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Abstract

Background: Emerging evidence suggests that high density lipoprotein (HDL) may modulate glucose metabolism through
multiple mechanisms including pancreatic insulin secretion as well as insulin-independent glucose uptake into muscle. We
hypothesized that HDL may also increase skeletal muscle insulin sensitivity via cholesterol removal and anti-inflammatory
actions in macrophages associated with excess adiposity and ectopic lipid deposition.

Methods: Human primary and THP-1 macrophages were treated with vehicle (PBS) or acetylated low density lipoprotein
(acLDL) with or without HDL for 18 hours. Treatments were then removed, and macrophages were incubated with fresh
media for 4 hours. This conditioned media was then applied to primary human skeletal myotubes derived from vastus
lateralis biopsies taken from patients with type 2 diabetes to examine insulin-stimulated glucose uptake.

Results: Conditioned media from acLDL-treated primary and THP-1 macrophages reduced insulin-stimulated glucose
uptake in primary human skeletal myotubes compared with vehicle (primary macrophages, 168621% of basal uptake to
104619%; THP-1 macrophages, 14268% of basal uptake to 10866%; P,0.05). This was restored by co-treatment of
macrophages with HDL. While acLDL increased total intracellular cholesterol content, phosphorylation of c-jun N-terminal
kinase and secretion of pro- and anti-inflammatory cytokines from macrophages, none were altered by co-incubation with
HDL. Insulin-stimulated Akt phosphorylation in human skeletal myotubes exposed to conditioned media was unaltered by
either treatment condition.

Conclusion: Inhibition of insulin-stimulated glucose uptake in primary human skeletal myotubes by conditioned media
from macrophages pre-incubated with acLDL was restored by co-treatment with HDL. However, these actions were not
linked to modulation of common pro- or anti-inflammatory mediators or insulin signaling via Akt.
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Introduction

While circulating high-density lipoprotein (HDL) is well-

established to protect against atherosclerotic vascular disease,

there is increasing evidence that it may also have anti-diabetic

properties [1–4]. The mechanisms accounting for the actions of

HDL on glucose metabolism are multiple and include actions both

in the pancreas [2,4] and skeletal muscle [2]. In the pancreas,

HDL promotes glucose-stimulated insulin secretion via both direct

effects [4] as well as secondary to cholesterol efflux [5–8]. HDL

also acts directly on skeletal muscle to enhance insulin-indepen-

dent glucose uptake through direct signaling pathways involving

AMPK [2], but recent evidence suggests an additional effect of

HDL on insulin-dependent pathways [1]. In the Investigation of

Lipid Level Management to Understand its Impact in Atheroscle-

rotic Events (ILLUMINATE) trial, HDL-elevation with the

cholesteryl ester transfer protein (CETP) inhibitor, torcetrapib

reduced plasma glucose, insulin and HOMA-IR in patients with

diabetes, suggesting that the treatment may have improved insulin

sensitivity. It is possible that effects of HDL on insulin sensitivity

may be secondary to the anti-inflammatory actions of HDL on

activated immune cells [9,10].
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In the context of atherosclerosis, HDL inhibits inflammatory

events via both direct transcriptional mechanisms and via cellular

cholesterol removal [11,12]. The anti-inflammatory actions of

HDL on macrophages may also have relevance in mitigating

against insulin resistance associated with macrophage inflamma-

tory responses. Obesity is associated with macrophage infiltration

and activation in adipose tissue [13]. Consequent cytokine release,

particularly tumour necrosis factor (TNF)-a, impairs insulin

signaling and sensitivity in skeletal muscle [13–15]. The reduction

in plasma HDL concentration and functionality associated with

obesity and type 2 diabetes [16,17], may therefore be linked to

impaired insulin sensitivity in skeletal muscle, which accounts for

the majority of insulin-stimulated glucose disposal in the body

[18]. We hypothesized that HDL increases insulin-sensitivity via

cholesterol removal and anti-inflammatory actions in macrophag-

es associated with excess adiposity/ectopic lipid deposition. In this

study we used primary myotube cultures derived from newly

diagnosed, unmedicated, patients with early-stage type 2 diabetes,

since this is a population for whom HDL elevation may be

clinically relevant. The specific aims were to determine whether:

(i) Addition of conditioned media from acetylated low density

lipoprotein (acLDL) loaded human macrophages (primary

and THP-1) to myotubes would impair insulin-stimulated

glucose uptake.

(ii) Co-treatment of cholesterol-loaded macrophages with HDL

would ameliorate the effects of acLDL on insulin-stimulated

skeletal muscle glucose uptake in myotube cultures from

patients with type 2 diabetes.

(iii) The effect of HDL could be attributed to cholesterol

removal and anti-inflammatory actions on macrophages.

Inhibition of insulin-stimulated glucose uptake in primary

human skeletal myotubes by conditioned media from macrophag-

es pre-incubated with acLDL was restored by co-treatment with

HDL. However, these actions were not linked to modulation of

common pro- or anti-inflammatory mediators or insulin signaling

via Akt. This study together with a growing body of evidence

linking HDL to glucose metabolism, may inform development of

therapeutics aimed at elevating plasma HDL levels in the context

of type 2 diabetes.

Methods

Study Design Overview
Human primary and THP-1 macrophages were incubated with

vehicle (PBS), acLDL with or without HDL for 18 hours.

Treatments were then removed, and macrophages were incubated

with fresh media. After 4 hours, conditioned media, from both

human primary and THP-1 macrophages was applied to primary

human skeletal myotubes derived from vastus lateralis biopsies

from patients with type 2 diabetes at a final concentration of 2%

(diluted in regular media). After 24 hours insulin-stimulated

(30 min) glucose uptake and Akt phosphorylation were examined.

Cytokines and phosphorylation of the hierarchical regulator of

macrophage inflammation JNK were also examined in the

conditioned media as well as cholesterol content of macrophages.

This study was approved by the Alfred Hospital Human

Research Ethics Committee, and informed written consent was

obtained from all volunteers.

Primary Human Monocyte Culture
Fourteen healthy volunteers (31.662.1 yrs; weight

69.562.5 kg; BMI 23.660.7 kg/m2; fasting glucose

4.960.1 mmol/l; mean 6 SEM) each donated a total of 150 ml

of blood.

Human monocytes were isolated by density-gradient centri-

fugation (Ficoll-Paque; GE Healthcare, Rydalmere, NSW,

Australia), followed by Miltenyi MACS magnetic bead sorting

for CD14, as per manufacturer’s instructions (Miltenyi Biotech,

North Ryde, NSW, Australia). In preliminary experiments

population purity of monocytes utilizing this protocol were

analyzed and found to be .80%, as determined by immuno-

fluorescent staining with anti-CD14 monoclonal antibody (BD

Biosciences, North Ryde, NSW, Australia) and forward and side

scatter analysis (FACSCalibur; BD Biosciences, North Ryde,

NSW, Australia). Monocytes were resuspended at a concentra-

tion of 16106 cells/ml in Iscove’s Modified Dulbecco’s Medium

(IMDM), supplemented with 10% human serum and 1%

penicillin-streptomycin (Invitrogen, Mulgrave, Vic, Australia)

and 50 ng/ml macrophage colony stimulating factor (MCSF;

Sigma-Aldrich, Castle Hill, NSW, Australia) then plated on

extracellular matrix coated 6-well plastic cell culture plates to

differentiate for 5 days.

THP-1 Macrophage Cell Culture
THP-1 macrophages, a human monocyte cell line, were

cultured in RPMI 1640 Medium supplemented with 10% heat-

inactivated fetal calf serum and 1% penicillin-streptomycin. Cells

were seeded in 6-well plates at a density of 26106/well, and

differentiated to macrophages using phorbol-12-myristate-13-

acetate (PMA, 100 ng/ml; Sigma), for 3 days.

Skeletal Muscle Cell Culture
Potential participants were screened for type 2 diabetes using

standard criteria (fasting plasma glucose .7.1 mmol/l or a 2 hour

blood glucose level of .11.1 mmol/l after a 75 g oral glucose

load; oral glucose tolerance test). Five unmedicated, male

volunteers with newly identified type 2 diabetes (Table 1)

underwent a percutaneous vastus lateralis muscle biopsy

(,120 mg) from which satellite myoblasts were isolated [19].

The cells were seeded on extracellular matrix coated plates and

cultured to confluence in normal growth media (a-MEM

supplemented with 10% fetal calf serum and 1% penicillin-

streptomycin) and differentiated to myotubes in a-MEM contain-

ing 2% horse serum for 5 days.

Lipoprotein Isolation and Treatment
HDL and LDL were isolated by isopycnic gradient ultracen-

trifugation from pooled plasma taken from healthy individuals, as

previously described [4] with modification of the density gradient

to isolate total HDL (HDL2 and HDL3) from 1.085–1.21 g/ml

[20]. To acetylate LDL, 150 ml of saturated sodium acetate and

2 ml of acetic anhydride was added per mg of LDL. After isolation,

lipoproteins were dialyzed in phosphate-buffered saline (PBS)

containing EDTA for 24 hours and stored at 4uC. HDL and

acLDL were both stored at 4uC for up to 8 weeks. Total protein

content (BCA protein assay reagents; BioRad, Gladesville, NSW,

Australia) of all lipoprotein isolates and their derivatives were

quantified and added to cultures in units based on total protein

content, according to our previous studies [2]. The lipid loading

condition of acLDL included addition of 10 g/ml Sandoz 58-035

reagent (Sigma Aldrich, Castle Hill, NSW, Australia) to inhibit

Acyl-CoA: cholesterol acyltransferase (ACAT), resulting in high

levels of free intracellular cholesterol, and hereafter will be referred

to as acLDL treatment.

Inflammation-Induced Insulin Resistance and HDL
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Conditioned Media Experiments
Human primary or THP-1 macrophages were incubated in 2%

serum with vehicle (PBS) or with/without HDL (50 mg/ml)

containing 75 mg/ml acLDL for 18 hours. They were then

incubated with fresh serum-free media+0.1% BSA for 4 hours,

which was then collected and used for subsequent experiments at a

concentration of 2%.

Glucose Uptake
Glucose uptake was determined by the well-established 2-deoxy-

glucose method [21]. Non-transporter mediated uptake was

assessed using cytochalasin-B (10 mmol/L), which was subtracted

from total 2-deoxy-glucose uptake.

Western Blotting
Primary human skeletal myotubes were incubated in a-MEM

supplemented with 2% horse serum and treated for 18 hours with

conditioned media (described above) prior to insulin treatment for

30 minutes. Cells were washed with ice-cold PBS, lysed in protein

lysis buffer and western blotting performed as previously described

[2]. Phosphorylation of Akt was measured using an antibody to

detect phosphorylation of Serine-473 (Cell Signaling, Danvers,

MA, USA). Total beta-actin protein was quantified as an

endogenous control protein (Cell Signaling). Immuno-reactive

bands were detected using an anti-rabbit HRP-conjugated

secondary antibody (BioRad) followed by enhanced chemilumi-

nescence imaging on a BioRad Geldoc XRS+ system (BioRad)

and quantified on Quantity One software (BioRad).

THP-1 macrophages were incubated in RPMI with 2% horse

serum and treated for designated times with either vehicle (PBS),

HDL (50 mg/ml) and/or acLDL (75 mg/ml). Cells were washed in

PBS and lysed in protein lysis buffer and western blotting

performed as previously described [2]. Phosphorylation of JNK

was measured using an antibody to detect phosphorylation of

Threonine-183 and Tyrosine-185 (Cell Signaling). Immuno-

reactive bands were detected using an anti-rabbit HRP-conjugated

secondary antibody (BioRad), visualized and quantified as

described above.

Multiplex Cytokine Assay
Cytokine (granulocyte-monocyte colony-stimulating factor

(GM-CSF); interleukin (IL)-8; TNF-a; IL-1 receptor antagonist

(IL-1ra); monocyte chemoattractant protein 1 (MCP1); macro-

phage inflammatory protein (MIP)-1a; MIP-1b; regulated upon

activation normal T-cell expressed and secreted (RANTES); IL-

10) concentrations were simultaneously quantified in secretion

media collected from human primary macrophages treated with

vehicle (PBS), acLDL vs. acLDL with HDL for 18 hours using a

Human Fluorokine MultiAnalyte Profiling kit (Human Multi-

Analyte Profiling Base Kit A, RnD Systems, Minneapolis, MN,

USA).

Intracellular Cholesterol and Protein Content
Intracellular cholesterol and protein content were determined in

cell extracts (26106 cells/ml). Total cholesterol (free cholesterol

and cholesteryl esters) was measured using an Amplex Red

cholesterol assay kit (Invitrogen). Cells were lysed in phosphate-

buffered saline, then assayed according to the manufacturer’s

instructions, and corrected for total cell protein using a BCA

Protein Assay Reagent (Biorad).

Statistical Analyses
Data were compared by one-way ANOVA or repeated-

measures ANOVA, with least significant difference (LSD) post-

hoc tests used to compare individual means as appropriate. Results

are expressed as mean 6 SEM, and all analyses were conducted

using SPSS (v15) software. A significance level of P,0.05 was

used.

Results

Media From acLDL-loaded Macrophages Impairs Insulin-
mediated Skeletal Muscle Glucose Uptake and is
Restored by HDL Co-treatment

Basal glucose uptake (in the absence of insulin) in human

skeletal muscle myotubes was not different between any of the

three conditioned media treatments (vehicle, acLDL or acLDL

plus HDL) whether expressed as absolute/raw values or as a

percentage change from vehicle (Figure 1a). In response to

insulin, vehicle-treated, pre-conditioned media elicited a robust

increase in glucose uptake of 168621% (relative to basal of 100%)

(Figure 1b) which was of a magnitude similar to that observed in

the absence of pre-conditioned media (164620%, n = 6, p = 89).

Compared to the vehicle condition, treatment with acLDL

decreased insulin-stimulated glucose uptake significantly to

104619% above basal (P,0.05, Figure 1b). Co-treatment of

macrophages with HDL and acLDL reversed this effect,

increasing insulin-stimulated glucose uptake to 180623% of basal

glucose uptake (P,0.05, Figure 1b). This experiment was

repeated utilizing THP-1 macrophages, and yielded a similar

result. Basal glucose uptake was not different between groups

(Figure 1c). Insulin-stimulated glucose uptake decreased from

14268% of basal in the vehicle condition to 10866% (P,0.05)

after incubation with conditioned media from macrophages

treated with acLDL. Co-treatment of macrophages with HDL

Table 1. Skeletal muscle biopsy/myocyte culture participant
characteristics (n = 5).

Variable Mean ± SEM

Physical characteristics

Age (years) 5364

Weight (kg) 10169

BMI (kg/m2) 3462

Waist:Hip 1.060.1

Cardiovascular

Systolic blood pressure (mmHg) 12463

Diastolic blood pressure (mmHg) 8265

Heart rate (bpm) 6467

Fasting hormones, metabolites, lipids

Glucose (mmol/l) 8.362.5

Insulin (pmol/l) 98621

HbA1c (%) 8.561.0

HDL cholesterol (mmol/l) 1.060.1

LDL cholesterol (mmol/l) 3.060.3

Total cholesterol (mmol/l) 4.860.4

Triacylglycerol (mmol/l) 1.760.2

BMI, body mass index; HbA1c, glycated haemoglobin, HDL; high density
lipoprotein; LDL, low density lipoprotein.
doi:10.1371/journal.pone.0056601.t001
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and acLDL again reversed this effect, increasing insulin-stimulated

glucose uptake to 165622% of basal glucose uptake (P,0.05).

The Effect of HDL is not Associated with Phosphorylation
State of Akt in Skeletal Muscle or Reduction in
Macrophage Cholesterol Content

Human skeletal myotubes were incubated with conditioned

media as described for the glucose uptake experiments above.

Vehicle-treated pre-conditioned media resulted in a significant

and robust (8026132%) phosphorylation of Akt at serine-473, a

common marker of insulin-stimulated Akt activity, and this was

not affected by lipid loading with acLDL, or co-treatment with

HDL (Figure 2a). Treatment of human primary macrophages

with acLDL increased total intracellular cholesterol content by

104639% compared to vehicle (P,0.05). Cholesterol content of

cells incubated with both acLDL and HDL was similar to that of

cells incubated with acLDL alone (Figure 2b).

Treatment of Cholesterol-loaded Macrophages with HDL
Neither Reduces Phosphorylation of JNK nor
Inflammatory Cytokine Release from Macrophages

Phosphorylation of the hierarchical regulator of macrophage

inflammation JNK was unchanged between cells treated with

vehicle, acLDL or acLDL plus HDL in THP-1 macrophages after

treatment for either 1 or 2 hours in RPMI media containing 2%

fetal calf serum (Figure 2c). However, after 4 hours phosphor-

ylation of pJNK was increased in cells treated with acLDL alone

(135617%) or in combination with HDL (170629%; Figure 2c,

P,0.05). Concentrations of IL-8, TNF-a, MIP-1a and MIP-1b in

conditioned media from treated human primary macrophages

were elevated by 18 hour treatment with acLDL (P,0.05) and

remained elevated with the addition of HDL (Table 2). There was

no detectable GM-CSF or IL-10 protein measured in the vehicle

samples, whereas there were detectable amounts after acLDL

treatment with and without HDL (Table 2).

Discussion

The present study demonstrates that impaired insulin sensitivity

induced by cholesterol-loaded macrophages in skeletal muscle can

be prevented by pre-treatment of macrophages with HDL.

Further, this is demonstrated in skeletal myotubes obtained from

newly diagnosed, patients with early-stage type 2 diabetes, and is

therefore relevant to the potential indication of HDL-elevating

agents in this population. The induction of impaired glucose

uptake in skeletal muscle incubated with conditioned media from

macrophages treated with acLDL and the reversal of the effect by

HDL could not be attributed to cholesterol removal or a reduction

in activation of common inflammatory pathways in macrophages.

These observations in primary human macrophage and skeletal

myotubes may offer an explanation for the increased insulin

sensitivity following treatment with the HDL-raising agent,

torcetrapib, a CETP inhibitor in patients with type 2 diabetes [1].

Nutrient oversupply and consequent obesity leads to metabolic

dysregulation in various tissues including liver, brain, skeletal

Figure 1. Basal and insulin-stimulated glucose uptake in cultured skeletal myotubes. Conditioned media (2% in final media volume) from
(a, basal state; b insulin-stimulated) primary human and (c, basal state; d insulin-stimulated) THP-1 macrophages treated with vehicle (PBS), 75 mg/
ml acLDL/10 mg/ml Sandoz compound with or without 50 mg/ml HDL for 18 hours was placed on human primary skeletal myotubes for 24 hours.
Cells were treated with insulin (100 nM) or vehicle for 30 minutes before glucose uptake was measured. n = 6/group; data are presented as mean 6
SEM; *indicates significantly different from Con and acLDL+HDL, P,0.05.
doi:10.1371/journal.pone.0056601.g001

Inflammation-Induced Insulin Resistance and HDL
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muscle, adipose tissue, pancreatic b-cells and immune cells (for

review see [22]). Insulin resistance in skeletal muscle is of

particular importance, since it is the primary site for post-prandial

glucose disposal in humans. While defects arise that are intrinsic to

this tissue as a result of nutrient oversupply, it is now well known

that endocrine or paracrine signals from other dysregulated tissues

can impact upon skeletal muscle to further impair insulin

sensitivity [22]. In particular, excessive macrophage lipid accu-

mulation in mice results in skeletal muscle insulin resistance

[23,24]. In addition, a study utilizing macrophage conditioned

media after lipid exposure under conditions similar to those in the

present study, demonstrated impaired phosphorylation of Akt in

skeletal muscle [25]. Inflammatory activation of macrophages

results in the release of a number of factors, the most prominent of

which is TNF-a, that impair skeletal muscle insulin sensitivity

[15,26,27]. As a result, reduction in inflammatory activation of

macrophages has been considered an important target for obesity-

induced insulin resistance [28,29].

Despite recent setbacks related to clinical trials with CETP

inhibitors, elevating HDL is recognised as a strategy to reduce

residual cardiovascular risk in optimally managed, high-risk

patients, through mechanisms which include inhibition of vascular

inflammatory processes [9,11]. It has become evident that

manipulation of HDL could also provide important therapeutic

value for other disease states characterized by low-grade chronic

inflammation. Since low grade immune cell activation/inflamma-

tion is associated with insulin resistance in skeletal muscle, we

proposed that cholesterol loading via acLDL would induce

macrophage inflammation, and that addition of HDL would

prevent the lipid-induced inflammatory processes that result in

skeletal muscle insulin resistance.

The conditioned media model employed in this study was

designed as a model of lipid loading resulting in significant free

cholesterol accumulation in macrophages and subsequent induc-

tion of inflammation, as indicated by increased phosphorylation of

JNK [30]. Treatment with acLDL resulted in significant

cholesterol loading, increased JNK phosphorylation and release

of cytokines from macrophages. Conditioned media from lipid-

loaded macrophages impaired insulin-stimulated glucose uptake

Figure 2. Myotube Akt phosphorylation, human primary
macrophage cholesterol content and THP-1 macrophage JNK
phosphorylation. (a) Phosphorylation of Akt at Serine-473 in human
primary skeletal myotubes treated as for Figure 1, n = 6/group. (b) Total
intracellular cholesterol (free cholesterol and cholesteryl esters) in
human primary macrophages after treatment with vehicle (PBS) or
75 mg/ml acLDL/10 mg/ml Sandoz with or without 50 mg/ml HDL for 18
hours, n = 6/group. (c) Phosphorylation of JNK in THP-1 macrophages
treated with vehicle or 75 mg/ml acLDL/10 mg/ml Sandoz with or
without 50 mg/ml HDL for 1, 2 and 4 hours. n = 9/group; data are
presented as mean 6 SEM; *indicates significantly different from Con at
the corresponding time point, P,0.05.
doi:10.1371/journal.pone.0056601.g002

Table 2. Concentration (pg/ml, mean 6 SEM) of cytokines
measured in media taken from primary human macrophages
after incubation with vehicle (PBS) or acLDL with or without
HDL.

Cytokine (pg/ml) Vehicle acLDL acLDL+HDL

GM-CSF ND 4836243 5206241

IL-8 219161077 62931622647* 71201631284*

TNF-a 27610 384761055* 27846994*

IL-1 RA 71536629032 122636636818 120776641493

MCP1 312661319 772562989 883763736

MIP-1a 99627 56225616782* 44473613117*

MIP-1b 88647 1710165508* 1818366645*

RANTES 2869 10426303* 9096244*

IL-10 ND 6846144 5896130

Media was added to skeletal myotube cultures at a concentration of 2% (diluted
in regular media). *indicates significantly increased above Con, P,0.05. ND: Not
detectable.
GM-CSF, granulocyte-monocyte colony-stimulating factor; IL-8, interleukin-8;
TNF-a, tumor necrosis factor-a; IL-1ra, interleukin-1 receptor antagonist; MCP1,
monocyte chemoattractant protein 1; MIP-1a, macrophage inflammatory
protein-1a; MIP-1b, macrophage inflammatory protein-1b; RANTES, regulated
upon activation normal T-cell expressed and secreted; IL-10, interleukin-10.
doi:10.1371/journal.pone.0056601.t002
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when transferred to human skeletal myotubes. While HDL co-

treatment reversed the effect, total intracellular cholesterol

content, phosphorylation of JNK and pro-inflammatory cytokine

release were not altered. Furthermore, while Akt phosphorylation

in these myotubes, a marker of insulin signaling, increased robustly

with insulin, there was no treatment effect. This discordance

between glucose disposal and insulin signaling via Akt in cultured

muscle cells has been previously reported [31], supporting the

emerging concept of a disconnect between the interaction of

GLUT4 within the plasma membrane and classical insulin

signaling [32,33].

The factor(s) in the conditioned media accounting for the

changes in insulin-mediated glucose uptake in the presence and

absence of HDL thus remain unknown. Potential candidates may

involve lesser known inflammatory pathways, lipids secreted into

the conditioned media or reactive oxygen species. Given the

important role of both LDL and HDL in cellular lipid exchange it

is highly likely that the various interventions had differential effects

on the lipid composition of the conditioned media. In particular

co-incubation of macrophages with acLDL and HDL would be

expected to result in net movement of pro-inflammatory lipids to

HDL particles within the media, thus depleting the macrophages

of certain lipids, and possibly enriching for others. The experi-

mental paradigm then involved removal of this media (including

lipids within the media lipoproteins) and replacement with fresh

media. Macrophage lipid secretion into the conditioned media

could thus be different depending on the prior presence or absence

of HDL.

Given that lipids are now known to play an important role as

signaling molecules [34], this is a plausible mechanism. Secreted

bioactive ‘lipokines’ have been identified previously [35], and such

lipids may signal directly in target cells, or alter sarcolemmal

membrane dynamics, such as facilitating translocation of glucose

transporters to and from the cell surface. On this basis, we

conducted lipidomic analysis of the conditioned media which

assessed over 230 individual lipid species using electrospray-

ionisation tandem mass spectrometry (data not shown) [36].

However, none of the individual lipid species or family of lipids

assessed were different in the conditioned media after the three

treatments in such a way as might explain our insulin-mediated

glucose uptake data.

Limitations
A number of potential mechanisms for the observed effects were

investigated in this study, but none fully explained our results.

Further work is required to elucidate the exact mechanisms of the

effects of pre-treatment with acLDL with and without HDL on

secreted factors from macrophages regulating insulin sensitivity in

skeletal muscle.

Conclusion
While the field of HDL therapeutics has yet to deliver a safe and

efficacious agent to reduce cardiovascular events, evidence is

emerging for a role of HDL in glucose metabolism [1–3]. In the

present study further weight is added to this body of literature by

demonstrating that HDL restores defective insulin-stimulated

glucose uptake induced by lipid laden macrophages. Additional

studies are required to identify the factors responsible for

mediating this process, which appear to be independent of

common immunomodulatory cytokines. This study supports the

concept that HDL-raising strategies may play a role in the

prevention and management of type 2 diabetes.

Acknowledgments

We would like to thank Maryann Arnstein for technical assistance and the

research participants for their time and interest in our study.

Author Contributions

Conceived and designed the experiments: ALC ALS MR AKN PJM DS

BGD BAK. Performed the experiments: ALC ALS MR AKN WD BGD.

Analyzed the data: ALC ALS AKN MR WD PJM BGD BAK.

Contributed reagents/materials/analysis tools: ALC ALS MR AKN WD

PJM DS BGD BAK. Wrote the paper: ALC ALS MR AKN WD PJM DS

BGD BAK.

References

1. Barter PJ, Rye KA, Tardif JC, Waters DD, Boekholdt SM, et al. (2011) Effect of

torcetrapib on glucose, insulin, and hemoglobin A1c in subjects in the
Investigation of Lipid Level Management to Understand its Impact in

Atherosclerotic Events (ILLUMINATE) trial. Circulation 124: 555–562.

2. Drew BG, Duffy SJ, Formosa MF, Natoli AK, Henstridge DC, et al. (2009)

High-density lipoprotein modulates glucose metabolism in patients with type 2
diabetes mellitus. Circulation 119: 2103–2111.

3. Drew BG, Rye KA, Duffy SJ, Barter P, Kingwell BA (2012) The emerging role
of HDL in glucose metabolism. Nat Rev Endocrinol 8: 237–245.

4. Fryirs MA, Barter PJ, Appavoo M, Tuch BE, Tabet F, et al. (2010) Effects of
high-density lipoproteins on pancreatic beta-cell insulin secretion. Arterioscler

Thromb Vasc Biol 30: 1642–1648.

5. Brunham LR, Kruit JK, Pape TD, Timmins JM, Reuwer AQ, et al. (2007) Beta-

cell ABCA1 influences insulin secretion, glucose homeostasis and response to
thiazolidinedione treatment. Nat Med 13: 340–347.

6. Kruit JK, Kremer PH, Dai L, Tang R, Ruddle P, et al. (2010) Cholesterol efflux
via ATP-binding cassette transporter A1 (ABCA1) and cholesterol uptake via the

LDL receptor influences cholesterol-induced impairment of beta cell function in
mice. Diabetologia 53: 1110–1119.

7. Kruit JK, Wijesekara N, Fox JE, Dai XQ, Brunham LR, et al. (2011) Islet
cholesterol accumulation due to loss of ABCA1 leads to impaired exocytosis of

insulin granules. Diabetes 60: 3186–3196.

8. Vergeer M, Brunham LR, Koetsveld J, Kruit JK, Verchere CB, et al. (2010)

Carriers of loss-of-function mutations in ABCA1 display pancreatic beta-cell
dysfunction. Diabetes Care 33: 869–874.

9. Murphy AJ, Woollard KJ, Hoang A, Mukhamedova N, Stirzaker RA, et al.
(2008) High-density lipoprotein reduces the human monocyte inflammatory

response. Arterioscler Thromb Vasc Biol 28: 2071–2077.

10. Yvan-Charvet L, Pagler T, Gautier EL, Avagyan S, Siry RL, et al. (2010) ATP-

binding cassette transporters and HDL suppress hematopoietic stem cell

proliferation. Science 328: 1689–1693.

11. Patel S, Drew BG, Nakhla S, Duffy SJ, Murphy AJ, et al. (2009) Reconstituted

high-density lipoprotein increases plasma high-density lipoprotein anti-inflam-

matory properties and cholesterol efflux capacity in patients with type 2 diabetes.

J Am Coll Cardiol 53: 962–971.

12. Terasaka N, Wang N, Yvan-Charvet L, Tall AR (2007) High-density lipoprotein

protects macrophages from oxidized low-density lipoprotein-induced apoptosis

by promoting efflux of 7-ketocholesterol via ABCG1. Proc Natl Acad Sci U S A

104: 15093–15098.

13. Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL, et al. (2003)

Obesity is associated with macrophage accumulation in adipose tissue. J Clin

Invest 112: 1796–1808.

14. Hotamisligil GS (2006) Inflammation and metabolic disorders. Nature 444: 860–

867.

15. Hotamisligil GS, Shargill NS, Spiegelman BM (1993) Adipose expression of

tumor necrosis factor-alpha: direct role in obesity-linked insulin resistance.

Science 259: 87–91.

16. Ford ES, Giles WH, Dietz WH (2002) Prevalence of the metabolic syndrome

among US adults: findings from the third National Health and Nutrition

Examination Survey. JAMA 287: 356–359.

17. Hoang A, Drew BG, Low H, Remaley AT, Nestel P, et al. (2007) Mechanism of

cholesterol efflux in humans after infusion of reconstituted high-density

lipoprotein. Eur Heart J 33: 657–665.

18. Thiebaud D, Jacot E, DeFronzo RA, Maeder E, Jequier E, et al. (1982) The

effect of graded doses of insulin on total glucose uptake, glucose oxidation, and

glucose storage in man. Diabetes 31: 957–963.

19. Chen MB, McAinch AJ, Macaulay SL, Castelli LA, O’Brien P E, et al. (2005)

Impaired activation of AMP-kinase and fatty acid oxidation by globular

adiponectin in cultured human skeletal muscle of obese type 2 diabetics. J Clin

Endocrinol Metab 90: 3665–3672.

Inflammation-Induced Insulin Resistance and HDL

PLOS ONE | www.plosone.org 6 February 2013 | Volume 8 | Issue 2 | e56601



20. Huang R, Silva RA, Jerome WG, Kontush A, Chapman MJ, et al. (2011)

Apolipoprotein A-I structural organization in high-density lipoproteins isolated
from human plasma. Nat Struct Mol Biol 18: 416–422.

21. Carey AL, Steinberg GR, Macaulay SL, Thomas WG, Holmes AG, et al. (2006)

Interleukin-6 increases insulin-stimulated glucose disposal in humans and
glucose uptake and fatty acid oxidation in vitro via AMP-activated protein

kinase. Diabetes 55: 2688–2697.
22. Gregor MF, Hotamisligil GS (2011) Inflammatory mechanisms in obesity. Annu

Rev Immunol 29: 415–445.

23. Hevener AL, Olefsky JM, Reichart D, Nguyen MT, Bandyopadyhay G, et al.
(2007) Macrophage PPAR gamma is required for normal skeletal muscle and

hepatic insulin sensitivity and full antidiabetic effects of thiazolidinediones. J Clin
Invest 117: 1658–1669.

24. Solinas G, Vilcu C, Neels JG, Bandyopadhyay GK, Luo JL, et al. (2007) JNK1
in hematopoietically derived cells contributes to diet-induced inflammation and

insulin resistance without affecting obesity. Cell Metab 6: 386–397.

25. Varma V, Yao-Borengasser A, Rasouli N, Nolen GT, Phanavanh B, et al. (2009)
Muscle inflammatory response and insulin resistance: synergistic interaction

between macrophages and fatty acids leads to impaired insulin action.
Am J Physiol Endocrinol Metab 296: E1300–1310.

26. Hotamisligil GS, Murray DL, Choy LN, Spiegelman BM (1994) Tumor necrosis

factor alpha inhibits signaling from the insulin receptor. Proc Natl Acad Sci U S A
91: 4854–4858.

27. Steinberg GR, Michell BJ, van Denderen BJ, Watt MJ, Carey AL, et al. (2006)
Tumor necrosis factor alpha-induced skeletal muscle insulin resistance involves

suppression of AMP-kinase signaling. Cell Metab 4: 465–474.

28. Goldfine AB, Fonseca V, Jablonski KA, Pyle L, Staten MA, et al. (2010) The

effects of salsalate on glycemic control in patients with type 2 diabetes: a

randomized trial. Ann Intern Med 152: 346–357.

29. Goldfine AB, Silver R, Aldhahi W, Cai D, Tatro E, et al. (2008) Use of salsalate

to target inflammation in the treatment of insulin resistance and type 2 diabetes.

Clin Transl Sci 1: 36–43.

30. Devries-Seimon T, Li Y, Yao PM, Stone E, Wang Y, et al. (2005) Cholesterol-

induced macrophage apoptosis requires ER stress pathways and engagement of

the type A scavenger receptor. J Cell Biol 171: 61–73.

31. Singh I, Carey AL, Watson N, Febbraio MA, Hawley JA (2008) Oxidative stress-

induced insulin resistance in skeletal muscle cells is ameliorated by gamma-

tocopherol treatment. Eur J Nutr 47: 387–392.

32. Elmendorf JS (2004) Fluidity of insulin action. Mol Biotechnol 27: 127–138.

33. Hoffman NJ, Elmendorf JS (2011) Signaling, cytoskeletal and membrane

mechanisms regulating GLUT4 exocytosis. Trends Endocrinol Metab 22: 110–

116.

34. Quehenberger O, Dennis EA (2011) The human plasma lipidome. N Engl J Med

365: 1812–1823.

35. Cao H, Gerhold K, Mayers JR, Wiest MM, Watkins SM, et al. (2008)

Identification of a lipokine, a lipid hormone linking adipose tissue to systemic

metabolism. Cell 134: 933–944.

36. Meikle PJ, Wong G, Tsorotes D, Barlow CK, Weir JM, et al. (2011) Plasma

lipidomic analysis of stable and unstable coronary artery disease. Arterioscler

Thromb Vasc Biol 31: 2723–2732.

Inflammation-Induced Insulin Resistance and HDL

PLOS ONE | www.plosone.org 7 February 2013 | Volume 8 | Issue 2 | e56601


