice (Figs 4 and 6), Erk1/2 phosphorylation was elevated in

AnxA6-KO mice before and after pyruvate administration.
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Collectively, mTOR, Akt, AMPKα and Erk1/2 phosphorylation patterns were compa-

rable in HFD-fed WT and AnxA6-KO animals, most likely reflecting changes in insulin

levels during the PTT. Although these observations do not fully rule out differences in

mTOR and Akt phosphorylation in chow-fed AnxA6-KO animals, comparable handling

of blood glucose levels after glucose, pyruvate and insulin challenge (Figs 1D, 1E and 5C),

suggest that AnxA6 depletion does not significantly alter response to insulin signaling in

mice on a chow diet. In line with data described above (Fig 4D and 4F), signaling magni-

tude of insulin-responsive pathways appeared slightly elevated in AnxA6-KO mice. This

was not due to upregulated insulin receptor expression, which was comparable in WT

and AnxA6-KO animals before and during the PTT (S2 Fig). In respect to mTOR and

Akt signaling pathways, mTOR activation can inhibit gluconeogenesis [70], while Akt

phosphorylation can decrease expression of gluconeogenic genes [71]. However, both of

these mechanisms did not appear to confer blood glucose lowering during the PTT in

AnxA6-KO mice, raising the possibility of defective response of targets downstream

mTOR and/or Akt in AnxA6-KO animals.

Fig 6. Insulin signaling during the PTT of HFD-fed WT and AnxA6-KO mice. (A) Lysates from liver samples from WT and AnxA6-KO (AnxA6-/-) mice

before (0 min; WT lane 1–4, AnxA6-KO lane 5–8) and 120 min after pyruvate administration (120 min; WT lane 9–12, AnxA6-KO lane 13–16; n = 4 per

group) were analyzed by western blotting for phosphorylated/total mTOR (Ser2448), Akt (Ser473), AMPKα (Thr172), and ERK1/2 (Thr202/204). β-actin

served as loading control. Molecular weight markers are shown. Black arrowheads point at P-/Total mTOR, respectively. (B) Relative levels of activated

mTOR, Akt, AMPKα, and ERK1/2 were quantified and normalized to total mTOR, Akt, AMPKα, and ERK1/2, respectively. The mean values (± SEM)

relative to WT at 0 min are shown (� P< 0.05, ��� P< 0.001 for Student’s T-Test).

https://doi.org/10.1371/journal.pone.0201310.g006
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Expression patterns of transcription factors during PTT of HFD-fed WT

and AnxA6-KO mice

In liver, Akt and mTOR signaling regulates several transcription factors that balance expres-

sion of genes driving gluconeogenic or glycolytic pathways. These include FoxO1, SREBP1, as

well as LXR [71–73], all of which downstream of signal transduction pathways, modulating

their ability to regulate genes central to gluconeogenesis, such as phosphoenolpyruvate carbox-

ykinase and G6P. We therefore examined if de-regulated transcription factors downstream of

Akt and mTOR and linked to glycemic control could be responsible for the inability of HFD-

fed AnxA6-KO mice to downregulate gluconeogenesis. As nuclear translocation is critical for

the activation of the abovementioned transcription factors, we prepared nuclear fractions

from liver extracts and compared the levels of FoxO1, SREBP1 and LXR during the PTT (Fig

7A and 7B). In both mouse strains, administration of pyruvate led to reduced nuclear amounts

of FoxO1, SREBP1 and LXR after 120 min, indicating similar efficacy of insulin signaling path-

ways to regulate nuclear localization and activity of these transcription factors (Fig 7A and

7B). Indeed, RT-PCR analysis of FoxO1, SREBP1 and LXR target genes G6P and insulin

induced gene 1, which are reflective of hepatic insulin response, showed similar changes in

their mRNA expression profiles over the course of the PTT in both mouse strains (Fig 7C).

Taken together, the hyperglycemia observed in the PPT of HFD-fed AnxA6-KO mice (Fig 5A)

Fig 7. Expression of nuclear transcription factors during the PTT of HFD-fed WT and AnxA6-KO mice. (A) Nuclear fractions

from liver samples from WT and AnxA6-KO (AnxA6-/-) mice before (0 min; WT lane 1–4, AnxA6-KO lane 5–8) and 120 min after

pyruvate administration (120 min; WT lane 9–12, AnxA6-KO lane 13–16; n = 4 per group) were prepared and analyzed by western

blotting for the transcription factors FoxO1, PPARα, SREBP1 and LXR. β-actin served as loading control. Molecular weight markers

are shown. Arrowhead points at LXR. (B) Relative levels of FoxO1, PPARα, SREBP1 and LXR were quantified and normalized to β-

actin expression. The mean values (± SEM) relative to WT at t = 0 min are shown. (C) RNA from HFD-fed WT and AnxA6-KO livers

before (0 min) and 120 min after pyruvate administration was isolated (n = 4 per group). cDNA was generated and RT-PCR for AnxA6,

fibroblast growth factor 21 (Fgf21), glucose-6 phosphatase (G6P) and insulin induced gene 1 (Insig1) was performed as described in

Material and Methods. Relative mRNA expression was normalised to the housekeeper Tbp levels using the ΔΔCT method. The

expression relative to the WT at t = 0 min is shown. � P< 0.05, �� P< 0.01, ��� P< 0.001 (Student’s T-Test).

https://doi.org/10.1371/journal.pone.0201310.g007
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was not due to impaired insulin signaling or altered activity of insulin-sensitive transcription

factors modulating genes responsible for glycemic control during the PTT.

In addition, we examined nuclear amounts of the transcription factor PPARα, which can

also promote gluconeogenesis [74]. Similar to all other transcription factors analyzed during

the PTT, nuclear amounts of PPARα in WT mice were strongly reduced 120 min after pyru-

vate administration (Fig 7B, compare t = 0 and t = 120 min). In strong contrast, nuclear

PPARα levels increased by ~30% in AnxA6-KO mice 120 min after pyruvate gavage. However,

mRNA expression of the PPARα target gene Fgf21, which is critical for hepatic gluconeogene-

sis [75], was not elevated under these conditions in AnxA6-KO mice (Fig 7C). Likewise,

expression levels of SR-BI and several other established (CPT1α) and potential (GLUT2)

PPARα target genes in hepatocytes [74], were comparable in AnxA6-KO and WT mice (S1B

and S3 Figs), indicating that despite upregulated PPARα levels, limiting amounts of PPARα
co-activators or ligands might determine PPARα target gene expression in AnxA6-KO

animals.

Finally, we also monitored AnxA6 levels in WT and AnxA6-KO mice during the PTT (Fig

7C). RT-PCR confirmed the identity of the AnxA6-KO strain, but interestingly, a 50–60%

increase of AnxA6 mRNA levels (p<0.05) were observed after pyruvate administration in WT

mice. However, despite a potential FOXO1 binding site upstream the AnxA6 gene described

Fig 8. Lipid and glycogen accumulation in HFD-fed AnxA6-KO mice. (A-B, D) Liver tissue sections isolated from

(A-B) HFD-fed and (D) chow-fed WT and AnxA6-KO (AnxA6-/-) mice were analyzed by electron microscopy.

Representative images from 4 animals per group are shown. Bar is 0.5–2 μm as indicated. (A) HFD-fed AnxA6-KO

mice show fewer, but larger lipid droplets. (B, D) Glycogen accumulation (red arrowheads) and glycogen autophagy

(red cross) in HFD- and chow-fed AnxA6-KO mice. Bile canaliculi (BC), lipid droplet (LD), mitochondria (mit),

endoplasmic reticulum (ER). (C) Glycogen content in livers from chow-fed WT and AnxA6-KO mice. (E) Primary

hepatocytes from chow-fed WT and AnxA6 KO-mice were isolated and lysed to measure glycogen content. The media

was collected to determine release of ketone bodies (2-hydoxybutyrate). (F-G) Primary hepatocytes from chow-fed

WT and AnxA6 KO-mice were isolated, fasted for 6 h without glucose and then incubated with 2 mM pyruvate or 20

mM glycerol for 24 h as indicated. The media was collected and glucose secretion was determined. Cells were lysed and

glycogen was extracted (see Methods for details; mean ± SEM; n = 3). � P<0.05 (Student’s T-test).

https://doi.org/10.1371/journal.pone.0201310.g008
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recently [76], AnxA6 mRNA and protein levels were not increased in pyruvate or insulin-incu-

bated hepatic HuH7 (S3B and S3C Fig) and HepG2 (data not shown) cell lines, indicating that

AnxA6 upregulation in HFD-fed animals during the PTT is complex, possibly required for

appropriate metabolic response to downregulate hepatic gluconeogenesis.

Alterations in liver morphology of HFD-fed AnxA6-KO mice

Given the cross-talk between hepatic lipid and glucose metabolism, and the observation that

AnxA6 deficiency influenced the mode how hepatic cells stored excess neutral lipids, leading

to reduced LD numbers in livers from AnxA6-KO mice [42], we compared liver morphology

by transmission electron microscopy (Fig 8A and 8B). In line with HFD feeding inducing

hepatic lipid accumulation, electron micrographs from both mouse strains showed substantial

steatosis. However, fewer, but larger LDs were observed in AnxA6-KO livers (Fig 8A), sup-

porting our previous findings that loss of AnxA6 reduces the ability to generate lipid droplets

[42]. Interestingly, electron-dense clusters, rosette-like granules of beta particles, representing

glycogen stores [77] were detectable in both mouse strains, but were increased in the livers of

HFD-fed AnxA6-KO mice (Fig 8B, red arrowheads in lower panel). Furthermore, glycogen

autophagy (glycophagy) was observed in AnxA6-KO livers (Fig 8B, red cross), a process which

is still poorly understood in adult animals [78], altogether indicating substantial alterations in

glycogen metabolism.

These findings, together with the inability to downregulate blood glucose after pyruvate

administration (Fig 5A and 5B), indicated an imbalance of pathways regulating hepatic glyco-

gen storage, gluconeogenesis or glycogenolysis. To address if increased glycogen storage in

AnxA6-KO livers only occurred after metabolic stress (HFD), we next determined glycogen

levels in chow-fed animals. Indeed, hepatic glycogen levels were also elevated by approximately

70% in chow-fed AnxA6-KO mice compared to control animals (WT 0.62 ± 0.27 μg glycogen/

mg liver protein, AnxA6-KO 1.08 ± 0.31 μg/mg, n = 6) (Fig 8C). In addition, increased glyco-

gen stores in electron micrographs from chow-fed AnxA6-KO livers (Fig 8D) and an approxi-

mately 35–40% increase in glycogen content in primary AnxA6-KO hepatocytes (WT

12.68 ± 4.69 μg/106 cells, AnxA6-KO 20.13 ± 4.94 μg/106 cells, n = 5) (Fig 8E) was observed.

Thus, AnxA6 depletion was sufficient to cause increased glycogen storage independent of

HFD-induced metabolic stress.

To gain further insight, we next examined gluconeogenesis in chow-fed WT and

AnxA6-KO primary hepatocytes that were starved for 6 h and then incubated ± the gluconeo-

genic substrates pyruvate or glycerol in glucose-free media for 24 h (Fig 8F and 8G). These

studies showed a similar capacity of WT and AnxA6-KO primary hepatocytes to synthesize

and secrete glucose (Fig 8F). Ketone bodies (2-hydroxybutyrate) were also comparable in WT

and AnxA6-KO hepatocytes (Fig 8E), suggesting normal balance between fatty acid oxidation

and gluconeogenesis. Likewise, glycogen levels from WT and AnxA6-KO hepatocytes after

starvation were similar, indicating that loss of AnxA6 in primary hepatocytes did not cause a

major imbalance of gluconeogenesis and glycogenolysis (Fig 8G). In line with comparable

mRNA levels of the glucose transporter GLUT2 in HFD-fed AnxA6-KO and WT mice (S3A

Fig), glucose uptake in primary hepatocytes from the AnxA6-KO mice and HuH7-A6KD cells

were also alike (not shown). Hence, transient differences in the kinetics and metabolic flux in

gluconeogenesis or glycogenolysis, or other yet unknown metabolites and pathways may need

to be considered as the underlying cause for increased glycogen storage in AnxA6-KO mice.

In further support of altered glycogen storage upon AnxA6 depletion, glycogen levels in

AnxA6-depleted HuH7 hepatocytes (HuH7-A6KD) were elevated and remained high com-

pared to controls in the presence of oleic acid, mimicking neutral lipid accumulation after
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HFD feeding (S4A Fig). On the other hand, starvation of wildtype and AnxA6-depleted HuH7

hepatocytes in serum- and glucose-free media, followed by pyruvate or insulin treatment,

showed a similar induction of glycogen production in both cell lines (S4B Fig). Yet, glucose

production was slightly reduced in the presence of insulin only in HuH7 control cells, but not

AnxA6-depleted HuH7-A6KD cells (S4B and S4C Fig). Hence, AnxA6 deficiency in mice and

in human HuH7 hepatocytes may be associated with an uncoupling of insulin signaling from

cellular glucose release.

Discussion

In this study, we identify AnxA6 deficiency in mice to reduce HFD-induced weight gain and

adiposity with moderate changes in lipoprotein profiles compared to controls. Furthermore,

modestly increased effectiveness of insulin-regulated glucose clearance, as well as elevated

magnitude of insulin signaling suggest loss of AnxA6 to provide improved insulin sensitivity.

However, despite functional hepatic insulin signaling networks, HFD-fed AnxA6-KO mice

show enhanced hepatic gluconeogenesis when challenged with pyruvate, and both HFD- as

well as chow-fed AnxA6-KO animals display increased glycogen storage. Hence, AnxA6 is a

novel factor contributing to hepatic glucose homeostasis during metabolic stress, modulating

gluconeogenesis and glycogen storage, with potential consequences for the systemic control of

glucose in health and disease.

Interestingly, HFD feeding caused less weight gain in AnxA6-KO mice, which correlated

with reduced white adipose tissue mass and net amount of secreted adipokines. This observa-

tion might reflect reduced adipogenesis, since AnxA6-depleted 3T3-L1 pre-adipocytes showed

impaired proliferation [28], which would ultimately diminish triglyceride deposition in fat tis-

sue and consequently, reduce whole body weight gain upon HFD feeding. In fact, pre-adipo-

cyte proliferation is increased in obesity [79], and elevated AnxA6 levels in white adipose

tissue of obese mice [28] might reflect a requirement for AnxA6 in molecular pathways gov-

erning adipose proliferation. However, it should also be noted that in AnxA6-depleted 3T3-L1

adipocytes, we previously identified increased triglyceride storage due to diminished lipolysis

[28]. The underlying mechanisms are not fully understood and may involve de-regulated path-

ways responsible for the activation of hormone-sensitive lipase [28], but AnxA6 depletion in

these cell culture studies did not mimic prolonged HFD feeding, nor address the potential of

insulin to repress lipolysis. Hence, in 3T3-L1 adipocytes, we speculate that loss of AnxA6 scaf-

folding functions required for complex assembly responsible for hormone sensitive lipase acti-

vation could influence fat deposition.

In line with prolonged HFD feeding inducing hyperlipidemia, total plasma triglycerides

and cholesterol were elevated in both WT and AnxA6-KO strains. AnxA6-KO mice showed

slightly increased HDL and other cholesterol-rich lipoproteins, while triglyceride-rich lipopro-

teins were reduced. The accumulation of HDL- or LDL-like lipoproteins in AnxA6-KO mice

may reflect a reduced efficacy to internalize and metabolize cholesterol-rich lipoproteins. As

insulin improves HDL levels and function [65], yet also has potential to lower VLDL assembly

[63], and increase TRL lipolysis in plasma [64], the lipoprotein profiles of AnxA6-KO mice

could indicate an increased impact of insulin on lipid metabolism.

Based on OGTT and ITT assays, insulin-regulated glucose homeostasis was comparable in

WT and AnxA6-KO mice under normal (chow) and HFD conditions. In fact, AnxA6 defi-

ciency was associated with a trend towards improved insulin sensitivity as judged by increased

hepatic insulin signaling and improved glucose clearance despite slightly lower insulin levels.

However, in response to a pyruvate challenge, HFD-fed AnxA6-KO animals revealed an

inability to downregulate hepatic glucose production. It is important to note that PTT assays
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are commonly performed after overnight starvation (> 13 h) to ensure complete glycogen

depletion [80]. However, given the abnormal glycogen accumulation in livers of HFD-fed

AnxA6 KO-mice, prolonged starvation could have resulted in hypoglycemia. Therefore, a

standard short starvation protocol (4 h), which is considered suitable to assess insulin action

within a physiological context [80] was chosen. Over the time course of this physiological chal-

lenge, insulin is thought to suppress gluconeogenesis [70–74]. In spite of this, plasma insulin

profiles, hepatic insulin signaling, as well as expression patterns of insulin-regulated transcrip-

tion factors FoxO1, SREBP1, LXR and PPARα, and their target genes such as G6P, Fgf21,

Insig1, GLUT2, or CPT1α, were comparable in WT and AnxA6-KO mice. Future studies

should examine these parameters also upon prolonged starvation, but these findings suggest

that at least after short starvation glucose synthesis from pyruvate is enhanced in the HFD-fed

AnxA6-KO animals, while insulin signaling and glucose uptake from peripheral organs like

muscle as well as the liver are normal in AnxA6-KO mice. However, it should also be taken

into account that HFD feeding is well known to provoke peripheral as well as hepatic insulin

resistance [1–3,57,64]. Small improvements in insulin signaling in the liver of AnxA6-KO

mice might be masked by altered peripheral insulin sensitivity, which results in only small

changes affecting overall glucose tolerance and insulin sensitivity.

Alternatively, defects unrelated to insulin signaling could be responsible for the continuous

glucose production after pyruvate challenge in HFD-fed AnxA6-KO mice. In fact, increased

hepatic glycogen storage was observed. Interestingly, this was not restricted to HFD-fed ani-

mals, but was also observed in chow-fed AnxA6-KO animals, indicating that AnxA6 depletion,

even in the absence of metabolic stress (HFD), causes increased hepatic glycogen storage. The

underlying mechanism remains to be elucidated, as loss of AnxA6 did not significantly alter

gluconeogenesis, ketone bodies, or glycogenolysis in primary hepatocytes. In addition, we pre-

viously identified AnxA6 depletion in differentiated 3T3 adipocytes to reduce lipolysis [28].

Together with comparable levels of systemic triglycerides and free fatty acids in WT and

AnxA6-KO animals, it appears unlikely that increased fatty acid flux from adipose tissue could

serve as metabolite for glycogen synthesis in the AnxA6-KO liver. Hence, we speculate that

transient differences in the kinetics and metabolic flux in hepatic gluconeogenesis or glycogen-

olysis, or yet unknown other metabolites feeding into gluconeogenesis could be responsible

for elevated glycogen storage in AnxA6-KO animals.

Electron micrographs identified glycogen autophagy in HFD- and chow-fed AnxA6-KO

livers. Hepatic glycogen autophagy is normally upregulated only upon high glucose demand

and involves glycogen sequestration into autophagosomes, and subsequent degradation by

autolysosomes. Hence, increased glycogenolysis and/or glycophagy may contribute to the

inability of HFD-fed AnxA6-KO mice to downregulate hepatic glucose output after a pyruvate

challenge. Interestingly, Ca2+ influx into lysosomes to increase acid glucosidase activity and

promote glycogen degradation is critical for glycogen autophagy [77]. In Type II glycogen stor-

age disease (Pompe’s disease), lack of lysosomal acid glucosidase leads to the accumulation of

glycogen within autophagic vesicles [77]. Given the profound defects in Ca2+ homeostasis in

Pompe’s disease [81], these observations might point at Ca2+-related defects in AnxA6-KO

mice.

The underlying mechanism how AnxA6 deficiency impacts on hepatic glucose homeostasis

still has to be identified. Although AnxA6-KO mice were originally considered to lack a promi-

nent phenotype [47], defects related to the fundamental themes in annexin biology, Ca2+ sig-

naling and membrane function, have emerged. Cardiomyocytes from AnxA6-deficient mice

displayed higher contractility and accelerated removal of diastolic Ca2+ from the cytoplasm

[82]. AnxA6-KO chondrocytes exhibited delayed terminal differentiation, most likely due to

an inability to raise intracellular Ca2+ levels [83]. Also, several cell types of the AnxA6-KO
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mice showed abnormal mitochondrial morphology, decreased mitochondrial Ca2+ uptake and

increased cytosolic Ca2+ transients [84]. One could envisage that this impaired mitochondrial

respiration may cause a reduced flux of pyruvate through the tricarboxylic cycle, thereby

increasing the availability of pyruvate for hepatic glucose synthesis. In fact, mice lacking

phosphatidylethanolamine N-methyltransferase have normal insulin sensitivity, modestly

ameliorated glucose tolerance and highly improved pyruvate tolerance [85]. In these mice, it

was suggested that higher ATP production from pyruvate carboxylation could prevent

hyperglycemia.

In addition, examining physiological challenges identified defective biological responses in

AnxA6-deficient animals. Comparing knee joints after interleukin 1β injection or partial

meniscectomy, AnxA6-KO mice were characterized by a markedly reduced knee cartilage

destruction [86]. We recently identified impaired interleukin-2 signaling in AnxA6-KO mice

after an immune challenge [50]. This coincided with alterations in membrane order and distri-

bution of proteins at the plasma membrane in several AnxA6-deficient cell types [50, 87].

Taken together, this may point at AnxA6 deficiency to trigger Ca2+-dependent phenotypes

that require its scaffolding function to organize membrane domains, signaling platforms and

the formation of complex protein networks [9–11,30,37–39].

Many events in hepatic lipid and glucose metabolism are highly coordinated processes and

controlled by various mechanisms, including Ca2+ homeostasis and coordinated membrane

trafficking. Deficiency of the Ca2+- and membrane binding protein AnxA6 is shown here to

affect hepatic lipid droplet morphology, glucose production and glycogen storage. Future

experiments, possibly through the generation of liver-specific AnxA6-KO mouse models,

could provide opportunities to identify the molecular players that are affected in hepatic lipid

and glucose metabolism in an AnxA6-dependent manner.

Supporting information

S1 Fig. Hepatic lipoprotein and insulin receptor expression in HFD-fed WT and

AnxA6-KO mice. (A) Western blot analysis of AnxA6 and AnxA2 in crude liver extracts from

WT and AnxA6-KO (AnxA6-/-) mice (n = 2 per group). (B) WT and AnxA6-KO animals (2

per group) were fasted for 4 h to receive insulin (1.5 U/kg bodyweight) (+) or saline (-) via

intraperitoneal injection. Livers were removed and membrane fractions were analyzed by

western blotting for LDL receptor (LDLR), scavenger receptor B1 (SR-B1), apolipoprotein E

(ApoE) and insulin receptor β chain (IRβ). β-actin served as loading control. (C) Hepatic

mRNA expression of AnxA6, fatty acid synthase (FASN), LDLR and glucose-6-phosphatase

(G6P). RNA from HFD-fed WT and AnxA6-KO livers (n = 4 per group) was isolated, cDNA

was generated and RT-PCR was performed as described in Material and Methods. Relative

mRNA expression was normalized to the housekeeper Tbp using the ΔΔCT method.

(TIF)

S2 Fig. Expression of insulin and lipoprotein receptors during the PTT of HFD-fed WT

and AnxA6-KO mice. (A) Membrane fractions from liver samples of WT and AnxA6-KO

(AnxA6-/-) mice before (0 min; WT lane 1–4, AnxA6-KO lane 5–8) and 120 min after pyruvate

administration (120 min; WT lane 9–12, AnxA6-KO lane 13–16) were analyzed by western

blotting for insulin receptor β chain (IRβ), LDL receptor (LDLR), LDL-receptor related pro-

tein 1 (LRP-1), apolipoprotein E (ApoE). β-actin served as loading control. Molecular weight

markers are shown. Arrowheads point at the mature form of IRβ (red), and IR precursor

(black). (B) Relative levels of IRβ, LDLR, LRP-1 and ApoE were quantified and normalized to

β-actin expression. The mean values (± SEM) relative to WT at t = 0 min are shown. �
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P< 0.05, �� P< 0.01, ��� P< 0.001 (Student’s T-Test).

(TIF)

S3 Fig. Relative mRNA expression of AnxA6, GLUT2 and PPARα-responsive genes during

the PTT of HFD-fed WT and AnxA6-KO mice. (A) RNA from HFD-fed WT and AnxA6-

KO (AnxA6-/-) livers before (0 min) and 120 min after pyruvate administration was isolated

(n = 4 per group). cDNA was generated and RT-PCR for AnxA6, GLUT2, pyruvate dehydro-

genase lipoamide kinase isozyme 4 (PDK4), glucose-6 phosphatase (G6P), hydroxyacyl-CoA

dehydrogenase α and β (Hadha-a, Hadha-b) and carnitine palmitoyltransferase 1A (CPT1α)

was performed as described in Material and Methods. Relative mRNA expression was normal-

ised to the housekeeper Tbp using the ΔΔCT method. The expression relative to the WT at

t = 0 min is shown. � P <0.05, �� P< 0.01, ��� P<0.001 (Student’s T-test). (B-C) HuH7 hepa-

tocytes were starved for 6 h, and incubated ± 2 mM pyruvate and 100 nM insulin for 120 min

as indicated. (B) RNA was isolated and analyzed by RT-PCR for the expression of AnxA1,

AnxA6 and PDK4. Their relative mRNA levels normalized to the housekeeper gene 28s rRNA

are given. The data (mean ± SD) is representative for two independent experiments with tripli-

cate samples. (C) Cells were lysed and samples were analyzed by western blotting for the

expression of AnxA6 and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as indicated.

The data is representative for two independent experiments with duplicate samples.

(TIF)

S4 Fig. Glycogen and glucose production in HuH7 hepatocytes. (A) HuH7-WT and

HuH7-A6KD cells were grown in serum-containing media and incubated overnight ± 0.6 mM

oleic acid (OA), or (B-C) starved for 3–6 h in serum- and glucose-free media, followed by 120

min ± 2 mM pyruvate or 100 nM insulin as indicated. Cells were lysed and glycogen was

extracted. Media glucose and glycogen-derived glucosyl levels were quantified as described

(see Methods for details; mean ± SEM; n = 3). � P <0.05, �� P<0.01 (Student’s T-test).

(TIF)
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34. Pihlajamäki J, Boes T, Kim EY, Dearie F, Kim BW, Schroeder J, et al. Thyroid hormone-related regula-

tion of gene expression in human fatty liver. J Clin Endocrinol Metab. 2009; 94:3521–9. https://doi.org/

10.1210/jc.2009-0212 PMID: 19549744

Annexin A6 regulates hepatic lipid and glucose homeostasis

PLOS ONE | https://doi.org/10.1371/journal.pone.0201310 August 15, 2018 23 / 26

https://doi.org/10.1161/CIRCRESAHA.116.305825
https://doi.org/10.1161/CIRCRESAHA.116.305825
http://www.ncbi.nlm.nih.gov/pubmed/25520364
https://doi.org/10.1126/scitranslmed.aaa1065
http://www.ncbi.nlm.nih.gov/pubmed/25695999
https://doi.org/10.1074/jbc.M210545200
http://www.ncbi.nlm.nih.gov/pubmed/12431980
https://doi.org/10.1242/jcs.028415
https://doi.org/10.1242/jcs.028415
http://www.ncbi.nlm.nih.gov/pubmed/18565825
https://doi.org/10.1016/j.febslet.2015.03.007
https://doi.org/10.1016/j.febslet.2015.03.007
http://www.ncbi.nlm.nih.gov/pubmed/25775977
https://doi.org/10.1210/en.2003-1197
http://www.ncbi.nlm.nih.gov/pubmed/14726447
https://doi.org/10.1074/jbc.M805971200
https://doi.org/10.1074/jbc.M805971200
http://www.ncbi.nlm.nih.gov/pubmed/18799458
https://doi.org/10.1371/journal.pone.0041865
https://doi.org/10.1371/journal.pone.0041865
http://www.ncbi.nlm.nih.gov/pubmed/22848640
https://doi.org/10.1016/j.atherosclerosis.2017.04.010
http://www.ncbi.nlm.nih.gov/pubmed/28456096
http://www.ncbi.nlm.nih.gov/pubmed/10570150
https://doi.org/10.1186/1471-2091-4-8
http://www.ncbi.nlm.nih.gov/pubmed/12925238
http://www.ncbi.nlm.nih.gov/pubmed/17004324
https://doi.org/10.1016/j.mce.2016.09.033
https://doi.org/10.1016/j.mce.2016.09.033
http://www.ncbi.nlm.nih.gov/pubmed/27702590
http://www.ncbi.nlm.nih.gov/pubmed/8018708
https://doi.org/10.1007/s11010-016-2735-9
https://doi.org/10.1007/s11010-016-2735-9
http://www.ncbi.nlm.nih.gov/pubmed/27334756
https://doi.org/10.1016/j.bbalip.2016.08.014
http://www.ncbi.nlm.nih.gov/pubmed/27570113
https://doi.org/10.1016/j.cmet.2010.09.015
https://doi.org/10.1016/j.cmet.2010.09.015
http://www.ncbi.nlm.nih.gov/pubmed/21035759
https://doi.org/10.1210/jc.2009-0212
https://doi.org/10.1210/jc.2009-0212
http://www.ncbi.nlm.nih.gov/pubmed/19549744
https://doi.org/10.1371/journal.pone.0201310


35. Alam MS, Getz M, Safeukui I, Yi S, Tamez P, Shin J, et al. Genomic expression analyses reveal lyso-

somal, innate immunity proteins, as disease correlates in murine models of a lysosomal storage disor-

der. PLoS One. 2012; 7:e48273. https://doi.org/10.1371/journal.pone.0048273 PMID: 23094108

36. Kennedy AR, Pissios P, Out H, Roberson R, Xue B, Asakura K, et al. A high-fat, ketogenic diet induces

a unique metabolic state in mice. Am J Physiol Endocrinol Metab. 2007; 292:E1724–39. https://doi.org/

10.1152/ajpendo.00717.2006 PMID: 17299079

37. Hoque M, Rentero C, Cairns R, Tebar F, Enrich C, Grewal T. Annexins–scaffolds modulating PKC local-

ization and signalling. Cell Signal. 2014; 26:1213–25. https://doi.org/10.1016/j.cellsig.2014.02.012

PMID: 24582587

38. Grewal T, Enrich C. Annexins—modulators of EGF receptor signaling and trafficking. Cell Signal. 2009;

21:847–58. PMID: 19385045

39. Enrich C, Rentero C, de Muga SV, Reverter M, Mulay V, Wood P, et al. Annexin A6 –linking Ca2+ sig-

naling with cholesterol transport. Biochim Biophys Acta–Mol Cell Res. 2011; 1813:935–47.

40. Grewal T, Heeren J, Mewawala D, Schnitgerhans T, Wendt D, Salomon G, et al. Annexin VI stimulates

endocytosis and is involved in the trafficking of low density lipoprotein to the prelysosomal compartment.

J Biol Chem. 2000; 275:33806–13. https://doi.org/10.1074/jbc.M002662200 PMID: 10940299

41. Cubells L, de Muga SV, Tebar F, Wood P, Evans R, Ingelmo-Torres M, et al. Annexin A6 induced alter-

ations in cholesterol transport and caveolin export from the Golgi complex. Traffic. 2007; 8:1568–89.

https://doi.org/10.1111/j.1600-0854.2007.00640.x PMID: 17822395

42. Cairns R, Alvarez-Guaita A, Martı́nez-Saludes I, Wason SJ, Hanh J, Nagarajan SR, et al. Role of

hepatic Annexin A6 in fatty acid-induced lipid droplet formation. Exp Cell Res. 2017; 358:397–410.

https://doi.org/10.1016/j.yexcr.2017.07.015 PMID: 28712927

43. Zimmers TA, Jin X, Zhang Z, Jiang Y, Koniaris LG. Epidermal growth factor receptor restoration res-

cues the fatty liver regeneration in mice. Am J Physiol Endocrinol Metab. 2017; 313:E440–9. https://doi.

org/10.1152/ajpendo.00032.2017 PMID: 28655714

44. Li A, Qiu M, Zhou H, Wang T, Guo W. PTEN, insulin resistance and cancer. Curr Pharm Des. 2017;

23:3667–76. https://doi.org/10.2174/1381612823666170704124611 PMID: 28677502

45. Engin A. Human protein kinases and obesity. Adv Exp Med Biol. 2017; 960:111–34. https://doi.org/10.

1007/978-3-319-48382-5_5 PMID: 28585197

46. de Diego I, Schwartz F, Siegfried H, Dauterstedt P, Heeren J, Beisiegel U, et al. Cholesterol modulates

the membrane binding and intracellular distribution of annexin 6. J Biol Chem. 2002; 277:32187–94.

https://doi.org/10.1074/jbc.M205499200 PMID: 12070178

47. Hawkins TE, Roes J, Rees D, Monkhouse J, Moss SE. Immunological development and cardiovascular

function are normal in annexin VI null mutant mice. Mol Cell Biol. 1999; 19:8028–32. PMID: 10567528

48. Bartelt A, Beil FT, Schinke T, Roeser K, Ruether W, Heeren J, et al. Apolipoprotein E-dependent

inverse regulation of vertebral bone and adipose tissue mass in C57Bl/6 mice: modulation by diet-

induced obesity. Bone. 2010; 47:736–45. https://doi.org/10.1016/j.bone.2010.07.002 PMID: 20633710

49. Bartelt A, Weigelt C, Cherradi ML, Niemeier A, Tödter K, Heeren J, et al. Effects of adipocyte lipoprotein

lipase on de novo lipogenesis and white adipose tissue browning. Biochim Biophys Acta. 2013;

1831:934–42. https://doi.org/10.1016/j.bbalip.2012.11.011 PMID: 23228690

50. Cornely R, Pollock AH, Rentero C, Norris SE, Alvarez-Guaita A, Grewal T, et al. Annexin A6 regulates

interleukin-2-mediated T cell proliferation. Immunol Cell Biol. 2016; 94:543–53. https://doi.org/10.1038/

icb.2016.15 PMID: 26853809

51. He L, Sabet A, Djedjos S, Miller R, Sun X, Hussain MA, et al. Metformin and insulin suppress hepatic

gluconeogenesis through phosphorylation of CREB binding protein. Cell. 2009; 137:635–46. https://doi.

org/10.1016/j.cell.2009.03.016 PMID: 19450513

52. Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Protein measurement with the Folin phenol reagent. J

Biol Chem. 1951; 193:265–75. PMID: 14907713

53. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR

and the 2(-Delta Delta C(T)) Method. Methods. 2001; 25:402–8. https://doi.org/10.1006/meth.2001.

1262 PMID: 11846609

54. Mark M, Teletin M, Antal C, Wendling O, Auwerx J, Heikkinen S, et al. Histopathology in mouse meta-

bolic investigations. Curr Protoc Mol Biol. 2007;Chapter 29:Unit 29B.4.

55. Herms A, Bosch M, Ariotti N, Reddy BJ, Fajardo A, Fernández-Vidal A, et al. Cell-to-cell heterogeneity

in lipid droplets suggests a mechanism to reduce lipotoxicity. Curr Biol. 2013; 23:1489–96. https://doi.

org/10.1016/j.cub.2013.06.032 PMID: 23871243

56. Hoy AJ, Bruce CR, Cederberg A, Turner N, James DE, Cooney GJ, et al. Glucose infusion causes insu-

lin resistance in skeletal muscle of rats without changes in Akt and AS160 phosphorylation. Am J

Annexin A6 regulates hepatic lipid and glucose homeostasis

PLOS ONE | https://doi.org/10.1371/journal.pone.0201310 August 15, 2018 24 / 26

https://doi.org/10.1371/journal.pone.0048273
http://www.ncbi.nlm.nih.gov/pubmed/23094108
https://doi.org/10.1152/ajpendo.00717.2006
https://doi.org/10.1152/ajpendo.00717.2006
http://www.ncbi.nlm.nih.gov/pubmed/17299079
https://doi.org/10.1016/j.cellsig.2014.02.012
http://www.ncbi.nlm.nih.gov/pubmed/24582587
http://www.ncbi.nlm.nih.gov/pubmed/19385045
https://doi.org/10.1074/jbc.M002662200
http://www.ncbi.nlm.nih.gov/pubmed/10940299
https://doi.org/10.1111/j.1600-0854.2007.00640.x
http://www.ncbi.nlm.nih.gov/pubmed/17822395
https://doi.org/10.1016/j.yexcr.2017.07.015
http://www.ncbi.nlm.nih.gov/pubmed/28712927
https://doi.org/10.1152/ajpendo.00032.2017
https://doi.org/10.1152/ajpendo.00032.2017
http://www.ncbi.nlm.nih.gov/pubmed/28655714
https://doi.org/10.2174/1381612823666170704124611
http://www.ncbi.nlm.nih.gov/pubmed/28677502
https://doi.org/10.1007/978-3-319-48382-5_5
https://doi.org/10.1007/978-3-319-48382-5_5
http://www.ncbi.nlm.nih.gov/pubmed/28585197
https://doi.org/10.1074/jbc.M205499200
http://www.ncbi.nlm.nih.gov/pubmed/12070178
http://www.ncbi.nlm.nih.gov/pubmed/10567528
https://doi.org/10.1016/j.bone.2010.07.002
http://www.ncbi.nlm.nih.gov/pubmed/20633710
https://doi.org/10.1016/j.bbalip.2012.11.011
http://www.ncbi.nlm.nih.gov/pubmed/23228690
https://doi.org/10.1038/icb.2016.15
https://doi.org/10.1038/icb.2016.15
http://www.ncbi.nlm.nih.gov/pubmed/26853809
https://doi.org/10.1016/j.cell.2009.03.016
https://doi.org/10.1016/j.cell.2009.03.016
http://www.ncbi.nlm.nih.gov/pubmed/19450513
http://www.ncbi.nlm.nih.gov/pubmed/14907713
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
https://doi.org/10.1016/j.cub.2013.06.032
https://doi.org/10.1016/j.cub.2013.06.032
http://www.ncbi.nlm.nih.gov/pubmed/23871243
https://doi.org/10.1371/journal.pone.0201310


Physiol Endocrinol Metab. 2007; 293:E1358–64. https://doi.org/10.1152/ajpendo.00133.2007 PMID:

17785505

57. Reverter M, Rentero C, de Muga SV, Alvarez-Guaita A, Mulay V, Cairns R, et al. Cholesterol transport

from late endosomes to the Golgi regulates t-SNARE trafficking, assembly, and function. Mol Biol Cell.

2011; 22:4108–23. https://doi.org/10.1091/mbc.E11-04-0332 PMID: 22039070

58. Lin S, Thomas TC, Storlien LH, Huang XF. Development of high fat diet-induced obesity and leptin

resistance in C57Bl/6J mice. Int J Obes Relat Metab Disord. 2000; 24:639–46. PMID: 10849588

59. Feldmann HM, Golozoubova V, Cannon B, Nedergaard J. UCP1 ablation induces obesity and abolishes

diet-induced thermogenesis in mice exempt from thermal stress by living at thermoneutrality. Cell

Metab. 2009; 9:203–9. https://doi.org/10.1016/j.cmet.2008.12.014 PMID: 19187776

60. Bartelt A, Beil FT, Müller B, Koehne T, Yorgan TA, Heine M, et al. Hepatic lipase is expressed by osteo-

blasts and modulates bone remodeling in obesity. Bone. 2014; 62:90–8. https://doi.org/10.1016/j.bone.

2014.01.001 PMID: 24440515

61. Scheja L, Tödter K, Mohr R, Niederfellner G, Michael MD, Meissner A, et al. Liver TAG transiently

decreases while PL n-3 and n-6 fatty acids are persistently elevated in insulin resistant mice. Lipids.

2008; 43:1039–51. https://doi.org/10.1007/s11745-008-3220-3 PMID: 18763007

62. Bradley W, Gianturco S. ApoE is necessary and sufficient for the binding of large triglyceride-rich lipo-

proteins to the LDL receptor; apoB is unnecessary. J Lipid Res. 1986; 27:40–8. PMID: 3958613

63. Chirieac DV, Chirieac LR, Corsetti JP, Cianci J, Sparks CE, Sparks JD. Glucose-stimulated insulin

secretion suppresses hepatic triglyceride-rich lipoprotein and apoB production. Am J Physiol Endocrinol

Metab. 2000; 279:E1003–11. https://doi.org/10.1152/ajpendo.2000.279.5.E1003 PMID: 11052954

64. Morigny P, Houssier M, Mouisel E, Langin D. Adipocyte lipolysis and insulin resistance. Biochimie.

2016; 125:259–66. https://doi.org/10.1016/j.biochi.2015.10.024 PMID: 26542285

65. Fadini GP, Iori E, Marescotti MC, Vigili de Kreutzenberg S, Avogaro A. Insulin-induced glucose control

improves HDL cholesterol levels but not reverse cholesterol transport in type 2 diabetic patients. Athero-

sclerosis. 2014; 235:415–7. https://doi.org/10.1016/j.atherosclerosis.2014.05.942 PMID: 24933032

66. Nielsen MF, Nyholm B, Caumo A, Chandramouli V, Schumann WC, Cobelli C, et al. Prandial glucose

effectiveness and fasting gluconeogenesis in insulin-resistant first-degree relatives of patients with type

2 diabetes. Diabetes. 2000; 49:2135–41. PMID: 11118017

67. Puigserver P, Rhee J, Donovan J, Walkey CJ, Yoon JC, Oriente F, et al. Insulin-regulated hepatic glu-

coneogenesis through FOXO1-PGC-1alpha interaction. Nature. 2003; 423:550–5. https://doi.org/10.

1038/nature01667 PMID: 12754525

68. Hardie DG, Ross FA, Hawley SA. AMPK: a nutrient and energy sensor that maintains energy homeo-

stasis. Nat Rev Mol Cell Biol. 2012; 13:251–62. https://doi.org/10.1038/nrm3311 PMID: 22436748

69. Taniguchi CM, Emanuelli B, Kahn CR. Critical nodes in signaling pathways: insights into insulin action.

Nat Rev Mol Cell Biol. 2006; 7:85–96. https://doi.org/10.1038/nrm1837 PMID: 16493415

70. Kucejova B, Duarte J, Satapati S, Fu X, Ilkayeva O, Newgard CB, et al. Hepatic mTORC1 opposes

impaired insulin action to control mitochondrial metabolism in obesity. Cell Rep. 2016; 16:508–19.

https://doi.org/10.1016/j.celrep.2016.06.006 PMID: 27346353

71. Valanejad L, Timchenko N. Akt-FoxO1 axis controls liver regeneration. Hepatology. 2016; 63:1424–6.

https://doi.org/10.1002/hep.28440 PMID: 27100144

72. Zhang W, Patil S, Chauhan B, Guo S, Powell DR, Le J, et al. FoxO1 regulates multiple metabolic path-

ways in the liver: effects on gluconeogenic, glycolytic, and lipogenic gene expression. J Biol Chem.

2006; 281:10105–17. https://doi.org/10.1074/jbc.M600272200 PMID: 16492665

73. Laffitte BA, Chao LC, Li J, Walczak R, Hummasti S, Joseph SB, et al. Activation of liver X receptor

improves glucose tolerance through coordinate regulation of glucose metabolism in liver and adipose

tissue. Proc Natl Acad Sci USA. 2003; 100:5419–24. https://doi.org/10.1073/pnas.0830671100 PMID:

12697904

74. Peeters A, Baes M. Role of PPARα in hepatic carbohydrate metabolism. PPAR Res. 2010;2010.

75. Potthoff MJ, Inagaki T, Satapati S, Ding X, He T, Goetz R, et al. FGF21 induces PGC-1α and regulates

carbohydrate and fatty acid metabolism during the adaptive starvation response. Proc Natl Acad Sci

USA. 2009; 106:10853–8. https://doi.org/10.1073/pnas.0904187106 PMID: 19541642

76. Quattrocelli M, Barefield DY, Warner JL, Vo AH, Hadhazy M, Earley JU, et al. Intermittent glucocorticoid

steroid dosing enhances muscle repair without eliciting muscle atrophy. J Clin Invest. 2017; 127:2418–

32. https://doi.org/10.1172/JCI91445 PMID: 28481224

77. Bendayan M, Londono I, Kemp BE, Hardie GD, Ruderman N, Prentki M. Association of AMP-activated

protein kinase subunits with glycogen particles as revealed in situ by immunoelectron microscopy. J

Histochem Cytochem. 2009; 57:963–71. https://doi.org/10.1369/jhc.2009.954016 PMID: 19581628

Annexin A6 regulates hepatic lipid and glucose homeostasis

PLOS ONE | https://doi.org/10.1371/journal.pone.0201310 August 15, 2018 25 / 26

https://doi.org/10.1152/ajpendo.00133.2007
http://www.ncbi.nlm.nih.gov/pubmed/17785505
https://doi.org/10.1091/mbc.E11-04-0332
http://www.ncbi.nlm.nih.gov/pubmed/22039070
http://www.ncbi.nlm.nih.gov/pubmed/10849588
https://doi.org/10.1016/j.cmet.2008.12.014
http://www.ncbi.nlm.nih.gov/pubmed/19187776
https://doi.org/10.1016/j.bone.2014.01.001
https://doi.org/10.1016/j.bone.2014.01.001
http://www.ncbi.nlm.nih.gov/pubmed/24440515
https://doi.org/10.1007/s11745-008-3220-3
http://www.ncbi.nlm.nih.gov/pubmed/18763007
http://www.ncbi.nlm.nih.gov/pubmed/3958613
https://doi.org/10.1152/ajpendo.2000.279.5.E1003
http://www.ncbi.nlm.nih.gov/pubmed/11052954
https://doi.org/10.1016/j.biochi.2015.10.024
http://www.ncbi.nlm.nih.gov/pubmed/26542285
https://doi.org/10.1016/j.atherosclerosis.2014.05.942
http://www.ncbi.nlm.nih.gov/pubmed/24933032
http://www.ncbi.nlm.nih.gov/pubmed/11118017
https://doi.org/10.1038/nature01667
https://doi.org/10.1038/nature01667
http://www.ncbi.nlm.nih.gov/pubmed/12754525
https://doi.org/10.1038/nrm3311
http://www.ncbi.nlm.nih.gov/pubmed/22436748
https://doi.org/10.1038/nrm1837
http://www.ncbi.nlm.nih.gov/pubmed/16493415
https://doi.org/10.1016/j.celrep.2016.06.006
http://www.ncbi.nlm.nih.gov/pubmed/27346353
https://doi.org/10.1002/hep.28440
http://www.ncbi.nlm.nih.gov/pubmed/27100144
https://doi.org/10.1074/jbc.M600272200
http://www.ncbi.nlm.nih.gov/pubmed/16492665
https://doi.org/10.1073/pnas.0830671100
http://www.ncbi.nlm.nih.gov/pubmed/12697904
https://doi.org/10.1073/pnas.0904187106
http://www.ncbi.nlm.nih.gov/pubmed/19541642
https://doi.org/10.1172/JCI91445
http://www.ncbi.nlm.nih.gov/pubmed/28481224
https://doi.org/10.1369/jhc.2009.954016
http://www.ncbi.nlm.nih.gov/pubmed/19581628
https://doi.org/10.1371/journal.pone.0201310


78. Kotoulas OB, Kalamidas SA, Kondomerkos DJ. Glycogen autophagy in glucose homeostasis. Pathol

Res Pract. 2006; 202:631–8. https://doi.org/10.1016/j.prp.2006.04.001 PMID: 16781826

79. Gan L, Liu Z, Jin W, Zhou Z, Sun C. Foxc2 enhances proliferation and inhibits apoptosis through activat-

ing Akt/mTORC1 signaling in mouse preadipocytes. J Lipid Res. 2015; 56:1471–80. https://doi.org/10.

1194/jlr.M057679 PMID: 26113535

80. Ayala JE, Samuel VT, Morton GJ, Obici S, Croniger CM, Shulman GI, et al. Standard operating proce-

dures for describing and performing metabolic tests of glucose homeostasis in mice. Dis Model Mech.

2010; 3:525–34. https://doi.org/10.1242/dmm.006239 PMID: 20713647

81. Lim JA, Li L, Kakhlon O, Myerowitz R, Raben N. Defects in calcium homeostasis and mitochondria can

be reversed in Pompe disease. Autophagy. 2015; 11:385–402. https://doi.org/10.1080/15548627.2015.

1009779 PMID: 25758767

82. Song G, Harding SE, Duchen MR, Tunwell R, O’Gara P, Hawkins TE, et al. Altered mechanical proper-

ties and intracellular calcium signaling in cardiomyocytes from annexin 6 null-mutant mice. FASEB J.

2002; 16:622–4. PMID: 11919174

83. Minashima T, Small W, Moss SE, Kirsch T. Intracellular modulation of signaling pathways by annexin

A6 regulates terminal differentiation of chondrocytes. J Biol Chem. 2012; 287:14803–15. https://doi.org/

10.1074/jbc.M111.297861 PMID: 22399299

84. Chlystun M, Campanella M, Law AL, Duchen MR, Fatimathas L, Levine TP, et al. Regulation of mito-

chondrial morphogenesis by annexin A6. PLoS One. 2013; 8:e53774. https://doi.org/10.1371/journal.

pone.0053774 PMID: 23341998

85. van der Veen JN, Lingrell S, da Silva RP, Jacobs RL, Vance DE. The concentration of phosphatidyleth-

anolamine in mitochondria can modulate ATP production and glucose metabolism in mice. Diabetes.

2014; 63:2620–30. https://doi.org/10.2337/db13-0993 PMID: 24677714

86. Campbell KA, Minashima T, Zhang Y, Hadley S, Lee YJ, Giovinazzo J, et al. Annexin A6 interacts with

p65 and stimulates NFκB activity and catabolic events in articular chondrocytes. Arthritis Rheum. 2013;

65:3120–9. https://doi.org/10.1002/art.38182 PMID: 24022118

87. Alvarez-Guaita A, de Muga SV, Owen DM, Williamson D, Magenau A, Garcı́a-Melero A, et al. Evidence

for annexin A6-dependent plasma membrane remodeling of lipid domains. Br J Pharmacol. 2015;

172:1677–90. https://doi.org/10.1111/bph.13022 PMID: 25409976

Annexin A6 regulates hepatic lipid and glucose homeostasis

PLOS ONE | https://doi.org/10.1371/journal.pone.0201310 August 15, 2018 26 / 26

https://doi.org/10.1016/j.prp.2006.04.001
http://www.ncbi.nlm.nih.gov/pubmed/16781826
https://doi.org/10.1194/jlr.M057679
https://doi.org/10.1194/jlr.M057679
http://www.ncbi.nlm.nih.gov/pubmed/26113535
https://doi.org/10.1242/dmm.006239
http://www.ncbi.nlm.nih.gov/pubmed/20713647
https://doi.org/10.1080/15548627.2015.1009779
https://doi.org/10.1080/15548627.2015.1009779
http://www.ncbi.nlm.nih.gov/pubmed/25758767
http://www.ncbi.nlm.nih.gov/pubmed/11919174
https://doi.org/10.1074/jbc.M111.297861
https://doi.org/10.1074/jbc.M111.297861
http://www.ncbi.nlm.nih.gov/pubmed/22399299
https://doi.org/10.1371/journal.pone.0053774
https://doi.org/10.1371/journal.pone.0053774
http://www.ncbi.nlm.nih.gov/pubmed/23341998
https://doi.org/10.2337/db13-0993
http://www.ncbi.nlm.nih.gov/pubmed/24677714
https://doi.org/10.1002/art.38182
http://www.ncbi.nlm.nih.gov/pubmed/24022118
https://doi.org/10.1111/bph.13022
http://www.ncbi.nlm.nih.gov/pubmed/25409976
https://doi.org/10.1371/journal.pone.0201310

