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ApoA-1 improves glucose tolerance by
increasing glucose uptake into heart and
skeletal muscle independently of AMPKa2
Andreas Mæchel Fritzen 1, Joan Domingo-Espín 2, Anne-Marie Lundsgaard 1, Maximilian Kleinert 1,3,
Ida Israelsen 1, Christian S. Carl 1, Trine S. Nicolaisen 1, Rasmus Kjøbsted 1, Jacob F. Jeppesen 4,
Jørgen F.P. Wojtaszewski 1, Jens O. Lagerstedt 2,5,**, Bente Kiens 1,*
ABSTRACT

Objective: Acute administration of the main protein component of high-density lipoprotein, apolipoprotein A-I (ApoA-1), improves glucose uptake
in skeletal muscle. The molecular mechanisms mediating this are not known, but in muscle cell cultures, ApoA-1 failed to increase glucose
uptake when infected with a dominant-negative AMP-activated protein kinase (AMPK) virus. We therefore investigated whether AMPK is
necessary for ApoA-1-stimulated glucose uptake in intact heart and skeletal muscle in vivo.
Methods: The effect of injection with recombinant human ApoA-1 (rApoA-1) on glucose tolerance, glucose-stimulated insulin secretion, and
glucose uptake into skeletal and heart muscle with and without block of insulin secretion by injection of epinephrine (0.1 mg/kg) and propranolol
(5 mg/kg), were investigated in 8 weeks high-fat diet-fed (60E%) wild-type and AMPKa2 kinase-dead mice in the overnight-fasted state. In
addition, the effect of rApoA-1 on glucose uptake in isolated skeletal muscle ex vivo was studied.
Results: rApoA-1 lowered plasma glucose concentration by 1.7 mmol/l within 3 h (6.1 vs 4.4 mmol/l; p < 0.001). Three hours after rApoA-1
injection, glucose tolerance during a 40-min glucose tolerance test (GTT) was improved compared to control (area under the curve (AUC) reduced
by 45%, p < 0.001). This was accompanied by an increased glucose clearance into skeletal (þ110%; p < 0.001) and heart muscle (þ100%;
p < 0.001) and an increase in glucose-stimulated insulin secretion 20 min after glucose injection (þ180%; p < 0.001). When insulin secretion
was blocked during a GTT, rApoA-1 still enhanced glucose tolerance (AUC lowered by 20% compared to control; p < 0.001) and increased
glucose clearance into skeletal (þ50%; p < 0.05) and heart muscle (þ270%; p < 0.001). These improvements occurred to a similar extent in
both wild-type and AMPKa2 kinase-dead mice and thus independently of AMPKa2 activity in skeletal- and heart muscle. Interestingly, rApoA-1
failed to increase glucose uptake in isolated skeletal muscles ex vivo.
Conclusions: In conclusion, ApoA-1 stimulates in vivo glucose disposal into skeletal and heart muscle independently of AMPKa2. The
observation that ApoA-1 fails to increase glucose uptake in isolated muscle ex vivo suggests that additional systemic effects are required.

� 2020 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

The main protein component of high-density lipoproteins (HDL),
apolipoprotein A-I (ApoA-1), is best known for its involvement in the
reverse cholesterol transport pathway that reduces the atherosclerotic
burden in the vascular wall [1]. However, ApoA-1 has also been found
to have a glucose controlling function. In cross-sectional studies, type
2 diabetes in humans is characterized by decreased fasting levels of
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plasma ApoA-1 [2]. In addition, circulating ApoA-1 levels are found to
be inversely associated with insulin resistance in human patients with
impaired glucose tolerance and to be an independent risk factor for
impaired glucose tolerance [3]. Conversely, endurance exercise
training for 12 weeks led to 10% increased fasting levels of circulating
ApoA-1 in sedentary men [4]. When human ApoA-1 (either purified
from plasma or recombinant) was administered to cultured myotubes,
glucose uptake was increased [5e8]. In ApoA-1 knock-out mice,
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Abbreviations

ABCA1 ATP-binding cassette transporter 1
ACC acetyl-CoA carboxylase
AICAR 5-aminoimidazole-4-carboxamide ribonucleotide
AMPK AMP-activated protein kinase
AMPK-DN dominant negative AMPK
ApoA-1 apolipoprotein A-1
AUC area under the curve
BCA bicinchoninic acid
DG deoxyglucose
DPM disintegrations per minute
EDL extensor digitorum longus
eNOS endothelial nitric oxide synthase
ERK1/2 extracellular signal-regulated kinase 1/2
GLUT4 glucose transporter 4

GS glycogen synthase
GSK3 glycogen synthase kinase 3
GTT glucose tolerance test
HDL high-density lipoprotein
HFD high-fat diet
KD kinase-dead
KRB KrebseRinger buffer
MLV multilamellar vesicles
PBS phosphate-buffered saline
PCR polymerase chain reaction
PET-CT positron emission tomography-computed tomography
PVDF polyvinylidene difluoride
rApoA-1 recombinant ApoA-1
rHDL Reconstituted HDL
SDS-PAGE sodium dodecyl sulfateepolyacrylamide gel electrophoresis
WT wild-type
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glucose tolerance was impaired [5,9] and insulin-stimulated glucose
uptake in glycolytic muscles was lower than in wild-type (WT) controls
[9], whereas overexpression of ApoA-1 in mice improved insulin
tolerance [9,10]. Furthermore, treatment with ApoA-1 purified from
human plasma for 2 or 4 weeks in obese mice improved glucose and
insulin tolerance [11]. Similar findings have been reported in people
with type 2 diabetes, in whom infusion of reconstituted HDL, consisting
of ApoA-1 complexed with phosphatidylcholine, increased plasma
insulin levels and reduced plasma glucose levels [6]. Torcetrapib, a
small molecule inhibitor of cholesteryl ester transfer protein activity
that increased plasma HDL cholesterol and ApoA-1 levels by approx-
imately 70%, also improved glycemic control in humans with type 2
diabetes [12].
Recently, acute rApoA-1 administration to high-fat diet (HFD)-induced
insulin-resistant mouse models led to improved glucose tolerance
[13e16]. By using positron emission tomography (PET)-computed
tomography (CT) and 18F-labeled fluorodeoxyglucose, these effects
appeared to relate to increases in skeletal muscle glucose uptake
[14,15], partially due to ApoA-1 enhancement of glucose-stimulated
insulin secretion [13,17,18]. However, rApoA-1 has also been sug-
gested to stimulate glucose uptake into heart and skeletal muscle by
insulin-independent mechanisms [8,14,15]. The molecular mecha-
nisms mediating the increased insulin-independent glucose uptake
into heart and skeletal muscle are not well described.
The heterotrimeric energy sensor AMP-activated protein kinase-
complex (AMPK), consisting of a catalytic a-subunit (a1 or a2) in
combination with regulatory b (b1 or b2) and g-subunits (g1, g2 or g3),
is a central regulator of the energy status of the cell and regulates a
myriad of metabolic pathways [19e22]. On the basis of studies in cell
cultures, it has been suggested that AMPK is activated by ApoA-1 and
is of importance for ApoA-1-mediated glucose uptake in muscle. Thus,
AMPK was shown to be activated by ApoA-1 (either purified from
plasma or recombinant) in cultured rodent and human myocytes [5e
7]. Moreover, in human skeletal muscle cell cultures from type 2
diabetic patients, the ApoA-1-stimulated glucose uptake was abol-
ished when AMPK signaling was inhibited by an adenovirus-delivered
dominant negative AMPK (AMPK-DN) mutant [6]. However, it is not
known whether AMPK is of importance for ApoA-1-induced glucose
uptake in mature striated muscle.
Pharmacological activation of AMPK by 5-aminoimidazole-4-
carboxamide ribonucleotide (AICAR) is sufficient to increase glucose
uptake into perfused heart [23] and isolated rodent skeletal muscle
[24,25]. However, whether AMPK is activated by ApoA-1 and mediates
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ApoA-1-induced glucose uptake into heart and skeletal muscle in vivo
in intact tissue is not known.
To examine whether the glucose metabolic improvements by ApoA-1
administration require muscle AMPKa2 activity in vivo, we utilized a
mouse model with muscle-specific over-expression of a kinase-dead
a2 AMPK subunit, which severely blunts AMPK activity in heart and
skeletal muscle [26e28].

2. MATERIALS AND METHODS

2.1. Animals
Eight-to 10 week-old female C57Bl/6J mice (Janvier labs, France) and
8- to 10-week-old C57Bl/6 female mice overexpressing a muscle-
specific, kinase-dead AMPKa2 construct (AMPKa2 KD) and corre-
sponding WT littermates were used as previously described [26,27].
Briefly, the AMPKa2 KD mice overexpress a kinase-inactive Lys45-to-
Arg mutant of the AMPKa2 protein, driven by a heart- and skeletal
muscle-specific creatine kinase promoter. The transgenic AMPKa2KD
and corresponding WT mice were littermates from breeding of hemi-
zygous transgenic mice and WT mice. Genotyping was performed by
polymerase chain reaction (PCR) analysis on tail DNA using the
following primers: endogenous AMPKa1 allele (CTG GCA GGT AGG CTC
AGC AGG T, CTG CAA CCC TAT AGG TGG AAC AAC A) and AMPKa2-KD
transgene (CCC GGG GGA TCC ACT AGT TCT, CCA GCA CGT AGT GTC
CGA TCT TC) and was later verified by immunoblotting. AMPKa2 KD
mice have nearly absent AMPKa2 activity and more than 50% lower
AMPKa1 activity in skeletal muscle [28].
All mice were housed in temperature-controlled (22 � 1 �C) facil-
ities, maintained on a 12:12 h lightedark cycle with light turned on
at 6.00 AM, and received standard chow (Altromin, cat. no. 1324;
Brogaarden, Denmark) and water ad libitum. Eight weeks prior to the
in vivo experiments and for some of the ex vivo incubation experi-
ments, mice had ad libitum access to HFD comprising 60 E% fat
(D12492, Research Diets, US). All experiments and the breeding
protocol were approved by the Danish Animal Experimental Inspec-
torate and complied with the European Convention for the Protection
of Vertebrate Animals Used for Experiments and Other Scientific
Purposes (ETS No. 123).

2.2. Design
The role of AMPK in rApoA-1-induced muscle glucose uptake was
evaluated both in an in vivo experiment with injection of rApoA-1 in
8-weeks HFD-fed WT and AMPKa2 KD mice. In addition, the role of
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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rApoA-1 in isolated muscle ex vivo was evaluated by incubation with
rApoA-1 in chow-fed C57Bl/6 mice (ex vivo experiments 1 and 2)
and in 8-weeks HFD-fed WT and AMPKa2 KD mice (ex vivo
experiment 3).

2.3. Expression and purification of recombinant human ApoA-1
Human recombinant ApoA-1 (rApoA-1) containing a His-tag at the N-
terminus was expressed in Escherichia coli bacteria and purified using
immobilized metal affinity chromatography followed by tobacco etch
virus protease treatment to remove the His-tag, as previously
described [29e31].

2.4. Reconstituted HDL preparation
Reconstituted HDL (rHDL) particles were prepared as previously
described [32]. In brief, lyophilized DMPC (1,2-dimyristoyl-sn-glycero-
3-phosphocholine; Avanti Polar Lipids, Alabaster, AL, USA) was dis-
solved in 3:1 chloroform:methanol solution. The solvent was completely
evaporated by overnight incubation under a stream of nitrogen gas.
DMPC was then dissolved in phosphate-buffered saline (PBS), and the
lipid suspension was extruded through a 100-nm polycarbonate
membrane using the LiposoFast system (Avestin, Ottawa, ON, Canada)
to form multilamellar vesicles (MLV). rHDL was produced by incubating
the recombinant protein with MLVs at a protein to lipid molar ratio of
1:100 at 24 �C, the transition temperature for DMPC, for 96 h.

2.5. In vivo experiment; glucose tolerance test and glucose-
induced glucose clearance
Mice fasted overnight (12 h) were injected intraperitoneally with either
rApoA-1 (14 mg/kg in isotonic saline, pH 7.4) or saline as control
(vehicle). Glucose (2 g/kg BW) was injected intraperitoneally 3 h after
rApoA-1 treatments. 3H-2-deoxyglucose (2-DG) (0.6 mCi/g BW) was
co-administered with the glucose to allow for measurement of tissue-
specific glucose-induced glucose clearance, and epinephrine at
0.1 mg/kg (catalog #E4250, SigmaeAldrich, Denmark) and propran-
olol at 5 mg/kg (catalog #P0884; SigmaeAldrich, Denmark) were co-
administered with the glucose where indicated, as in [14,33,34], to
block pancreatic insulin secretion. For blood glucose measurements,
mixed tail blood was obtained at 0, 10, 20, 30, and 40 min after
glucose and analyzed with a glucometer (Contour XT, Bayer, CH). At
20 min, blood was collected into capillary tubes. Plasma insulin con-
centration was measured by enzyme-linked immunosorbent assay
(ELISA, Mouse Insulin ELISA, Alpco, US). At 40 min, mice were
sacrificed by cervical decapitation, trunk blood was collected, and
tissues were quickly excised (tibialis anterior and gastrocnemius
muscles, heart, and liver) and snap-frozen in liquid nitrogen.

2.6. Ex vivo muscle incubations
Muscle incubations were performed as previously described [24]. In
brief, non-fasted mice were anesthetized by intraperitoneal injection of
pentobarbital (10 mg/100 g BW) before soleus and extensor digitorum
longus (EDL) muscles were dissected and suspended in incubation
chambers (Multi Wire Myograph System; DMT, Denmark) containing
KrebseRinger buffer (KRB) (117 mmol/L NaCl, 4.7 mmol/L KCl,
2.5 mmol/L CaCl2, 1.2 mmol/L KH2PO4, 1.2 mmol/L MgSO4, 0.5 mmol/
L NaHCO3, pH 7.4) supplemented with 0.1% bovine serum albumin
(BSA), 8 mmol/L mannitol, and 2 mmol/L pyruvate. During the incu-
bation, the buffer was oxygenated with 95% O2 and 5% CO2 and
maintained at 30 �C. After 10 min of preincubation, paired muscles
from each animal were incubated for 30 min (experiment 1) or 3 h
(experiments 2 and 3) in the absence or presence of lipid-free (ex-
periments 1 and 2) or lipidated (experiment 3) rApoA-1 (rHDL) at
MOLECULAR METABOLISM 35 (2020) 100949 � 2020 The Author(s). Published by Elsevier GmbH. This is an open
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varying doses (0e400 mg/ml in experiment 1, 60 mg/ml in experiment
2e3). As positive controls, muscles were incubated for 30 min in KRB
in the presence of a maximal concentration (10,000 mU/mL) of insulin
(Actrapid; Novo Nordisk, Bagsvaerd, Denmark) or 2 mmol/L 5-
aminoimidazole-4-carboxamide ribonucleotide (AICAR) (Toronto
Research Chemicals, Canada). The uptake of 3H-2-DG was measured
during the last 10 min by adding 1 mmol/L 3H-2-DG (0.056 MBq/mL)
and 7 mmol/L 14C-mannitol (0.0167 MBq/mL) to the incubation me-
dium. After incubation, muscles were harvested, washed in ice-cold
KRB, quickly dried on paper, and frozen in liquid nitrogen.

2.7. Tissue processing
Tissues were pulverized in liquid nitrogen using a mortar and pestle.
Then, 25 mg of skeletal and heart muscle or the entire mass of EDL
and soleus muscles from the incubation experiments were homoge-
nized in ice-cold buffer as previously described [27] for 2 � 60 s at
30 Hz using steel beads and a TissueLyzer II (QIAGEN, Germany).
Homogenates were rotated end-over-end for 1 h before centrifugation
at 16,000 g for 20 min. The supernatant (lysate) was collected, frozen
in liquid nitrogen, and stored at �80 �C for later analyses.

2.8. In vivo glucose-induced glucose clearance
Plasma 3H activity was measured in 5 ml of plasma by scintillation
counting (Ultima Gold and Tri-Carb 2910 TR; PerkinElmer, US) at 20
and 40 min, and the average plasma 3H-2-DG exposure was esti-
mated. Twenty to 30 mg of each tissue was used to determine the
accumulation of phosphorylated 3H-2-DG (3H-2-DG-6-P) by the pre-
cipitation method [35]. Glucose clearance was calculated by dividing
tissue 3H-2-DG-6-P disintegrations per minute (DPM), accumulated in
tissue over 40 min from tracer injection, by average 3H-2-DG DPM in
blood sampled during this period [36].

2.9. Ex vivo glucose uptake
Glucose uptake in the incubation experiments was assessed by the
accumulation of 3H-2-DG in muscle with the use of 14C-mannitol
(PerkinElmer, MA, US) as an extracellular marker. Radioactivity was
measured in 250 mL of lysate by liquid scintillation counting (Ultima
Gold and Tri-Carb 2910 TR; PerkinElmer, MA, US) and related to the
specific activity of the incubation buffer.

2.10. Glycogen
Liver glycogen concentration was determined in 5 mg of pulverized
tissue after acidic hydrolysis and measured spectrophotometrically at
340 nm (Hitachi 912 Automatic Analyzer; Boehringer, DE).

2.11. Western blotting
Protein content and phosphorylation levels were determined in muscle
lysates as previously described [37]. In brief, total protein concentration
of muscle lysates was determined in triplicate using the bicinchoninic
acid (BCA) method with a Pierce BCA protein assay (no. 23227; Pierce
Biotechnology, IL, US). A maximal coefficient of variance of 5% was
accepted between replicates. All samples were heated (96 �C in 5 min)
in Laemmli buffer before being subjected to sodium dodecyl sulfatee
polyacrylamide gel electrophoresis (SDS-PAGE) and semi-dry immu-
noblotting. The primary antibodies used are shown in Table S1.
Membranes were probed with enhanced chemiluminescence (ECLþ;
Amersham Biosciences, NJ, USA), and immune complexes were
visualized using a BioRad ChemiDoc MP Imaging System (CA, US).
Signals were quantified (Image Lab version 4.0, BioRad, CA, US) and
presented relative to the WT vehicle group without insulin block within
the given experiment. Loading consistencies and similar total protein
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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content in samples were verified by Coomassie staining. Coomassie
staining after development was performed by submersion of poly-
vinylidene difluoride (PVDF) membranes for 10 min in 0.5% Coomassie
Blue G-250 in 50% ethanol/10% acetic acid, removal of excess
Coomassie-stain with distilled water followed by destaining in 50%
ethanol/10% acetic acid until bands were clearly visible.

2.12. Statistics
All data are expressed as means � SEM. The statistical analyses
performed are described in each figure legend. Statistical significance
was defined as p < 0.05. Statistical analyses were performed in
GraphPad PRISM 8 (GraphPad, CA, US).

3. RESULTS

In the in vivo experiment, body weight was not different between WT
and AMPKa2 KD mice when initiating the experiments after 8 weeks of
Figure 1: Apolipoprotein A-I (ApoA-1) lowers fasting blood glucose and improves
pendently of muscle AMPKa2. A, Experimental setup; 8- to 10-week-old wild-type (WT)
fasted overnight for 12 h. On the experimental day, WT and AMPKa2 KD mice were intrap
Veh). Three hours later, saline- and ApoA-1-treated WT and AMPKa2 KD mice received 3H
insulin block containing epinephrine (0.1 mg/kg) and propranolol (5 mg/kg) or Veh. Blood g
for the subsequent 40 min glucose tolerance test (GTT), plasma insulin concentrations at 20
n ¼ 11e13 collected from 2 independent experiments. Three-way ANOVAs were applied in
*** Main effect (p < 0.001) (within insulin blockade/no blockade in D and E). ¤¤¤ Main eff
(p < 0.05) of genotype independently of ApoA-1 and insulin block.
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HFD feeding (Figure S1). After an overnight fast, WT and AMPKa2 KD
mice were injected with rApoA-1 as illustrated in Figure 1A. Within 3 h,
rApoA-1 lowered the blood glucose concentration by 1.7 mmol/l
(p < 0.001) in both WT and AMPKa2 KD mice compared with saline-
treated control mice (Figure 1B). A GTT performed 3 h after rApoA-1
injection revealed that glucose tolerance, assessed as area under
the curve (AUC) of the blood glucose curves during the GTT, was
improved by 45% (p < 0.001) by rApoA-1 in both WT and AMPKa2 KD
mice compared with saline-treated control mice (Figure 1CeD). This
was associated with an increased glucose-stimulated plasma insulin
concentration (þ180%; p < 0.001) after 20 min in rApoA-1-treated
mice compared with controls (Figure 1E). To isolate the role of
ApoA-1 on tissues from the effect of improved glucose-stimulated
insulin secretion, rApoA-1- and saline-treated WT and AMPKa2 KD
mice were also co-administered with an insulin blockade at the start of
the GTT. This efficiently blocked the ApoA-1-induced increase in
plasma insulin concentration at 20 min (Figure 1E; p < 0.001),
glucose tolerance by insulin-dependent and -independent mechanisms inde-
and AMPKa2 kinase-dead (KD) mice were high-fat diet (HFD)-fed for 8 weeks and then
eritoneally injected with either human recombinant ApoA-1 (14 mg/kg) or saline (NaCl;
-2-deoxyglucose (2DG) and glucose (2 g/kg BW) and were randomized to also receive
lucose concentrations at 0 min (B), time-course (C), and area under the curve (AUC; D)
min (E), and liver glycogen content at 40 min (F). Data are presented as means � SEM.
BeF. * Main effect (p < 0.05) of ApoA-1 independently of genotype and insulin block.
ect (p < 0.001) of insulin block within ApoA-1 independently of genotype. # Main effect
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although slightly higher, but not statistically significant, plasma insulin
levels were observed in the insulin-blocked situation after rApoA-1
compared to the saline-treated control mice (Figure 1E). In this insu-
lin blocked situation, glucose tolerance was still improved by 20%
(p < 0.001) by ApoA-1 treatment in both WT and AMPKa2 KD mice
compared with saline-treated control mice (Figure 1CeD). Despite the
blood glucose lowering effects of rApoA-1, liver glycogen contents
following the GTT were lowered on average 43% (p < 0.05) by rApoA-
1 in both WT and AMPKa2 KD mice compared with saline-treated
control mice, independently of insulin blockade (Figure 1F), implying
that the lower glycemia during the GTT by rApoA-1 were related to
increased peripheral glucose disposal rather than decreased hepatic
output. To investigate this further, glucose-stimulated glucose clear-
ance was traced into skeletal and heart muscle. Mimicking the im-
provements in whole-body glucose tolerance, rApoA-1 treatment
increased glucose-stimulated glucose clearance into skeletal
(Figure 2AeB) and heart muscle (Figure 2C) by 110% and 100%
(p < 0.001), respectively. Even with insulin blockade, rApoA-1
increased glucose clearance by 50% in skeletal (Figure 2AeB;
p < 0.05) and 270% in heart muscle (Figure 2C; p < 0.001).
Importantly, improvements in glucose clearance were evident to the
same extent in WT and AMPKa2 KD mice and thus independent of
AMPKa2 activity in skeletal and heart muscle (Figure 2AeC).

3.1. AMPK signaling
A similar enhancement in muscle glucose clearance by rApoA-1 in WT
and AMPKa2 KD mice was consistent with the lack of increase in
AMPK signaling with rApoA-1 administration in skeletal (Figure 3AeB
and D-E) and heart muscle (Figure 3C,F), judged by unchanged
phosphorylation of AMPK (Figure 3AeC) and the downstream target,
acetyl-CoA carboxylase (ACC) (Figure 3DeF) in WT mice. As expected,
due to the overexpression of a dominant negative AMPKa2 construct,
both AMPKa2 protein and phosphorylation of AMPK at Thr172
(Figure S2) were increased in the skeletal and heart muscle of AMPKa2
KD compared with the WT mice. However, when phosphorylation was
related to total protein, AMPK Thr172 phosphorylation was unaffected
(Figure 3AeC). Phosphorylation of ACC (indicative of AMPK activity)
was decreased in AMPKa2 KD mice compared to WT (p < 0.01;
Figure 3DeF) independently of any changes in ACC1 protein content.

3.2. Akt, ERK, and GS signaling
To investigate whether enhanced proximal insulin signaling could
account for the rApoA-1-induced glucose clearance into skeletal and
Figure 2: Apolipoprotein A-I (ApoA-1) increases glucose clearance into skeletal mus
of muscle AMPKa2. Glucose-stimulated glucose clearance into tibialis anterior (A), gastroc
(HFD)-fed mice treated with ApoA-1 (14 mg/kg) or saline (Veh) and with or without insul
means � SEM. n ¼ 11e13. Three-way ANOVAs were applied in A-C. * Main effect (p <

(p < 0.001) of ApoA-1 independently of genotype (within no insulin blockade in A and B).
(within insulin blockade in A and B). Hr, hour.
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heart muscle, Akt phosphorylation at Ser473 and Thr308 was
assessed in tissues taken at 40 min of the GTT. rApoA-1 treatment
induced 32% higher (p < 0.05) Akt Ser473 phosphorylation and 28%
higher (p < 0.05) Akt Thr308 phosphorylation in the tibialis anterior
muscles of WT and AMPKa2 KD mice independently of the insulin
blockade (Figure 4A). However, this effect of rApoA-I was not observed
in gastrocnemius (Figure 4B and E) or heart muscle (Figure 4C and F),
although 2-way analysis of variance (ANOVA) within the insulin-
blocked groups revealed a tendency for rApoA-1 to increase Akt
Ser473 and Thr308 phosphorylation in heart muscle (50%; p ¼ 0.08)
but not in gastrocnemius muscle (25%; p ¼ 0.2). Akt phosphorylation
at Ser473 and at Thr308 were decreased (p < 0.01) with the insulin
blockade in both skeletal (Figure 4A-Bþ4D-E) and heart muscle
(Figure 4C and F) of both WT and AMPKa2 KD mice compared with
mice not treated with insulin blockade. These changes were not driven
by changes in total protein content, since Akt2 protein content was not
affected by rApoA-1, insulin blockade, or genotype.
Phosphorylation of extracellular signal-regulated kinase 1/2 (ERK1/2)
at Thr202/Tyr204 was not affected by either rApoA-1 treatment, insulin
blockade, or genotype in skeletal and heart muscle (Figure 4GeI).
To evaluate whether an increased covalently-regulated glycogen
synthesis contributed to the increased glucose clearance in skeletal
and heart muscle, phosphorylation of glycogen synthase (GS) at site
3a þ b was investigated. In skeletal muscle, phosphorylation of the
inhibitory site 3a þ b at GS were not affected by rApoA-1 treatment,
insulin blockade, or genotype (Figure 5AeB). In contrast, in the hearts
of both WT and AMPK KD mice, GS phosphorylation at site 3aþ b was
85% and 185% increased (p < 0.001) with rApoA-1 treatment
compared to vehicle in the non-blocked and insulin-blocked condi-
tions, respectively. Also, GS phosphorylation at site 3aþ b in the heart
was lower (p < 0.001) in AMPK KD compared to WT mice (Figure 5C).
These changes were not driven by changes in total protein content,
since GS protein content was not affected by rApoA-1, insulin
blockade, or genotype.
The upstream kinase of GS, the glycogen synthase kinase 3 (GSK3)
protein, was similarly regulated. GSK3a Ser21 phosphorylation was not
affected by rApoA-1 treatment in skeletal muscle (Figure 5DeE),
whereas GSK3a Ser21 phosphorylation increased (p < 0.05) in the
hearts of both WT and AMPK KD mice with rApoA-1 treatment
compared to vehicle in the non-blocked and insulin-blocked conditions,
respectively (Figure 5F). Also, GSK3a Ser21 phosphorylation was
lowered by the insulin blockade in tibialis anterior (Figure 5D) and heart
(Figure 5F), but not in gastrocnemius (Figure 5E). These changes were
cle and heart by insulin-dependent and -independent mechanisms independently
nemius (B), and heart (C) in wild-type (WT) and AMPKa2 kinase-dead (KD) high-fat diet
in blockade (0.1 mg/kg epinephrine and 5 mg/kg propranolol). Data are presented as
0.05) of ApoA-1 within insulin blockade independently of genotype. *** Main effect

¤/¤¤¤ Main effect (p < 0.05/p < 0.001) of insulin blockade independently of genotype

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Figure 3: Apolipoprotein A-I (ApoA-1) does not affect AMPK signaling in skeletal muscle and heart. Phosphorylation of AMP-activated protein kinase (AMPK) at Thr172/
AMPKa2 protein (AeC) and acetyl-CoA carboxylase (ACC) at Ser212/ACC1 protein (DeF) in tibialis anterior (A and D), gastrocnemius (B and E) and heart (C and F) of wild-type (WT)
and AMPKa2 kinase-dead (KD) high-fat diet (HFD)-fed mice treated with ApoA-1 (14 mg/kg) or saline (Veh) and with or without insulin blockade (0.1 mg/kg of epinephrine and
5 mg/kg of propranolol). Representative blots are shown in Fig. S2. Data are presented as means � SEM. n ¼ 11e13. Three-way ANOVAs were applied in A-F. ##/### Main effect
(p < 0.01/p < 0.001) of genotype independently of ApoA-1 and insulin blockade. AU, arbitrary units.

Figure 4: Apolipoprotein A-I (ApoA-1) affects Akt phosphorylation in skeletal muscle. Phosphorylation of Akt at Ser473 (AeC) and at Thr308 (DeF) as well as extracellular
signaleregulated kinases (ERK)1/2 at Thr202/204 (GeI) in tibialis anterior (A, D and G), gastrocnemius (B, E and H), and heart (C, F and I) of wild-type (WT) and AMPKa2 kinase-
dead (KD) high-fat diet (HFD)-fed mice treated with ApoA-1 (14 mg/kg) or saline (Veh) and with or without insulin blockade (0.1 mg/kg of epinephrine and 5 mg/kg of propranolol).
Representative blots are shown in Fig. S2. Data are presented as means � SEM. n ¼ 11e13. Three-way ANOVAs were applied in A-I. ¤¤/¤¤¤ Main effect (p < 0.01/p < 0.001) of
insulin blockade independently of ApoA-1 and genotype. */*** Main effect (p < 0.05/p < 0.001) of ApoA-1 independently of insulin blockade and genotype. ### Main effect
(p < 0.001) of genotype independently of insulin blockade and genotype. AU, arbitrary units.
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Figure 5: Apolipoprotein A-I (ApoA-1) affects GS phosphorylation in heart. Phosphorylation of glycogen synthase (GS) at site 3a þ b (AeC) and GSK3a at Ser21 (DeF) in
tibialis anterior (A and D), gastrocnemius (B and E), and heart (C and F) of wild-type (WT) and AMPKa2 kinase-dead (KD) high-fat diet (HFD)-fed mice treated with ApoA-1 (14 mg/
kg) or saline (Veh) and with or without insulin blockade (0.1 mg/kg of epinephrine and 5 mg/kg of propranolol). Representative blots are shown in Fig. S2. Data are presented as
means � SEM. n ¼ 11e13. Three-way ANOVAs were applied in A-F. ¤¤¤ Main effect (p < 0.01/p < 0.001) of insulin blockade independently of ApoA-1 and genotype. */***
Main effect (p < 0.05/p < 0.001) of ApoA-1 independently of insulin blockade and genotype. AU, arbitrary units.
not driven by changes in total protein content, since GSK3a protein
content was not affected by rApoA-1, insulin blockade, or genotype.

3.3. Ex vivo muscle incubations
Incubation with various doses of lipid-free rApoA-1 (4e400 mg/ml) for
30 min increased glucose uptake in neither isolated glycolytic EDL
(Figure 6A) nor oxidative soleus muscle (Figure 6B). In previous
studies, using muscle cell cultures [6e8,15,38] or isolated murine
muscle [5], incubation with rApoA-1 lasted for a period of 10e
120 min. To verify that 30 min incubation duration was insufficient to
exert an effect on glucose uptake, we next incubated EDL and soleus
muscles with lipid-free rApoA-1 (60 mg/ml) or vehicle for 3 h as in the
in vivo experiment. However, rApoA-1 incubation for 3 h increased
glucose uptake in neither EDL (Figure 6C) nor soleus muscles
(Figure 6D). Because rApoA-1 is reported to be fully lipidated in the
circulation 3 h after intraperitoneal injection in mice and to have formed
lipideprotein complexes [13,30], we incubated EDL and soleus
muscles with lipidated rApoA-1 (reconstituted HDL) for 3 h to deter-
mine whether the lipidation level of the rApoA-1 was responsible for
the observed divergent effects on muscle glucose uptake between
in vivo and ex vivo incubation conditions. However, lipidated ApoA-1
(60 mg/ml) did not affect glucose uptake in isolated skeletal muscles
ex vivo (Figure 6EeF). Furthermore, AMPK signaling, evaluated by the
phosphorylation of the AMPK and the downstream target, ACC, was not
affected by rApoA-1 (Figure 6G-J þ S2B). Collectively, these findings
show that rApoA-1 treatment does not increase glucose uptake during
ex vivo conditions in incubated glycolytic or oxidative skeletal muscle,
which indicates the need for a systemic factor or a regulatory role for
perfusion of the mouse skeletal muscle for the rApoA-1-induced
insulin-independent glucose clearance observed in vivo.

4. DISCUSSION

Here, we show that rApoA-1 administration lowered fasting blood
glucose and improved glucose tolerance in HFD-fed mice. This was
mainly driven by rApoA-1 increasing the glucose-stimulated insulin
MOLECULAR METABOLISM 35 (2020) 100949 � 2020 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
secretion, in congruence with previous findings [13,14,17,18],
emphasizing that rApoA-1 treatment primes the b-cells to be more
responsive to a glucose load. This confirms ex vivo findings in b-cells,
in which ApoA-1 has been shown to induce both insulin secretion and
synthesis [16,17,39]. At the same time, we also show that rApoA-1
improved glucose tolerance and increased glucose clearance into
skeletal and heart muscle in vivo when insulin secretion was blocked.
Importantly, the effects of rApoA-1 on glucose tolerance or skeletal and
heart muscle glucose clearance were not found to be reliant on
AMPKa2 in either the non-blocked or insulin-blocked conditions. In
agreement, AMPK signaling was not activated by rApoA-1 adminis-
tration in skeletal and heart muscle in vivo or in isolated muscles
ex vivo. This suggests that other molecular mechanisms than AMPK
signaling are responsible for ApoA-1 action on glucose clearance in
skeletal and heart muscle in vivo in mice and highlights the
importance of verifying evidence from cell culture studies in intact
tissue in vivo.
We found that rApoA-1 under glucose-stimulated conditions induced a
minor increase in Akt phosphorylation in tibialis anterior muscle and a
trend to the same in the heart in the insulin-blocked situation, but not
in the gastrocnemius muscle. This is consistent with the findings that
ApoA-1 overexpression in mice only led to higher basal Akt phos-
phorylation and insulin-stimulated glucose uptake in glycolytic mus-
cles like tibialis anterior and EDL, but not in more oxidative muscles,
such as soleus and gastrocnemius [9]. Thus, in the present study,
rApoA-1-induced Akt signaling may contribute to the observed effects
of rApoA-1 on in vivo glucose clearance, at least in the glycolytic
muscles. However, this regulation seems not to be the entire mech-
anism, especially since we observed increased glucose clearance in
the gastrocnemius muscle without changes in Akt signaling. The lack
of a consistent increase in Akt phosphorylation across all tissues in the
insulin-blocked conditions with rApoA-1 compared to the saline-
treated mice also support that the non-significantly higher plasma
insulin levels in this situation seem not to be a potent contributing
mechanism to the rApoA-1-induced improvement in glucose tolerance
and heart and skeletal muscle glucose uptake.
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Figure 6: Apolipoprotein A-I (ApoA-1) does not stimulate glucose uptake or AMPK signaling in isolated skeletal muscle. A-B, Glucose uptake in isolated extensor
digitorum longus (EDL; A) and soleus (B) of chow-fed C57Bl/6J female mice in response to varying doses of lipid-free ApoA-1 (0e400 mg/ml) incubated for 30 min and insulin
(10,000 mU/ml) as control. C-D, Glucose uptake in isolated extensor digitorum longus (EDL; C) and soleus (D) of 8-week high-fat diet (HFD)-fed C57Bl/6J female mice in response
to incubation with lipid-free ApoA-1 for 3 h (60 mg/ml) and vehicle and insulin (10,000 mU/ml) as controls. E-H, Glucose uptake (EeF) and phosphorylation of acetyl-CoA
carboxylase (ACC) at Ser212/ACC1 protein (GeH) and phosphorylation of AMP-activated protein kinase (AMPK) at Thr172/AMPKa2 protein (IeJ) in isolated extensor digitorum
longus (EDL; E, G, and I) and soleus (F, H, and J) of 8-week HFD-fed C57Bl/6J female mice in response to ex vivo incubation with lipidated ApoA-1 (60 mg/ml) (rHDL) for 3 h and
vehicle and the AMPK activator 5-Aminoimidazole-4-carboxamide ribonucleotide (AICAR; 2 mM) as controls. Data are presented as means � SEM. n ¼ 4e6 in A-B (n ¼ 2 in
insulin control). n ¼ 8 in C-D (n ¼ 4 in insulin control). n ¼ 6 in E-J (n ¼ 4 in AICAR WT). One-way ANOVAs were applied in A-D. 2-way ANOVAs were applied in E-J. */**/***
Significantly different (p < 0.05/0.01/0.001) from 0 mg/ml or vehicle. AU, arbitrary units.

Original Article
To evaluate whether non-oxidative glucose disposal contributed to the
increased clearance of plasma glucose, the inhibitory phosphorylation
of GS at site 3aþ b, which is suggested to play an important role in the
regulation of GS activity [40], was examined. It was found that the
phosphorylation of GS at site 3a þ b and the upstream kinase GSK3a
at Ser21 increased by rApoA-1 in the heart indicative of decreased GS
activity after rApoA-1 treatment. In skeletal muscle, even though Akt
phosphorylation was induced in tibialis anterior muscle, GS and GSK3
phosphorylations were not affected by rApoA-1 in either tibialis anterior
and gastrocnemius muscle. This is in line with the findings of un-
changed phosphorylation of the upstream kinase of GS, GSK3, in
rApoA-1-treated skeletal muscle from obese mice [14] and unchanged
skeletal muscle glycogen levels in both ApoA-1 knock-out mice and
mice overexpressing ApoA-1 compared with WT [9]. These data
indicate that the increased glucose clearance into either skeletal or
heart muscle after rApoA-1 treatment is not due to a covalent regu-
lation on GS.
In ex vivo incubated isolated skeletal muscle fibers, treatment with a
subregion (190e243) of rApoA-1 was previously found to induce
glucose transporter 4 (GLUT4) translocation [7], which could suggest
that increased GLUT4-mediated glucose transport across the plasma
membrane of the myocyte contributes to the rApoA-1-induced glucose
uptake. However, we found here that full-length rApoA-1 incubation of
isolated skeletal muscle ex vivo lacking the systemic and vascular
in vivo conditions did not affect glucose uptake. This implies that a
systemic factor or vascular properties related to the delivery of glucose
or insulin to the muscle cells could be involved in mediating the rApoA-
8 MOLECULAR METABOLISM 35 (2020) 100949 � 2020 The Author(s). Published by Elsevier GmbH. T
1-induced glucose clearance. In L6 myocytes, ApoA-1 induced insulin-
stimulated glucose uptake without any increase in GLUT4 translocation
[15], indicating that ApoA-1 improves glucose uptake independently of
the glucose transport step in vivo. In support of a regulatory role of
ApoA-1 in the perfusion of the skeletal muscle or in the endothelial
transport of insulin and glucose, rApoA-1-induced glucose uptake in
skeletal muscle was found to be associated with improved transport of
glucose from arterial plasma to the intracellular space of the muscle
using kinetic modeling of 18F-fludeoxyglucose transport in db/db mice
[15]. Moreover, HDL particles have previously been shown to mediate
increased production of the vasodilator endothelial nitric oxide syn-
thase (eNOS) [41]. rApoA-1 was specifically shown to stimulate eNOS
activity by direct protein association allowing multisite phosphorylation
changes in endothelial cells [42]. A systemic mechanism of ApoA-I to
increase glucose uptake is further supported by the notion that rApoA-
1 increased glucose uptake into isolated skeletal muscle when rApoA-
1 was injected in vivo in mice and thus initiated systemic effects for 2 h
before mice were euthanized and gastrocnemius was removed and
incubated [15]. Thus, it is plausible that rApoA-1-induced glucose
uptake in muscle also relies on systemic mechanisms in addition to
intrinsic, myocellular mechanisms associated with GLUT4-
translocation, such as Akt signaling. A systemic-related mechanism
challenges previous studies in cultured myotubes showing that
administration of human ApoA-1 (either purified from plasma or re-
combinant) increased glucose uptake [5e8] without any systemic
conditions. Effects of ApoA-1 in cultured myocytes could either indicate
that some signaling components or metabolic regulatory mechanisms
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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are differentially affected by ApoA-1 in cell systems and in isolated
intact skeletal muscles ex vivo. Alternatively, in addition to potential
systemic regulatory effects of ApoA-1 on muscle glucose uptake,
ApoA-1 may affect glucose uptake via other mechanisms, such as
increased hexokinase activity [15], or via ATP-binding cassette
transporter 1 (ABCA1)-mediated enhanced insulin signaling for glucose
uptake [8] as previously suggested. Future studies are needed to
further elaborate on the dependency and relative importance of sys-
temic regulatory steps vs. myocyte intrinsic mechanisms for the in-
crease in muscle glucose uptake mediated by ApoA-I in vivo. Also,
incubation of muscles ex vivo with serum could be of interest to
investigate whether a serum factor is of importance, as seen for
insulin-stimulated muscle glucose uptake after ex vivo contractions
[43]. However, serum was not used and thus not necessary for ApoA-
1-mediated glucose uptake in cultured myocytes [5e8], in insulin-
stimulated glucose uptake after pharmacological AMPK activation in
isolated muscle ex vivo [44], or in isolated skeletal muscle glucose
uptake measured ex vivo 2 h after injection of rApoA-1 in vivo [15].
To minimize stress from handling the mice, we chose to study female
mice. Previous studies in male mice have found that rApoA-1 induced
greater glucometabolic improvements in obese and glucose intolerant
mice fed HFD for 2 weeks compared to lean mice fed a chow diet. In
female mice in our animal facilities, 2 weeks of a similar HFD was not
sufficient to induce substantial weight gain and glucose intolerance, so
8-week HFD-fed mice were investigated. This could be explained by
findings suggesting that female mice gain weight slower than male
mice [45,46] and that large metabolic variations are observed in mice
from different housing institutions [47]. Together, previous studies and
the present study show that rApoA-1 improves glucose tolerance and
muscle glucose uptake independently of the gender of the mice.
Considering the glucose lowering properties of ApoA-1 concomitant
with the beneficial effects on cholesterol efflux and the cardiovascular
system, ApoA-1 mimetics have been suggested as a new anti-diabetic
candidate [16]. Collectively, our data showing independency of AMPK
for ApoA-1-induced glucometabolic effects provides opportunities for
future research into whether combinatorial treatment of diabetes with
ApoA-1 mimetics and AMPK activators [48e51] have enhanced effi-
cacy, since they function through different signaling pathways.
In conclusion, we report that rApoA-1 lowers blood glucose and im-
proves glucose tolerance in HFD-fed mice by increasing glucose
disposal into skeletal and heart muscle, both with and without inhi-
bition of circulating insulin. These effects are independent of muscle
AMPKa2, which was previously suggested in cell-based studies.
Instead, we hypothesize that the vascular system or systemic factors
are necessary for ApoA-1 to increase glucose uptake into muscle,
because ApoA-1 was not able to induce glucose uptake in isolated
muscle ex vivo.
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