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Abstract

Atherosclerotic lesions are characterized by lipid-loaded macrophages (foam cells) and hypoxic regions. Although it is well
established that foam cells are produced by uptake of cholesterol from oxidized LDL, we previously showed that hypoxia
also promotes foam cell formation even in the absence of exogenous lipids. The hypoxia-induced lipid accumulation results
from increased triglyceride biosynthesis but the exact mechanism is unknown. Our aim was to investigate the importance of
glucose in promoting hypoxia-induced de novo lipid synthesis in human macrophages. In the absence of exogenous lipids,
extracellular glucose promoted the accumulation of Oil Red O-stained lipid droplets in human monocyte-derived
macrophages in a concentration-dependent manner. Lipid droplet accumulation was higher in macrophages exposed to
hypoxia at all assessed concentrations of glucose. Importantly, triglyceride synthesis from glucose was increased in hypoxic
macrophages. GLUT3 was highly expressed in macrophage-rich and hypoxic regions of human carotid atherosclerotic
plaques and in macrophages isolated from these plaques. In human monocyte-derived macrophages, hypoxia increased
expression of both GLUT3 mRNA and protein, and knockdown of GLUT3 with siRNA significantly reduced both glucose
uptake and lipid droplet accumulation. In conclusion, we have shown that hypoxia-induced increases in glucose uptake
through GLUT3 are important for lipid synthesis in macrophages, and may contribute to foam cell formation in hypoxic
regions of atherosclerotic lesions.
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Introduction

Lipid-loaded macrophages and regions of hypoxia are well-

known characteristics of atherosclerotic plaques [1]. The lipids in

macrophages are predominantly cholesteryl esters and triglycer-

ides and are stored in cytosolic lipid droplets [2]. Although it is

established that accumulation of these cytosolic lipid droplets

results from increased intracellular levels of cholesterol derived

from uptake of oxidized LDL [3], our previous results indicate that

hypoxia may exacerbate lipid accumulation in macrophages even

in the absence of lipoproteins [4]. We showed that the hypoxia-

induced lipid accumulation in macrophages is a result of increased

triglyceride biosynthesis and decreased â-oxidation [4], but the

exact mechanism is unknown.

Both monocytes and macrophages express glucose transporters

GLUT1 and GLUT3 [5], and a recent study showed that hypoxia

increases glucose uptake in macrophages [6]. Both GLUT1 and

GLUT3 have been shown to be regulated by HIF-1á [7].

Although GLUT1 is expressed at high levels in macrophage-rich

areas of advanced atherosclerotic plaques, it is also abundant in

normal arteries and GLUT1 protein levels do not appear to be

increased by hypoxia [6]. By contrast, the abundance of GLUT3 is

dramatically higher in atherosclerotic plaques compared with

normal arteries [6], suggesting that GLUT3 expression may be

promoted by hypoxia. However, the link between hypoxia-

induced glucose uptake, GLUT3 expression and lipid accumula-

tion remains to be determined.

In this study, we tested the hypothesis that hypoxia-induced

triglyceride synthesis and lipid accumulation in human macro-

phages in the absence of lipoproteins is promoted by increased

glucose uptake. Furthermore, we investigated the role of GLUT3

in this process.

Materials and Methods

Primary Human Macrophages
Buffy coats were obtained from the local blood bank at

Sahlgrenska University Hospital, Gothenburg, and human mono-

nuclear cells were isolated by centrifugation in a discontinuous

gradient of Ficoll-Paque (Pharmacia). Cells were seeded at a

density of 26106 cells/ml and differentiated into macrophages in

Macrophage-SFM (Gibco) containing granulocyte macrophage

colony stimulating factor for 3 days followed by 4 days in serum-

free RPMI 1640 (containing 11 mmol/l glucose).

To test the effect of extracellular glucose, macrophages were

incubated in RPMI containing 1 mmol/l glucose for 5 h and then

incubated with the indicated concentration of glucose in hypoxic

(1% O2) or normoxic (21% O2) conditions for 24 h.
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Quantification of Oil Red O-stained Lipid Droplets
The total Oil Red O surface area was quantified as described in

[8].

Lipid Analysis of Isolated Lipid Droplets
Lipid droplets were isolated by gradient ultracentrifugation after

nitrogen cavitation [9]. Lipids were extracted from droplets and

quantified using straight-phase high-performance liquid chroma-

tography with evaporative light scattering detection according to

previous work [10].

Glucose Uptake
Glucose uptake was measured as described [11]. Macrophages

in 6-well plates were washed with uptake buffer containing

20 mmol/l Hepes, pH 7.4, 140 mmol/l NaCl, 5 mmol/l KCl,

1 mmol/l CaCl2 and 2.5 mmol/l MgSO4. Cells were then

incubated with uptake buffer with 10 mmol/l deoxyglucose and

1 mCi/ml 2-deoxy-D-[2,6-3H]-glucose at 37uC. After 15 min, the

cells were washed and harvested in 0.2 mol/l NaOH and the level

of radioactivity was measured.

Triglyceride Synthesis
Triglyceride synthesis was measured as described previously

[12]. Briefly, macrophages were incubated for 24 h with serum-

free RPMI 1640 containing 0.2 mCi/ml D-[1-14C]glucose (Amer-

sham Biosciences). Cells were then washed three times with cold

PBS and harvested in PBS. Lipids were extracted and triglycerides

were separated with thin layer chromatography [13]. Finally, the

level of radioactivity in the triglycerides was measured.

Lactate Synthesis
Macrophages were incubated with 1.5 kBq/ml D-[14C(U)]glu-

cose for 24 h. Lactate production was measured in the medium as

described previously [14].

Fatty Acid Synthase Activity
Fatty acid synthase activity was measured as incorporation of

14C-labeled malonyl-CoA into fatty acids as described [15].

Atherosclerotic Plaques and Isolation of Plaque
Macrophages

Carotid endarterectomies from patients with high-grade symp-

tomatic carotid artery stenosis were obtained from the Göteborg

and Umeå Atheroma Study Group biobank (http://www.wlab.gu.

se/bergstrom/guvasc/). The study protocol was approved by the

Ethical Committee of the University of Gothenburg (Dnr.404 -

09), and all subjects gave written informed consent.

For immunohistochemical studies, endarterectomies were fixed

in formalin immediately after removal and embedded in paraffin

blocks. Serial paraffin-embedded 5 mm sections were exposed to

high-temperature antigen unmasking, and incubated with mouse

monoclonal anti-human CD68 (1:500; Novocastra Laboratories),

anti-GLUT3 (1:100; Abcam), and anti-HIF-1a (1:400; Novus

Biologicals). The stained sections were photographed using a Zeiss

Mirax Scanner (Zeiss).

For isolation of plaque macrophages, endarterectomies from

eight randomly selected patients were placed in Hank’s balanced

salt solution immediately after removal. Aortic tissue from the

carotid specimens was digested with collagenase as described [16],

and the cells were suspended in RPMI 1640 medium supple-

mented with 1% bovine serum albumin. Macrophages were

isolated by incubation with antibodies against the macrophage

surface marker CD14 (BD Biosciences). The rosetting procedure

was carried out by mixing pretreated cells with magnetic

DynabeadsH coated with sheep anti-mouse IgG (www.invitrogen.

com, Life Technologies), and the target cells were isolated with a

magnet. Rosetted cells were washed several times with phosphate-

buffered saline, and the absence of nonrosetted cells was confirmed

by light microscopy. Cell viability assessed by trypan blue dye

exclusion showed that 74.3% 65.2% of CD14+ cells were viable.

Total RNA was extracted from the isolated CD14+ cells.

Analysis of Gene and Protein Expression
Total RNA was isolated with the RNeasy kit (Qiagen). cDNA

was synthezised using the high capacity cDNA reverse transcrip-

tion kit (Applied Biosystems) with random primers. mRNA

expression of GLUT3 and actin was analyzed with TaqMan

real-time PCR in an ABI PRISM 7700 sequence detection system

(Applied Biosystems).

Immunoblots were prepared as described [11]. Total cellular

lysates were prepared from human macrophages. Antibodies to

GLUT3 and Tubulin were from Abcam.

Immunocytochemistry
Immunostaining of GLUT3 with FITC-labeled antibodies

(Abcam) and DAPI DNA stain for nuclear imaging in fluorescence

microscopy was performed as recommended in [12].

Transfection with GLUT3 siRNA
For GLUT3 knockdown experiments, primary macrophages

were transfected with 20 nmol/l predesigned GLUT3 siRNA or

negative control siRNA (Applied Biosystems) with HiPerfect

transfection reagent (Qiagen) according to the manufacturers’

recommendation. After 24 h, cells were washed and siRNA was

added again. Cells were then incubated in hypoxia for 24 h before

analysis. To ensure the specificity of the knockdown, two different

siRNA were used.

Statistical Analysis
Data are shown as means 6 SEM. Differences between groups

were assessed with Student’s two-tailed t-test or one-way ANOVA.

Graphpad Prism was used for statistical analysis.

Results and Discussion

We showed that extracellular glucose promoted accumulation of

Oil Red O-stained lipid droplets in human monocyte-derived

Figure 1. Hypoxia-induced increase in glucose uptake promotes accumulation of cytosolic lipid droplets in human macrophages
through increased triglyceride synthesis. (A,B) Human monocyte-derived macrophages were cultured for 24 h in different glucose
concentrations in the absence of exogenous lipids in normoxia (21% O2) or hypoxia (1% O2). (A) Micrograph of Oil Red O–stained macrophages
exposed to the indicated glucose concentrations in normoxia or hypoxia. Scale bar 10 mm. (B) Quantification of (A). Data are mean 6 SEM of all cells
present in 20 randomly selected pictures from each of 7 macrophage donors. (C–E) Human monocytes-derived macrophages were incubated in
medium containing 11 mmol/l glucose for 24 h in normoxia or hypoxia. (C) Glucose uptake. Data are mean 6 SEM from 6 macrophage donors. (D)
Triglyceride biosynthesis from radiolabeled glucose. Data are mean 6 SEM from 7 macrophage donors. (E) Lactate biosynthesis from radiolabeled
glucose. Data are mean 6 SEM from 4 macrophage donors*P,0.05, **P,0.01, ***P,0.001, ****P,0.0001 vs normoxia at same glucose
concentration; {{P,0.01, {{{P,0.001 vs normoxia at 1 mmol/l glucose.
doi:10.1371/journal.pone.0042360.g001
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Figure 2. GLUT3 is abundant in macrophages isolated from human atherosclerotic plaques and in hypoxic human macrophages.
(A) Representative immunohistochemical staining of sections of a human atherosclerotic carotid plaque with antibodies against GLUT3, HIF-1á and
the macrophage marker CD68. (B) GLUT3 and HIF-1á mRNA expression in CD14+ macrophages isolated from 8 human atherosclerotic carotid
plaques. (C–F) GLUT3 mRNA and protein levels in human monocyte-derived macrophages cultured in medium containing 11 mmol/l glucose for
24 h in normoxia (21% O2) or hypoxia (1% O2). (C) Real-time RT-PCR analyses of GLUT3 mRNA expression. Data are mean 6 SEM from 6 macrophage
donors. (D) Representative immunoblots of GLUT3 and tubulin in normoxic (N) and hypoxic (H) human macrophages. (E) Quantification of
immunoblots. Data are mean 6 SEM from 6 macrophage donors. (F) Representative immunoflourescent images of macrophages cultured in
normoxia or hypoxia and stained for GLUT3 (green) and nuclei (blue). Scale bar 10 mm. **P,0.01, ***P,0.001 vs normoxia.
doi:10.1371/journal.pone.0042360.g002
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macrophages in the absence of exogenous lipids in a concentra-

tion-dependent manner (Fig. 1A,B). This effect was observed in

macrophages incubated in both normoxic and hypoxic conditions,

but the lipid droplet formation was higher in hypoxic macrophages

at all assessed concentrations of glucose (Fig. 1B). These data show

that lipid droplet formation is increased with higher extracellular

glucose levels and suggest that hypoxia promotes increased lipid

accumulation even in hyperglycemic conditions.

We showed that lipid droplets isolated from human macro-

phages incubated in 25 mmol/L glucose at normoxia for 24 h

were rich in triglycerides (70.467.2%) with low levels of

cholesterol (19.866.8%) and cholesteryl ester (9.861.1%) (n = 4

macrophage donors). We have previously shown that the lipid

droplets induced in response to hypoxia in human macrophages

are promoted by increased cellular triglyceride levels with no

changes in free cholesterol or cholesteryl ester at high glucose

concentrations [4]. Furthermore, we showed increased glucose

uptake in macrophages incubated in hypoxia (Fig. 1C), in

agreement with earlier studies in human macrophages [6].

Importantly, we showed that hypoxia promoted increased

triglyceride synthesis from radiolabeled glucose (Fig. 1D), which

indicates that hypoxia-induced glucose uptake promotes lipid

droplet formation in human macrophages by increasing triglyc-

eride accumulation. Our data are thus in agreement with

Parathath et al. who showed that hypoxia promotes significant

triglyceride accumulation at both normal and high glucose

concentrations [17].

Because it is well known that hypoxia also enhances glycolysis,

we measured the incorporation of radiolabeled glucose into lactate

in human macrophages. We observed that hypoxia promoted a

1.8-fold increase of the incorporation of glucose into lactate

(Fig. 1E), which was similar to the 1.6-fold increase with hypoxia

observed for the incorporation of glucose into triglycerides

(Fig. 1D). Increased lactate concentration in hypoxic atheroscle-

rotic plaques results in an acidic pH and promotes extracellular

accumulation of lipoproteins [18].

There is very little earlier research showing the link between

hypoxia-induced glucose uptake and triglyceride accumulation,

but our data are in agreement with an early study showing that

glucose is used for triglyceride synthesis in rabbit atherosclerotic

aortas incubated in hypoxia [19]. Recent evidence suggests

potentially important crosstalk between hypoxia and genes

controlling lipogenesis, which results in enhanced lipid synthesis

in macrophages [20]. We previously performed a DNA micro-

array analysis and observed a small increase in the mRNA

expression of stearoyl-CoA desaturase (an enzyme involved in fatty

acid synthesis) in macrophages exposed to hypoxia, but we did not

observe any effects of hypoxia on fatty acid synthase, glycerol-3-

phosphate acyltransferase or acylglycerol phosphate acyltransfer-

ase [4]. In our present study, we also analyzed fatty acid synthase

activity, but did not show any changes in activity of this enzyme in

macrophages exposed to hypoxia compared with normoxia (data

not shown). We therefore do not have any clear evidence to show a

role for increased levels or activity of lipogenesis enzymes in

hypoxia-induced triglyceride accumulation.

An earlier study has shown that uptake of the glucose analog

[18F]-fluorodeoxyglucose (18FDG) is higher in symptomatic

compared with non-symptomatic carotid human lesions, with no

measurable uptake in normal carotid arteries, and that 18FDG

accumulates in macrophage-rich regions of the plaque [21]. This

study suggests that regulation of the glucose uptake mechanisms

differs depending on the severity of the lesion, but the details are

not understood. It is known that GLUT1 is abundant in both

normal arteries and in macrophage-rich regions of atherosclerotic

plaques and does not appear to increase in response to hypoxia

[6]. By contrast, GLUT3 is not detectable in normal arteries and

increases dramatically in macrophage-rich regions of atheroscle-

rotic plaques [6], suggesting that GLUT3 expression is induced by

hypoxia.

Here, we verified that GLUT3 was abundant in macrophage-

rich regions of human atherosclerotic plaques and showed that it

was present in the same areas as the hypoxia marker HIF-1á

(Fig. 2A). We also isolated macrophages from these plaques and

confirmed the presence of GLUT3 mRNA (Fig. 2B). GLUT1,

GLUT4 and GLUT5 mRNA levels were barely detectable (data

not shown). Interestingly, GLUT3 mRNA levels correlated with

HIF-1á mRNA levels (Fig. 2B). In silico analyses of the GLUT3

promoter indicated several potential binding sites for HIF-1á.

Furthermore, an earlier analysis of GLUT3 promoter deletion

sequences indicates that a putative hypoxia-response element is

critical in GLUT3 promoter activity [22]. Thus, it is likely that

increased GLUT3 expression in response to hypoxia is at least

partially induced through a direct effect of HIF-1á.

We also investigated if hypoxia affected GLUT3 levels in

human monocyte-derived macrophages. Indeed, we showed that

hypoxia promoted a 7-fold increase in GLUT3 mRNA expression

(Fig. 2C) and an 6-fold increase in GLUT3 protein levels

(Figs. 2D,E). The increase in GLUT3 protein levels was confirmed

by immunofluorescence (Fig. 2F). Thus, we have shown that

hypoxia promotes increased GLUT3 levels in macrophages, which

could contribute to increased glucose uptake in atherosclerotic

plaques.

We next investigated whether the increased GLUT3 expression

observed in response to hypoxia might play a role in promoting

lipid accumulation. Knockdown of GLUT3 expression by siRNA

in hypoxic macrophages reduced GLUT3 levels by 60–90%

(Fig. 3A,B) and significantly reduced the uptake of 2-deoxy-D-

[2,6-3H]-glucose (Fig. 3C), the incorporation of radiolabeled

glucose into triglycerides (Fig. 3D) and the lipid droplet formation

(Fig. 3E,F). These results indicate that glucose uptake through

GLUT3 plays a major role in hypoxia-induced lipid accumulation

in human macrophages.

In summary, we have shown the importance of glucose and

GLUT3 in promoting hypoxia-induced de novo lipid synthesis in

human monocyte-derived macrophages in the absence of lipopro-

teins. We showed that lipid accumulation increased with

increasing glucose concentration and that the increased lipid

formation was more pronounced in hypoxic conditions. As

expected, hypoxia increased glucose uptake, and, importantly,

we showed that triglyceride synthesis from glucose was increased

in hypoxia. Analysis of human carotid endarterectomies demon-

strated the abundance of GLUT3 in macrophage-rich and

hypoxic regions of the plaques and, more specifically, in

macrophages isolated from these plaques. Furthermore, in human

monocyte-derived macrophages, we showed that hypoxia in-

creased both GLUT3 mRNA and protein levels and that GLUT3

inhibition by siRNA significantly reduced both glucose uptake and

lipid droplet accumulation.

We postulate that triglyceride-loaded macrophages indicate a

potential link between the high levels of circulating glucose

observed in patients with type 2 diabetes and the development of

atherosclerosis. Indeed, vascular uptake of glucose is higher in

patients with higher plasma glucose levels and is associated with

vascular inflammation [23]. Furthermore, patients with type 1

diabetes generally have increased blood glucose levels in the

absence of dyslipidemia, and a clinical study reported that the

increased risk of cardiovascular complications in these patients can

be reduced by improving glycemic control [24]. However,
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Figure 3. GLUT3 knockdown reduces glucose uptake and lipid droplet formation in hypoxic human macrophages. Human monocyte-
derived macrophages were transfected with control siRNA or siRNA against GLUT3 and cultured in medium containing 11 mmol/l glucose for 24 h in
hypoxia (1% O2). (A) Representative immunoblots of GLUT3 and tubulin in hypoxic human macrophages transfected with negative control (NC) or
GLUT3 siRNA. (B) Quantification of (A). Data are mean 6 SEM from 4 macrophage donors. (C) Knockdown of GLUT3 reduces glucose uptake in
hypoxic human macrophages. Data are mean 6 SEM from 6 macrophage donors. (D) Knockdown of GLUT3 reduces triglyceride biosynthesis from
radiolabeled glucose in hypoxic human macrophages. Data are mean 6 SEM from 3 macrophage donors. (E) Micrograph of Oil Red O-stained hypoxic
macrophages transfected with control siRNA or GLUT3 siRNA. Scale bar 10 mm. (F) Quantification of (E). Data are mean 6 SEM of all cells present in 20
randomly selected pictures from each of 4 macrophage donors. *P,0.05; **P,0.01; ***P,0.001 vs negative siRNA control.
doi:10.1371/journal.pone.0042360.g003
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hyperglycemia alone has not been shown to accelerate athero-

sclerosis in animal models and it is likely that other factors such as

basal lipid levels are involved [25]. Our results open up the

possibility that lipid loading of macrophages is caused not only by

endocytosis of LDL or modified LDL, but also by uptake of

glucose and endogenous synthesis of triglycerides.
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