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Introduction
Cardiovascular disease (CVD) resulting from atherosclerosis is due in large part to systemic factors, such 
as increased levels of  low-density lipoprotein (LDL) cholesterol, hypertension, smoking, metabolic syn-
drome, and diabetes. LDL cholesterol is a well-known risk factor for CVD, and the clinical benefit of  
reducing LDL cholesterol by statins has been comprehensively established in both primary and secondary 
prevention studies (1–5). Whereas it is clear that systemic factors contribute in major ways to CVD risk, 
the importance of  local processes in the artery wall is becoming increasingly recognized in humans. Thus, 
recent genomic data from large human studies have identified 5 new CVD risk loci–containing genes that 
encode proteins expressed in smooth muscle cells (SMCs) as well as proteins involved in inflammatory 
processes in the artery wall (6). It is therefore likely that systemic factors synergize with processes in arterial 
SMCs to accelerate atherosclerotic lesion progression to advanced plaques.

Inflammatory processes occur in the lesion during initiation and through progression to advanced clinically 
relevant plaques, and animal models demonstrate that this, in large part, is due to recruitment of blood mono-
cytes, which become lesional macrophages (7–11). There is an interesting relationship between inflammatory 
activation of cells and cellular glucose metabolism; some cells alter their metabolism from oxidative phosphory-
lation to an increased reliance on aerobic glycolysis under inflammatory conditions. For example, inflammatory 

Metabolic syndrome contributes to cardiovascular disease partly through systemic risk factors. 
However, local processes in the artery wall are becoming increasingly recognized to exacerbate 
atherosclerosis both in mice and humans. We show that arterial smooth muscle cell (SMC) 
glucose metabolism markedly synergizes with metabolic syndrome in accelerating atherosclerosis 
progression, using a low-density lipoprotein receptor–deficient mouse model. SMCs in proximity 
to atherosclerotic lesions express increased levels of the glucose transporter GLUT1. Cytokines, 
such as TNF-α produced by lesioned arteries, promote GLUT1 expression in SMCs, which in turn 
increases expression of the chemokine CCL2 through increased glycolysis and the polyol pathway. 
Furthermore, overexpression of GLUT1 in SMCs, but not in myeloid cells, accelerates development 
of larger, more advanced lesions in a mouse model of metabolic syndrome, which also exhibits 
elevated levels of circulating Ly6Chi monocytes expressing the CCL2 receptor CCR2. Accordingly, 
monocyte tracing experiments demonstrate that targeted SMC GLUT1 overexpression promotes 
Ly6Chi monocyte recruitment to lesions. Strikingly, SMC-targeted GLUT1 overexpression fails 
to accelerate atherosclerosis in mice that do not exhibit the metabolic syndrome phenotype or 
monocytosis. These results reveal a potentially novel mechanism whereby arterial smooth muscle 
glucose metabolism synergizes with metabolic syndrome to accelerate monocyte recruitment and 
atherosclerosis progression.
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activation of macrophages results in increased glycolysis and increased expression of the non–insulin-dependent 
glucose transporter GLUT1 (12–14). Inflammatory mediators, such as IL-1β, have also been shown to increase 
glucose uptake and glycolysis in SMCs (15). The use of the glucose analog [18F]fluoro-2-deoxy-D-glucose ([18F]
FDG) for imaging and identifying actively progressing inflamed lesions in humans (16, 17) takes advantage of  
this process of glucose uptake. Studies in nonhuman primates have revealed that, in addition to lesional macro-
phages, [18F]FDG is taken up by medial SMCs in lesioned arteries (18), suggesting increased glucose uptake in 
these cells in the setting of atherosclerosis. In concordance, we have previously shown that GLUT1 expression is 
increased in the neointima of rabbit and rat carotid arteries subjected to balloon injury (19).

Whether SMC glucose uptake is a consequence of  atherosclerosis or contributes in a causative manner 
to atherogenesis is unknown. We therefore investigated GLUT1 expression in arterial SMCs in lesioned 
arteries and whether increased expression of  GLUT1 in these cells alters atherosclerosis in a mouse model 
of  metabolic syndrome, which is associated with increased CVD risk in humans.

Our results demonstrate that medial SMCs in close proximity to lesions of  atherosclerosis exhibit 
increased GLUT1 expression and reveal a mechanism whereby arterial smooth muscle glucose metabolism 
promotes monocyte recruitment and atherosclerosis in a mouse model of  metabolic syndrome.

Results
GLUT1 is upregulated in medial SMCs in close proximity to atherosclerotic lesions and in isolated SMCs exposed to 
cytokines. LDL receptor–deficient (Ldlr–/–) mice fed a high-fat diet for 22 weeks develop large advanced ath-
erosclerotic lesions in the brachiocephalic artery (BCA) (Figure 1A). These BCAs exhibit marked changes 
to the SMC medial layers underneath the lesion (Figure 1, A and B), such as accumulation of  glycos-
aminoglycans, as indicated by the turquoise alcian blue stain, and loss of  the differentiation marker SM 
α-actin (20), suggesting that medial SMCs in proximity to the lesion are less differentiated versus a stable 
contractile phenotype in the unaffected sections of  the media. To assess if  GLUT1 expression is altered in 
SMCs associated with the growing lesion, in situ hybridization for Slc2a1 (gene name for GLUT1) mRNA 
was conducted. The quantity of  Scl2a1 transcripts in medial SMCs beneath the lesion was compared with 
that in medial SMCs on the opposite side of  the BCA from the same animal, where no medial changes or 
presence of  lesion could be observed (Figure 1B). Though the detection of  Slc2a1 mRNA varied between 
animals, expression of  the Slc2a1 transcript consistently increased in medial SMCs in close proximity to the 
lesion, as compared with those that appeared healthy (Figure 1C).

To determine if  cytokines associated with the lesion environment could directly increase Slc2a1 mRNA 
in SMCs, isolated mouse aortic SMCs were treated with TNF-α or IL-1β (both at 5 ng/ml) for 24 hours in 
culture. In addition to cytokines, hypoxia is known to induce GLUT1 in different cell types (21–23). Some 
SMCs were therefore placed in a hypoxic chamber (1% O2) for 24 hours as a positive control. Both TNF-α 
and IL-1β led to a significant increase of  Slc2a1 mRNA (Figure 1D). Hypoxia increased Slc2a1 mRNA 
levels by 5.8-fold ± 0.4-fold (mean ± SEM; n = 6; P < 0.0001). TNF-α also significantly increased glucose 
uptake, measured as 3H-2-deoxy-glucose (2-DOG) uptake over a 48-hour period (Figure 1E), demonstrat-
ing that the increased GLUT1 expression is of  functional significance.

GLUT1 overexpression in SMCs results an increase in glycolysis and polyol pathway intermediates. In order to 
investigate the functional significance of  increased SMC GLUT1 expression, we took advantage of  trans-
genic mice with human SLC2A1 expressed under control of  the SMC-targeting SM22α promoter (24). We 
crossed these mice with Ldlr–/– mice (generating Ldlr–/– mice with smooth muscle–specific SLC2A1 expres-
sion, herein referred to as SM-GLUT1 mice and WT littermate controls, both deficient in LDLR) to study 
whether increased glucose flux in SMCs is a causal factor in the process of  atherosclerosis in a model of  
metabolic syndrome. Experimental mice were fed chow diet or a diabetogenic diet with added cholesterol 
(DDC), which contains saturated fat, sucrose, and 0.15% added cholesterol (25, 26).

Aortic SMCs isolated from SM-GLUT1 mice exhibited an approximate 2-fold increase in glucose 
uptake, measured as 2-DOG uptake, as compared with SMCs from littermate controls (Figure 2A), demon-
strating that the GLUT1 transgene was functional. A small but significant increase in lactate release, a 
result of  increased aerobic glycolysis, was also observed in SMCs from the SM-GLUT1 mice, as compared 
with littermates (Figure 2B). Consistently, we have previously shown, using 13C-nuclear magnetic reso-
nance spectroscopy, that GLUT1 overexpression in SMCs results in increases in the contribution of  glucose 
to lactate and acetyl-CoA formation (19, 27). To further investigate the effect of  GLUT1 overexpression in 
SMCs, metabolomics studies were conducted in mouse aortic SMCs transduced with a GLUT1 retroviral 
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vector (Figure 2, C–I). Increased Slc2a1 mRNA levels were achieved in SMCs, as compared with the empty 
pBM vector transduced control SMCs (Figure 2C). Increased glucose flux in the GLUT1 overexpressing 
SMCs was demonstrated as an increase in lactate release (Figure 2D), similar to the increase in SMCs from 
the SM-GLUT1 mice (Figure 2B), and was further verified by an increased expression of  thioredoxin inter-
acting protein (Txnip) mRNA (Figure 1E), which encodes a protein known to be regulated by glycolytic 
flux (28) and to be induced by elevated glucose in SMCs (29).

To better understand GLUT1-mediated changes in glucose metabolism in SMCs, we used target-
ed liquid chromatography–tandem mass spectrometry (LC-MS/MS) to quantify 138 intermediates in 
glycolysis, polyol pathway, pentose phosphate pathway, TCA cycle, amino acid metabolism, nucleo-
tide metabolism, vitamins, redox regulation, bile acid metabolism, fatty acid metabolism, urea cycle, 
oxidative damage, and polyamine metabolism. GLUT1 overexpression resulted in a marked increase 
in cellular glucose levels (Figure 2F), as expected. Interestingly, the only other significant increases 
observed in GLUT1-overexpressing SMCs, after correction for multiple comparisons, were in levels of  
sorbitol and glyceraldehyde (Figure 2, G and H), intermediates in the polyol pathway. GLUT1 overex-
pression did not significantly alter levels of  glucosamine (Figure 2I), and markers of  oxidative stress 
were not significantly elevated by GLUT1 overexpression after multiple-comparison correction. The 
full metabolomics data set is shown in Supplemental Table 1 (supplemental material available online 
with this article; https://doi.org/10.1172/jci.insight.96544DS1). Figure 2J shows a schematic repre-
sentation of  the metabolomics data and biochemical measurements.

Figure 1. GLUT1 is increased in medial 
SMCs underlying lesions. Representa-
tive advanced BCA lesion stained with a 
Movat’s pentachrome stain (A) and a SM 
α-actin antibody (B) after 22 weeks of DDC 
feeding. (C) Slc2a1 mRNA transcripts were 
quantified by in situ RNA hybridization in 
the medial SMCs beneath the lesion and 
compared with transcripts from medial 
SMCs at a nonatherosclerotic site opposite 
from the lesion in the same animals. 
Slc2a1-positive signals are indicated by 
arrows. (D) Slc2a1 mRNA is increased after 
a 24-hour stimulation with TNF-α (5 ng/
ml) or IL-1β (5 ng/ml). (E) 2-Deoxyglucose 
(2-DOG) uptake is increased after 48-hour 
stimulation with 5 ng/ml TNF-α. Results 
are expressed as mean ± SEM (n = 4 in D 
and E). Statistical analysis was performed 
by 2-tailed paired (C) or unpaired (E) Stu-
dent’s t test or 1-way ANOVA and Tukey’s 
post hoc tests (D); *P < 0.05; ***P < 0.001. 
IEL, internal elastic lamina.
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Ldlr–/– mice fed a high-fat, high-sucrose diet develop a metabolic syndrome phenotype, which is not affected by 
SM-GLUT1 overexpression. Our first atherosclerosis study in WT and SM-GLUT1 Ldlr–/– mice was per-
formed in male and female mice fed chow or DDC for 16 weeks (Figure 3A). In male mice, DDC feeding 
resulted in significantly increased plasma cholesterol (Figure 3B) and plasma triglycerides (Figure 3C), as 
expected. During 16 weeks of  DDC feeding, the animals also gained weight (Figure 3D), had modestly 
elevated nonfasting blood glucose (Figure 3E), and had developed glucose intolerance by week 13 (Fig-
ure 3F). Female mice had a metabolic syndrome phenotype induced by DDC feeding similar to that of  
male mice. Plasma cholesterol levels were equally high in male and female mice fed DDC (Figure 3G). 
DDC-fed female mice also exhibited elevated plasma triglycerides (Figure 3H), gained weight, and devel-
oped slightly elevated nonfasting blood glucose and glucose intolerance, but not to the same degree as 
did male mice (Figure 3, I–K). Levels of  glycated hemoglobin (HbA1c) remained in the normal range in 
both DDC-fed male and female mice (Figure 3L). Importantly, there was no effect of  genotype between 
SM-GLUT1 and WT mice for any of  these systemic measurements in male or female mice. Thus, DDC 

Figure 2. SMC GLUT1 overexpression leads to increased glycolysis and accumulation of polyol pathway intermediates. Aortic SMCs were isolated from 
Ldlr–/– SM-GLUT1 mice and littermate controls, and 2-DOG uptake (A) and lactate release (B) were measured. In other experiments, GLUT1 (Slc2a1) was 
overexpressed by a pBM retrovirus (C), leading to increased lactate release (D) and Txnip mRNA levels (E). Targeted metabolomics revealed that GLUT1 
overexpression increased glucose levels (F) and the polyol pathway intermediates sorbitol (G) and glyceraldehyde (H). GLUT1 overexpression did not 
significantly increase glycosamine pathway intermediates (I). Results are expressed as mean ± SEM (n = 6 in A; n = 3 in B; n = 6 in C and E; n = 8 in D and 
F–I). Statistical analysis was performed by 2-tailed unpaired Student’s t test in A–E and unpaired t tests corrected for multiple comparisons using the 
Holm-Sidak method (adjusted q values are shown); *P < 0.05; ****P < 0.0001. (J) Schematic representation of the results of GLUT1 overexpression on SMC 
metabolism. Significantly increased metabolites are shown in blue, while nominally significantly increased metabolites are highlighted by italics.
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Figure 3. DDC feeding in male and female Ldlr–/– mice results in dyslipidemia and features of metabolic syndrome, which are not affected by SMC 
GLUT1 overexpression. (A) Male and female WT and SM-GLUT1 Ldlr–/– mice, 8–10 weeks of age, were fed DDC or chow for 16 weeks. DDC-fed male 
mice exhibited elevated plasma cholesterol (B), elevated plasma triglycerides (C), increased body weight (D), and elevated nonfasting blood glucose 
levels (E). (F) Glucose tolerance tests revealed impaired glucose tolerance. SM-GLUT1 overexpression did not affect any of these parameters. Results 
are expressed as mean ± SEM (n = 16–25 for groups in D and E, as shown in B and C; n = 10–16 in F). Female Ldlr–/– mice fed DDC develop similarly ele-
vated plasma cholesterol (G) but exhibit a lesser degree of increased triglycerides (H), body weight gain (I), nonfasting blood glucose (J), and glucose 
intolerance (K), as compared with male mice. (L) HbA1c levels in male and female mice fed DDC. Results are expressed as mean ± SEM (n = 5–15 in 
G–K, as shown in G). Statistical analysis was performed by 1-way ANOVA (B, C, G, H) or 2-way ANOVA (D–F, I–K) with Tukey’s post hoc test; *,#P < 
0.05; **,##P < 0.01; ***,###P < 0.001; ****,####P < 0.0001, where * indicates WT and # indicates SM-GLUT1 chow vs. DDC in D–F and I–K.
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feeding results in a phenotype similar to that frequently seen in metabolic syndrome, and this phenotype 
was not affected by smooth muscle GLUT1 overexpression.

Smooth muscle GLUT1 overexpression accelerates atherosclerosis in a mouse model of  metabolic syndrome. We 
next investigated if  increased SMC GLUT1 expression could exacerbate atherosclerosis in the aortas of  
male and female mice fed either chow or DDC for 16 weeks. Neither genotype developed aortic lesions 
when fed the regular chow diet (Figure 4A), demonstrating that SMC-targeted GLUT1 expression is not 
sufficient to induce atherosclerosis. DDC feeding of  WT mice resulted in small lesions at this 16-week time 
point, which were not significantly different from either of  the chow-fed groups. Interestingly, SM-GLUT1 
mice exhibited aortic lesions that were statistically larger than both of  the chow-fed groups and those of  
WT mice fed DDC (Figure 4A). Lipids extracted from aortas support the increased lesion area in the 
SM-GLUT1 mice fed DDC. Thus, SM-GLUT1 mice fed DDC exhibited increased aortic cholesterol (Fig-
ure 4B). Most of  the elevated aortic cholesterol in the DDC-fed SM-GLUT1 mice was due to significantly 
more free cholesterol compared with the WT mice fed DDC and the chow-fed mice (Figure 4C), suggesting 
more advanced features of  lesions (30, 31). Both WT mice and SM-GLUT1 mice fed DDC had elevated 
aortic cholesteryl esters reflective of  lipid-loaded foam cells (Figure 4D).

Figure 4. Smooth muscle–targeted GLUT1 overexpression enhances aortic lesion size and complexity in DDC-fed mice. (A) SM-GLUT1 mice fed DDC exhibit 
larger aortic lesions. Lipids extracted from the whole aorta revealed greater cholesterol content (B) in SM-GLUT1 mice fed DDC. Free cholesterol (C) account-
ed for the increase, whereas cholesteryl esters (CE) (D) were raised by DDC feeding alone. Gene expression was measured by real-time PCR in homogenized 
whole aortas: Abca1 (E), Cxcl1 (F), Cd11b (G), Cnn1 (H), Has1 (I), and Has3 (J). Results are expressed as mean ± SEM (A–D, n = 21–36, as shown in A; E–J, n = 
15–21 as shown in E). One mouse in the SM-GLUT1 DDC group was excluded as a statistical outlier based on Grubb’s test. Statistical analysis was performed 
by 1-way ANOVA with Tukey’s post hoc test; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

https://doi.org/10.1172/jci.insight.96544
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Following lipid extraction, mRNA was isolated from the entire aorta to analyze gene expression. 
Gene expression in aortas demonstrates effects of  DDC feeding, such as elevated levels of  the choles-
terol transport protein Abca1, the chemokine Cxcl1, and the myeloid cell marker Cd11b (Figure 4, E–G), 
suggesting increased lipid loading and aortic inflammation. These markers were not affected by smooth 
muscle GLUT1 overexpression. Levels of  mouse GLUT1 (Slc2a1) were not affected by the human 
GLUT1 transgene (Supplemental Figure 1A). Importantly, levels of  human SLC2A1 in the transgenic 
mice were very low, as compared with a human artery sample, suggesting that the GLUT1 transgene 
is unlikely to lead to artificial effects due to supraphysiological levels of  overexpression (Supplemental 
Figure 1B; see complete unedited blots in the supplemental material). Furthermore, the human GLUT1 
transgene did not alter other GLUT isoforms shown to be expressed in SMCs (32), including GLUT9, 
GLUT10, and GLUT12 (Supplemental Figure 1, C–F).

The possibility of  phenotypic switching of  SMCs from a contractile to a synthetic phenotype was assessed 
by measurements of  smooth muscle actin (Acta2) and calponin (Cnn1) mRNA. SM-GLUT1 mice fed DDC 
exhibited a significant reduction in Cnn1, as compared with chow-fed mice (Figure 4H), while no overall 
reduction in Acta2 was detected (data not shown). These results suggest that GLUT1 overexpression does not 
promote an overall dedifferentiation of  the SMCs but might facilitate a change in SMC phenotype when in 
combination with DDC feeding. Moreover, DDC-fed SM-GLUT1 mice exhibited elevated levels of  the hyal-
uronan synthetases Has1 and Has3, but not Has2 (Figure 4, I and J and data not shown). Increased hyaluronan 
synthesis could provide an environment permissive for SMC migration and proliferation (33). The increases 
in Has1 and Has3 are likely to be due to the inflammatory lesion environment in DDC-fed mice, rather than to 
a direct effect of  SMC GLUT1 overexpression, as GLUT1 overexpression did not increase hyaluronan accu-
mulation in mice after 4 weeks of  DDC feeding, before lesions have formed (data not shown).

Morphological features of  the lesions were characterized by histological analysis of  BCA cross-sec-
tions from chow-fed mice and a subset of  DDC-fed mice with a pronounced metabolic phenotype. These 
DDC-fed mice had plasma cholesterol levels >1,000 mg/dl and an average weight gain of  43.4% ± 1.4% 
(mean ± SEM; n = 41). DDC-fed mice with plasma cholesterol levels below 1,000 mg/dl had gained less 
weight 38.2% ± 1.3% (P < 0.01; n = 32), suggesting a weaker metabolic phenotype. The entire BCA was 
serial sectioned, and one-sixth of  the sections across the entire BCA were assessed for average medial size, 
lesion size, and the fraction of  these sections containing different morphological features. Representative 
images for each group are shown in Figures 5, A and B, and demonstrate that chow-fed mice exhibit 
no lesions, regardless of  genotype; that DDC-fed WT mice have small fatty streak–type lesions; and that 
DDC-fed SM-GLUT1 mice have more advanced lesions, some of  which demonstrated fibrous caps and 
necrotic cores. Consistently, SM-GLUT1 mice fed DDC had significantly larger BCA lesions than both of  
the chow-fed groups and the WT mice fed DDC (Figure 5C), consistent with the aortic lesion data. Neither 
genotype nor diet altered the average medial area (Figure 5D).

Sections adjacent to the maximal BCA lesion site were evaluated for the presence of  macrophages 
and SMCs by immunohistological staining, using Mac-2 and SM α-actin antibodies, respectively. The 
lesions were primarily composed of  these 2 cell types (Figure 5G). Macrophage and SMC content in 
BCA lesions were both increased in SM-GLUT1 mice fed DDC, as compared with chow-fed mice and 
DDC-fed WT mice (Figure 5, E and F).

Next, several morphological features of  BCA media and lesions were evaluated. As shown in Figures 5, 
H–J, the frequencies of  necrotic cores and intraplaque hemorrhage — both indicators of  advanced lesions 
— were significantly higher in DDC-fed SM-GLUT1 mice. A BCA lesion showing intraplaque hemorrhage 
from a DDC-fed SM-GLUT1 mouse is shown in Figure 5H. Several other features of  advanced lesions 
were also restricted to DDC-fed SM-GLUT1 mice (Supplemental Table 2).

Overall, these results demonstrate that smooth muscle GLUT1 overexpression accelerates both athero-
sclerotic lesion growth and severity in the mouse model of  metabolic syndrome.

The proatherogenic effect of  SM-GLUT1 overexpression is selective to SMCs and requires a metabolic syn-
drome phenotype. We have previously shown that overexpression of  GLUT1 in myeloid cells is not 
sufficient to drive inflammation or atherosclerosis in lean Ldlr–/– mice fed a low-fat diet (14). In the 
current study on SMCs in a metabolic syndrome model, the effect of  GLUT1 required DDC feeding, 
making it possible that increased GLUT1 expression in myeloid cells would likewise promote athero-
sclerosis under these conditions. To investigate the cell type specificity of  GLUT1 overexpression on 
atherosclerosis, we repeated the 16-week DDC-feeding atherosclerosis study in mice that had received 
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BM transplants, with GLUT1 overexpression in myeloid cells controlled under the CD68 promoter or 
controls, using a stem cell retroviral transduction protocol previously described (14) and shown in Fig-
ure 6A. At the end of  the study, isolated BM-derived macrophages (BMDMs) from these mice took up 
more glucose and exhibited increased lactate release (Figure 6, B and C), demonstrating that GLUT1 
overexpression resulted in functional effects. However, GLUT1 overexpression in myeloid cells did not 
promote atherosclerosis in chow-fed mice or those fed DDC (Figure 6D). As in DDC-fed SM-GLUT1 

Figure 5. Smooth muscle–targeted GLUT1 overexpression increases BCA lesion size and complexity in DDC-fed mice. BCA lesion morphology (A and 
B) was assessed in serial sectioned BCAs stained by the Movat’s pentachrome stain. Arrow indicates a necrotic core in a BCA from a DDC-fed SM-GLUT1 
mouse. BCA morphology was assessed in all chow-fed mice and in DDC-fed mice with plasma cholesterol levels above 1,000 mg/dl. BCA maximal lesion 
area (C), medial area (D), Mac-2–positive lesion area (E), and SM α-actin–positive lesion area (F). (G) Representative lesion cross-sections adjacent to the 
maximal lesion site stained for Mac-2 and SM α-actin. (H) Representative lesion from a DDC-fed SM-GLUT1 mouse showing intraplaque hemorrhage. Fre-
quency of necrotic cores (I) and intraplaque hemorrhage (J). Results are expressed as mean ± SEM (n = 15–23). Statistical analysis was performed by 1-way 
ANOVA with Tukey’s post hoc tests or by Kruskal-Wallis test with Dunn’s post hoc tests (I and J). One animal was excluded from the SM-GLUT1 chow group 
as a statistical outlier by Grubbs’ test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Scale bars: 100 μm

https://doi.org/10.1172/jci.insight.96544
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mice, DDC feeding resulted in a metabolic syndrome phenotype, characterized by increased plasma 
cholesterol, triglycerides, impaired glucose tolerance, and obesity (Figure 6, E–H), without an effect 
of  myeloid cell GLUT1 overexpression. These results suggest that the role of  increased glucose metab-
olism in accelerating progression of  atherosclerosis in SMCs is selective to this cell type, at least as 
compared with myeloid cells.

Figure 6. Neither GLUT1 overexpression in myeloid cells nor smooth muscle–targeted GLUT1 overexpression in low-fat diet–fed mice increases 
atherosclerosis. CD68-GLUT1 overexpressing male Ldlr–/– mice (A) exhibited increased 2-DOG uptake (B) and lactate release (C) in BM-derived macro-
phages, versus littermate controls (n = 9 in B; n = 6 in C). Myeloid cell GLUT1 overexpression did not affect aortic atherosclerosis (D), plasma cholesterol 
(E), triglycerides (F), glucose intolerance (G), or body weight (H). Results are expressed as mean ± SEM. Female Ldlr–/– SM-GLUT1 mice and littermate 
controls were fed a low-fat semipurified diet (LFD) for 12–32 weeks. Plasma cholesterol (I), triglycerides (J), and body weight (K) were lower than in 
DDC-fed mice. Mice exhibited aortic lesions, but SM-GLUT1 had no effect (L). (M and N) BCA lesions were advanced, with necrotic cores (black arrows) 
and fibrotic areas (white arrows). Results are expressed as mean ± SEM. Statistical analysis was performed by 1-way ANOVA (B, C, E, F); 2-way ANOVA 
(G, H, K) with Tukey’s post hoc test; *,#P < 0.05; **,##P < 0.01; ***,###P < 0.001; ****,####P < 0.0001, where * indicates WT and # indicates SM-GLUT1 in 
G and H. BMT, bone marrow transplant; LFD, low-fat diet.
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We next investigated whether the metabolic syndrome phenotype is required for the proatherogenic 
effect of  SM-GLUT1 overexpression. LDLR-deficient mice fed a semipurified low-fat diet (34) exhibit 
atherosclerosis at 12–32 weeks. We therefore conducted an additional study in this model to assess the 
requirement for GLUT1-mediated effects in SMCs. Female Ldlr–/– WT and Ldlr–/– SM-GLUT1 mice were 
fed the semipurified low-fat diet, starting at 8–12 weeks of  age for 12 or 32 weeks. As expected, this diet 
did not increase body weight beyond normal effects seen with age, and plasma cholesterol and triglycerides 
remained low (Figure 6, I–K). Thus, animals had plasma cholesterol levels in the range of  100–200 mg/
dl. Mice began to develop aortic lesions at 12 weeks after diet switch from chow to the low-fat diet, with 
substantial aortic lesions present after 32 weeks (Figure 6L). The BCA lesions showed an advanced lesion 
phenotype, with fibrotic areas and the presence of  necrotic cores (Figure 6, M and N). Unlike mice fed 
DDC, GLUT1 overexpression in SMCs did not influence lesion size at either of  the time points investigat-
ed (Figure 6L). These results suggest that the proatherogenic effect of  smooth muscle GLUT1 overexpres-
sion is selective to mice fed DDC to induce a metabolic syndrome phenotype.

GLUT1 does not appear to directly drive SMC proliferation or hyaluronan synthesis. We next performed a series 
of  experiments to evaluate the mechanism whereby smooth muscle GLUT1 overexpression synergizes with 
DDC feeding in promoting atherosclerosis. With the increased SMC content only in lesions of  DDC-fed 
SM-GLUT1 mice (Figure 5F and Supplemental Table 2), we first investigated if  GLUT1 expression in 
SMCs was necessary or sufficient for proliferation of  these cells. Total aortic mRNA from SM-GLUT1 
mice following the 16-week DDC study suggest a small (nonsignificant) increase in the cell proliferation 
marker cyclin D1 (gene Ccnd1) in SM-GLUT1 mice (Supplemental Figure 2A), leaving the possibility open 
for localized effects of  GLUT1 overexpression on proliferation. To assess the relationship between Slc2a1 
and Ccnd1 expression, we took advantage of  the ability of  SMCs to change from a contractile phenotype 
in vivo to a synthetic proliferative phenotype when placed in culture (35). This phenotypic change is also 
believed to occur in atherosclerotic lesions (20). Indeed, mouse aortic SMCs exhibited a dramatic increase 
in Ccnd1 mRNA when expanded in culture for 9 days (Supplemental Figure 2B). However, the change in 
proliferative capacity was not accompanied by a corresponding increase in Slc2a1 mRNA expression (Sup-
plemental Figure 2C), suggesting that upregulation of  GLUT1 is not required for SMC proliferation. We 
further investigated if  overexpression of  GLUT1 could induce proliferation in cultured SMCs. GLUT1 was 
overexpressed in isolated aortic SMCs using a retrovirus. Transduction of  SMCs with this retrovirus resulted 
in a marked increase in Slc2a1 mRNA, as compared with SMCs transduced with the empty pBM vector 
control (Supplemental Figure 2D), but did not increase Ccnd1 mRNA levels and, rather, resulted in a small 
reduction in Ccnd1 mRNA (Supplemental Figure 2E). These data argue that GLUT1 expression in SMCs 
is independent of  the proliferative status of  the cells. The results were corroborated by immunohistological 
evaluation of  SMC proliferation, using the cell proliferation marker Ki-67. There was no significant change 
in Ki-67 staining in BCA cross-sections of  DDC-fed SM-GLUT1 mice when normalized to either medial 
or lesion area, as compared with DDC-fed WT mice, although there was marked variation between mice, 
probably due to differences in lesional stage (Supplemental Table 2). Thus, the increase in atherosclerotic 
progression in DDC-fed SM-GLUT1 mice is unlikely to be due to direct effects of  GLUT1 on SMC prolifer-
ation. Furthermore, there was no significant effect of  SM-GLUT1 expression on SMC apoptosis, measured 
through TUNEL staining of  BCA cross-sections (data not shown).

Increased smooth muscle hyaluronan synthesis has been shown to drive atherosclerosis in Apoe–/– mice (36), 
and we observed an increase in gene expression of Has1 and Has3 in DDC-fed SM-GLUT1 mice (Figure 4, I 
and J). We therefore stained lesions for the presence of hyaluronan by using a biotinylated hyaluronan-binding 
protein (37). BCA medial levels of hyaluronan were increased in DDC-fed SM-GLUT1 mice, as compared with 
chow-fed mice, whereas no significant increase was detected in lesional hyaluronan (Supplemental Figure 2, 
F and G). We next investigated if  GLUT1 expression is sufficient to increase hyaluronan secretion. However, 
GLUT1 overexpression in SMCs did not result in increased secretion of hyaluronan (Supplemental Figure 2H). 
These results are consistent with the lack of GLUT1 on intermediates in the glycosamine pathway. It is therefore 
not clear that changes in hyaluronan observed in this model contribute directly to lesion progression.

Increased GLUT1 facilitates SMC cytokine production through glycolysis and the polyol pathway. We next 
investigated if  SM-GLUT1 overexpression in DDC-fed mice alters the inflammatory phenotype of  the 
aorta. Inflammation is increasingly recognized as an integral process of  atherosclerosis in mouse mod-
els and humans (9, 10), and SM-GLUT1 mice on a C57BL/6 background have previously been shown 
to exhibit elevated immunostaining for CCL2 following vascular injury (24). Gene expression data from 
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whole aortas demonstrated an effect of  smooth muscle GLUT1 overexpression on enhancing expres-
sion of  some cytokines and chemokines in DDC-fed mice. Thus, DDC-fed SM-GLUT1 mice exhibited 
increased aortic Tnfa mRNA levels, as compared with WT chow-fed mice (Figure 7A). Levels of  the 
chemokine Ccl2 were increased by DDC-feeding and were further increased in SM-GLUT1 mice fed 
DDC (Figure 7B). To assess if  SMCs (as opposed to other lesional cell types) were directly producing 
the increased cytokines, we quantified Tnfa and Ccl2 mRNA in primary cultured aortic SMCs (Figure 
7, C and D) in which GLUT1 was overexpressed in the presence and absence of  TNF-α. The increase 
in GLUT1 expression in isolated SMCs promoted increased Tnfa mRNA levels 1 hour after stimulation 
with TNF-α (Figure 7C). Similarly, GLUT1 overexpression enhanced the stimulatory effect of  TNF-α 

Figure 7. GLUT1 overexpression synergizes with TNF-α to promote CCL2 and TNF-α production in aortic SMCs. (A and B) Aortas from SM-GLUT1 mice 
exhibit increased expression of Tnfa and Ccl2 mRNA (n = 15 for WT chow and SM-GLUT1 chow groups; n = 14 for WT DDC group; n = 21 for SM-GLUT1 DDC 
group). Mouse aortic SMCs transduced with a retrovirus to overexpress GLUT1, or the empty pBM virus as control, were stimulated with mouse recombi-
nant TNF-α (5 ng/ml) for 1 hour (C) or 24 hours (D–I). Tnfa (C) and Ccl2 mRNA (D, F, G) were measured by real-time PCR. TNF-α–driven Ccl2 mRNA and CCL2 
secretion, measured by ELISA, in SMCs was increased by GLUT1 overexpression (D and E). TNF-α induction of Ccl2 mRNA levels is prevented by inhibiting 
glycolysis by incubation of the cells in the presence of 1 mM 2-DOG (F) or by inhibiting aldose reductase by 2 different inhibitors (zopolrestat [zopol] or 
tolrestat [tol]) in the polyol pathway (G). (H) TNF-α–induced suppression of Slc16a4 was not altered by aldose reductase inhibitors. (I) TNF-α–induced 
Slc2a1 was not altered by aldose reductase inhibitors. Results are expressed as mean ± SEM (n = 3 in C; n = 6 in D–F; n = 3–4 in G–I). Statistical analysis 
was performed by 1-way ANOVA with Tukey’s post hoc test; *P < 0.05; **P < 0.001; ****P < 0.0001.
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on Ccl2 mRNA after 24 hours (Figure 7D). GLUT1 overexpression had no effect in the absence of  
TNF-α, suggesting that GLUT1 overexpression does not directly drive cytokine secretion by SMCs but 
can facilitate a cytokine response with additional inflammatory stimuli. Consistently, TNF-α stimula-
tion led to enhanced CCL2 release in isolated SMCs treated for 48 hours, and this effect was enhanced 
in SMCs overexpressing GLUT1 (Figure 7E).

To determine if  enhanced glycolysis is required for TNF-α induction of  Ccl2 mRNA, we treated SMCs 
with TNF-α in the presence or absence of  2-DOG, which inhibits glycolysis at several early steps. 2-DOG 
markedly prevented the effect of  TNF-α on Ccl2 induction (Figure 7F). Furthermore, 2 different aldose 
reductase inhibitors, zopolrestat and tolrestat, also prevented the effect of  TNF-α on Ccl2 induction (Figure 
7G), indicating a role for the polyol pathway in TNF-α–induced CCL2 production. Conversely, elevating 
levels of  succinate, by using cell-permeable diethyl succinate or diethyl butyl malonate, did not enhance 
the effects of  TNF-α on Ccl2 (data not shown). Thus, our data demonstrate that increased glucose flux 
through GLUT1 enhances a positive feedback mechanism that allows TNF-α to induce its own production, 
as well as that of  CCL2. Because lactate has recently been shown to promote a phenotypic switch in SMCs 
differentiated from human induced pluripotent stem cells (a switch that was dependent on expression of  
the monocarboxylic acid transporter MCT4 [Slc16a4]; ref. 38), we analyzed Slc16a4 mRNA levels in SMCs 
stimulated with TNF-α in the presence and absence of  aldose reductase inhibitors. Aldose reductase inhib-
itors slightly suppressed Slc16a4 mRNA levels in the absence of  TNF-α, and TNF-α stimulation resulted in 
an additional suppression, which was not affected by aldose reductase inhibitors (Figure 7H). Consistently, 
MCT4 levels have been shown to be reduced by IL-1β in endothelial cells (39). TNF-α–induced GLUT1 
also was not altered by aldose reductase inhibitors (Figure 7I). These results suggest that the aldose reduc-
tase pathway selectively enhances TNF-α–induced CCL2 production.

DDC-feeding increases circulating levels of  CCR2-positive Ly6Chi monocytes. The synergistic effect of  
GLUT1 overexpression in SMCs toward accelerating atherosclerosis was limited to mice with a met-
abolic syndrome phenotype. CCR2, the receptor for CCL2, is known to be highly expressed on the 
Ly6Chi monocyte subset, which readily enters lesions of  atherosclerosis through CCR2 (7). Consis-
tently, real-time PCR of  sorted Ly6Chi and Ly6Clo blood monocytes from chow-fed and DDC-fed mice 
showed much higher levels of Ccr2 mRNA in Ly6Chi monocytes than in Ly6Clo monocytes in all groups 
of  mice (Supplemental Figure 3A). SM-GLUT1 expression did not alter blood monocyte levels of Ccr2 
or levels of  Ly6Chi or Ly6Clo monocytes (Supplemental Figure 3, A and B).

We again used flow cytometry (Supplemental Figure 3, C and D) to determine whether DDC feeding 
leads to a shift in the leukocyte profile or altered levels of  cell surface CCR2 on monocyte subsets. The 
results demonstrate that DDC feeding induced a transient early increase in levels of  blood neutrophils at 4 
weeks, followed by monocytosis (Table 1). Elevated Ly6Chi monocytes persisted after 12 weeks on the diet. 
In addition, cell-surface CCR2 expression in the Ly6Chi monocyte population was significantly elevated in 
DDC-fed mice throughout the 12-week study (Table 1). Conversely, lean mice fed the low-fat semipurified 
diet did not show consistently elevated levels of  monocytes or increases in cell surface CCR2 (Table 1). 
Thus, DDC feeding is likely to promote atherosclerosis, in part, by causing increased circulating levels of  
CCR2-expressing monocytes with a high ability to enter lesions of  atherosclerosis.

Smooth muscle GLUT1 overexpression increases Ly6Chi monocyte recruitment to lesions of  atherosclero-
sis. Finally, to confirm that the increased CCL2 production in GLUT1-expressing SMCs can lead to 
increased Ly6Chi monocyte recruitment to lesions in vivo, we performed a monocyte tracing exper-
iment. Mice overexpressing GLUT1 in SMCs and WT littermates were fed DDC for 16 weeks to 
induce atherosclerotic lesions and a metabolic syndrome phenotype. Monocytes were then depleted 
by chlodronate injection, and Ly6Chi monocytes were labeled by fluorescent microbeads (Figure 8A). 
Effective blood monocyte depletion was demonstrated by flow cytometry 16 hours after chlodronate 
injection (Figure 8B). Four days after depletion, a clear majority of  blood monocytes were Ly6Chi 
monocytes (Figure 8C). Approximately 15% of  blood monocytes were bead-labeled, and the label-
ing efficiency was similar in DDC-fed mice with and without SM-GLUT1 expression (Figure 8D). 
Labeled monocyte recruitment to the BCA was quantified on cross-sections immunostained for mac-
rophages. Mice with SMC GLUT1 overexpression exhibited an increased recruitment of  monocytes to 
these BCA lesions (Figure 8, E and F). These studies confirm that smooth muscle glucose metabolism 
increases monocyte recruitment to lesions in this mouse model of  metabolic syndrome.
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Discussion
Our results demonstrate that increased GLUT1 expression in SMCs promotes atherosclerosis in the presence 
of  elevated levels of  CCR2-positive blood monocytes in a mouse model of  metabolic syndrome, and suggest 
a potentially novel mechanism whereby arterial glucose metabolism synergizes with metabolic syndrome to 

Table 1. Effect of metabolic syndrome phenotype on WBC populations and monocyte CCR2 levels

Cell population Chow, 4 w (n = 8) DDC, 4 w (n = 7) P value
Total WBC (cells/μl) 9,378 ± 1,293 10,866 ± 1,126 ns
Neutrophils (cells/μl) 1,450 ± 279 2,375 ± 265 0.033
Monocytes (cells/μl) 694 ± 96 810 ± 106 ns
     Ly6Chi (cells/μl) 439 ± 66 486 ± 58 ns
     Ly6Chi CCR2 (MIF) 1,086 ± 90 1,386 ± 80 0.028
     Ly6Clo (cells/μl) 256 ± 33 324 ± 51 ns
     Ly6Clo CCR2 (MIF) 310 ± 29 375 ± 51 ns
Cell population Chow, 8 w (n = 8) DDC, 8 w (n = 7) P value
Total WBC (cells/μl) 7,138 ± 752 12,091 ± 1,188 0.003
Neutrophils (cells/μl) 1,272 ± 234 1,405 ± 126 ns
Monocytes (cells/μl) 614 ± 56 1,049 ± 90 0.001
     Ly6Chi (cells/μl) 324 ± 29 535 ± 54 0.003
     Ly6Chi CCR2 (MIF) 1,132 ± 76 1,863 ± 61 <0.001
     Ly6Clo (cells/μl) 290 ± 28 513 ± 47 0.001
     Ly6Clo CCR2 (MIF) 168 ± 7 198 ± 4 0.003
Cell population Chow, 12 w (n = 8) DDC, 12 w (n = 7) P value
Total WBC (cells/μl) 15,200 ± 1,699 17,095 ± 2,051 ns
Neutrophils (cells/μl) 2,403 ± 179 1,909 ± 244 ns
Monocytes (cells/μl) 802 ± 83 1,207 ± 182 0.047
     Ly6Chi (cells/μl) 520 ± 45 815 ± 130 0.033
     Ly6Chi CCR2 (MIF) 5,041 ± 242 6,171 ± 364 0.020
     Ly6Clo (cells/μl) 282 ± 44 391 ± 57 ns
     Ly6Clo CCR2 (MIF) 490 ± 34 383 ± 47 ns
Cell population Chow, 4 w (n = 8) LFD, 4 w (n = 10) P value
Total WBC (cells/μl) 13,075 ± 693 13,137 ± 1,025 ns
Neutrophils (cells/μl) 2,076 ± 508 1,444 ± 117 ns
Monocytes (cells/μl) 655 ± 67 674 ± 73 ns
     Ly6Chi (cells/μl) 444 ± 60 501 ± 60 ns
     Ly6Chi CCR2 (MIF) 5,385 ± 345 5,352 ± 255 ns
     Ly6Clo (cells/μl) 210 ± 24 173 ± 17 ns
     Ly6Clo CCR2 (MIF) 469 ± 13 477 ± 35 ns
Cell population Chow, 8 w (n = 8) LFD, 8 w (n = 10) P value
Total WBC (cells/μl) 10,841 ± 562 11,180 ± 415 ns
Neutrophils (cells/μl) 1,186 ± 100 1,129 ± 94 ns
Monocytes (cells/μl) 907 ± 62 1,039 ± 98 ns
     Ly6Chi (cells/μl) 577 ± 39 666 ± 67 ns
     Ly6Chi CCR2 (MIF) 5,722 ± 275 7,000 ± 171 0.001
     Ly6Clo (cells/μl) 330 ± 29 373 ± 34 ns
     Ly6Clo CCR2 (MIF) 1,110 ± 72 1,210 ± 62 ns
Cell population Chow, 12 w (n = 8) LFD, 12 w (n = 9) P value
Total WBC (cells/μl) 6,535 ± 556 7,559 ± 958 ns
Neutrophils (cells/μl) 1,521 ± 95 2,062 ± 213 0.042
Monocytes (cells/μl) 486 ± 50 672 ± 110 ns
     Ly6Chi (cells/μl) 321 ± 33 432 ± 39 0.041
     Ly6Chi CCR2 (MIF) 722 ± 78 864 ± 99 ns
     Ly6Clo (cells/μl) 165 ± 18 188 ± 53 ns
     Ly6Clo CCR2 (MIF) 200± 27 239 ± 20 ns

Male Ldlr–/– mice were fed regular chow, a low-fat semipurified diet (LFD), or DDC for 4–12 weeks. Leukocyte populations and CCR2 cell-surface levels were 
determined by flow cytometry. Results are expressed as mean ± SD; MFI, mean fluorescence intensity. W, weeks.
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accelerate atherosclerosis. The notion that local processes, including inflammation in the lesional environ-
ment, play an important role in CVD risk in humans is gaining increased traction (6). A large number of  ani-
mal studies also support this concept. Although lesional macrophages are generally believed to produce most 
of  the inflammatory mediators in atherosclerotic lesions, SMCs produce chemokines and cytokines when 
exposed to an inflammatory environment, as demonstrated in this study and others (40–44). SMCs readily 
respond to IL-1β and TNF-α, as well as other cytokines, and are able to produce and secrete cytokines and 
chemokines. These cells are therefore likely to contribute to lesional leukocyte recruitment and inflammation 

Figure 8. SMC GLUT1 promotes monocyte recruitment in vivo. (A) Study design. WT and SM-GLUT1 mice were fed DDC for 16 weeks before monocytes were 
depleted with clodronate liposomes (Clod. lip). Sixteen hours after clodronate injection, yellow-green (YG) microparticles were injected retro-orbitally to 
label newly formed monocytes (predominantly Ly6Chi monocytes). Three days after YG-bead injection, labeling efficiency was determined by flow cytometry. 
The experiment was terminated 4 days after labeling. (B) Flow cytometric analysis of the level of depletion of monocytes in the blood (>98%) in a Clod. lip–
injected mouse compared with noninjected mouse. (C) Flow cytometric analysis of labeling efficiency in the circulation in a Clod. lip– and YG-bead–injected 
mouse compared with mouse not injected with Clod. lip or YG-beads. (D) Labeling efficiency as % of total monocytes (Ly6Chi monocytes constitutes >80% 
of all monocytes 4 days after depletion), and as % of total CD45+ cells. (E) Representative images from brachiocephalic artery (BCA). Green, YG-beads (white 
arrows) and elastic lamina; red, Mac-2 (macrophages); blue, DAPI (nuclei). (F) Quantification of YG-beads/BCA with and without normalizing to percent of 
labeled monocytes. n = 11–17. Statistical analysis was performed by 2-tailed unpaired Student’s t test. *P < 0.05; **P < 0.01.
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in a positive feed-forward mechanism. Our data support a role for SMCs in promoting lesional inflammation. 
Furthermore, we show that, in addition to promoting TNF-α and CCL2 production by SMCs, TNF-α also 
induces GLUT1 expression, leading to increased glucose uptake, glycolysis, and polyol pathway activation 
in these cells. Thus, the inflammatory lesion environment changes SMC metabolism by increasing glucose 
uptake and aerobic glycolysis. Consistently, we show that SMCs express increased levels of  GLUT1 when in 
close proximity to a lesion of  atherosclerosis.

What is the functional significance of  the increased SMC glucose uptake induced by inflammation? We 
investigated if  increased smooth muscle GLUT1 expression near atherosclerotic lesions could be causative 
of  disease by generating a transgenic Ldlr–/– mouse with SMC-targeted GLUT1 overexpression. Our results 
demonstrate that increased SMC GLUT1 expression does not induce atherogenesis in mice fed regular 
chow or low-fat diets, but it strikingly increases atherosclerosis in a mouse model of  metabolic syndrome. 
SMC expression of  GLUT1 also resulted in more advanced lesions, characterized by increased free choles-
terol levels with regard to cholesteryl ester levels. The ratio of  free cholesterol/cholesteryl esters has been 
shown to increase as the lesion becomes more advanced (45).

We further show that the ability of  increased SMC GLUT1 expression to enhance atherosclerosis is 
unlikely to be due to direct effects of  GLUT1 on SMC accumulation or hyaluronan production. Instead, 
GLUT1 overexpression enhanced the inflammatory phenotype of  the artery wall and of  isolated SMCs, 
augmenting the ability of  these cells to secrete the chemokine CCL2 and stimulating monocyte recruitment 
and macrophage accumulation. The effect of  SM-GLUT1 expression on atherosclerosis is associated with 
an increased aortic expression of  CCL2 and increased levels of  circulating CCR2-positive Ly6Chi mono-
cytes. This monocyte population readily enters lesions of  atherosclerosis through a process dependent on 
the CCL2 receptor CCR2 (7, 46). In support, human studies find that increased monocyte populations 
expressing CCR2 are predictive of  CVD (47). Consistent with the role for metabolic syndrome in synergiz-
ing with SMC GLUT1, mice fed a low-fat diet showed no consistent increase in circulating CCR2-positive 
Ly6Chi monocytes, and SMC GLUT1 expression did not promote atherosclerosis in these mice.

Cholesterol accumulation promotes myelopoiesis by stimulating hematopoietic BM progenitor cell 
proliferation (48). Other studies have shown a strong positive correlation between circulating monocyte 
levels and total plasma cholesterol levels in different animal models and in humans (49–51). It is therefore 
likely that DDC feeding increases monocyte levels by increasing cholesterol accumulation in BM progeni-
tor cells. However, increased adipose tissue inflammation in DDC-fed mice (25) could be partly responsible 
for the increased monocyte levels, as we have recently demonstrated that adipose tissue inflammation can 
also result in monocytosis and increased levels of  circulating Ly6Chi monocytes (52).

We therefore propose, as illustrated schematically in Figure 9, that increased circulating levels of  Ly6Chi 
monocytes and increased cell-surface levels of  CCR2 on Ly6Chi monocytes in DDC-fed mice exacerbate ath-

Figure 9. Mechanistic model. The metabolic syndrome phenotype results in monocytosis and increased numbers of circulating CCR2-positive Ly6Chi mono-
cytes. These monocytes are recruited to forming lesions of atherosclerosis. In the lesion, monocytes and mature macrophages secrete cytokines, including 
TNF-α. TNF-α, in turn, acts on adjacent SMCs to induce GLUT1 and the chemokine CCL2. Increased GLUT1 stimulates glycolysis and the polyol pathway in the 
SMCs. The polyol pathway, through aldose reductase, enhances TNF-α–induced CCL2 expression and secretion. SMC-derived CCL2 further stimulates Ly6Chi 
monocyte recruitment to the lesion, creating a cycle driving lesion progression in the setting of metabolic syndrome. EC, endothelial cell; TNFR, TNF receptor.
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erosclerosis progression in arterial areas with increased arterial glucose metabolism and resulting CCL2 secre-
tion. Thus, a dysregulated feed-forward mechanism exists in which SMC glucose flux augments inflamma-
tory-driven CCL2 expression in these cells, attracting additional monocytes to the growing lesion. A similar 
feed-forward mechanism has recently been proposed by Verzola et al. in which myostatin increases CCL2-de-
pendent chemotaxis of  monocytes and CCL2, in turn, augments myostatin expression in SMCs (53). Howev-
er, it is possible that additional mechanisms contribute to the phenotype observed in the present study.

How does increased glucose uptake through GLUT1 enhance inflammatory activation of  SMCs? Our 
results suggest that the ability of  TNF-α to induce CCL2 secretion is severely blunted by inhibiting glycoly-
sis and aldose reductase activity and that glycolysis, as well as the polyol pathway, are enhanced by GLUT1 
overexpression. This is consistent with recent studies in macrophages stimulated with LPS (13). However, 
we did not find significantly elevated levels of  oxidation markers or succinate in GLUT1-overexpressing 
SMCs, as has been shown to mediate the inflammatory effects in macrophages activated by LPS (54), nor 
were we able to alter the inflammatory effects of  TNF-α by altering succinate levels. More likely, mediators 
of  the GLUT1-induced SMC inflammatory phenotype are sorbitol and/or glyceraldehyde, or other inter-
mediates in the polyol pathway, perhaps generated through increased glycation of  intracellular proteins or 
by oxidative processes not detected in our metabolomics screen.

In the present study, overexpression of  GLUT1 in myeloid cells did not promote atherosclerosis in 
Ldlr–/– DDC-fed mice, consistent with our previous studies in low-fat–fed lean Ldlr–/– mice (14). Thus, 
increased SMC expression of  GLUT1 appears to provide a stronger proatherogenic effect than do myeloid 
cell GLUT1 levels. Interestingly, knockdown of  GLUT1 in hematopoietic cells has been shown to prevent 
myelopoiesis and atherosclerosis in Apoe–/– mice (55). The effect of  GLUT1 knockdown in SMCs is so far 
unknown but would be predicted to increase SMC apoptosis (19).

Together, this study demonstrates a potentially novel mechanism whereby arterial glucose metabolism strik-
ingly enhances atherosclerosis and formation of advanced lesions in a mouse model of metabolic syndrome. 
Although the human relevance of our findings remains to be investigated, our study suggests that aggressive 
treatment of dyslipidemia and other CVD risk factors may be particularly important in patients with metabolic 
syndrome in order to prevent the synergistic effects of arterial glucose metabolism on lesion progression.

Methods
Animals. Male Ldlr–/– mice on the C57BL/6 background were fed a DDC (F4997; BioServ), which contains 60% 
calories from fat (25, 26) for 22 weeks to allow advanced atherosclerotic lesions to develop in the BCA. These 
mice were used to assess GLUT1 (Slc2a1) mRNA in BCA cross-sections by in situ hybridization. To investigate 
the effect of GLUT1 overexpression in SMCs, experimental animals were generated by crossing transgenic mice 
heterozygous for the human SLC2A1 transgene under control of the SM22α promoter (24) with Ldlr–/– mice 
(both on the C57BL/6 background; the Jackson Laboratory). The resulting transgenic pups were backcrossed 
into the Ldlr–/– colony, producing transgenic mice that were also deficient in the Ldlr gene, allowing for a lipopro-
tein profile in which atherosclerosis can develop (34, 56). Mice were maintained by crossing male Ldlr–/– mice 
containing the SLC2A1 transgene to Ldlr–/– females. For all studies, Ldlr–/– mice that overexpress SLC2A1 in 1 
allele were used as experimental mice (SM-GLUT1) and their Ldlr–/– littermates without the SLC2A1 transgene 
served as controls (WT). Because littermates were used, the numbers of mice in each group are not identical.

To investigate the role of  GLUT1 overexpression in macrophages, GLUT1 was overexpressed in 
myeloid cells under control of  the CD68 promoter, as previously described (14). Briefly, BM stem cells were 
transduced with a CD68-GLUT1 or CD68-EGFP retrovirus as a control and transplanted into lethally 
irradiated (10 Gy) C57BL/6 recipients (5 × 106 cells injected retro-orbitally). After being allowed 7 weeks 
to recover, BM was harvested again and transplanted into irradiated 8- to 10-week-old Ldlr–/– mice. Male 
and female mice, 8–12 weeks of  age, were used for experiments.

For atherosclerosis studies, mice were fed regular chow, a low-fat semi-purified diet described previous-
ly (34), or DDC, known to produce a phenotype characteristic of  metabolic syndrome (25). Body weight 
and blood glucose were monitored every 4 weeks. A glucose tolerance test (GTT) was done after 13 weeks 
of  DDC feeding by i.p. injection of  dextrose (1 g/kg, Baxter) in fasted (4–6 hours) mice. Blood glucose was 
monitored throughout the study and for the GTT using One Touch Ultra test strips (LifeScan). A mouse 
hemoglobin A1c kit from Crystal Chem (catalog 80310) was used to measure HbA1c levels. Nonfasting 
plasma lipids were determined in the morning by colorimetric assays according to manufacturers’ instruc-
tions; lipids included triglycerides (MilliporeSigma), and cholesterol (Wako).
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Isolation and maintenance of  aortic SMCs. Mouse aortic SMCs were isolated and cultured as previously 
described (57). In short, thoracic aortas were harvested from 3- to 4-week-old mice, cleaned of  residual 
fatty tissue under a dissecting microscope, and incubated in DMEM supplemented with 5.5 mM glucose, 
1% fungizone, 1% penicillin/streptomycin, 2 mg/ml BSA (MilliporeSigma, A-4378), 1 mg/ml collagenase 
type II (Worthington, CLS-2), 0.375 mg/ml soybean trypsin inhibitor (Worthington), and 0.2305 mg/ml 
elastase (Worthington, LS00290) for 3 minutes. After incubation, the aortas were put back into ice-cold 
DMEM supplemented with 1% fungizone and 1% penicillin/streptomycin. Aortas were then cut longi-
tudinally, the adventitia peeled away, and the endothelial cells removed with a sterilized cotton swab. The 
aortic media was cut into 5-mm pieces; placed in DMEM supplemented with 1% fungizone, 1% penicillin/
streptomycin, 20% FBS, and 0.8 mg/ml collagenase type II; and incubated in a 37°C water bath for ~20 
minutes. The supernatant was removed after centrifugation and the pellet was washed once with DMEM 
and then resuspended in DMEM supplemented with 1% fungizone, 1% penicillin/streptomycin, 20% FBS, 
0.8 mg/ml collagenase type II, and 0.44 mg/ml elastase; it was then incubated in a 37°C water bath for 
45–50 minutes with periodic mixing. The digested cells were resuspended in DMEM supplemented with 
1% fungizone, 1% penicillin/streptomycin, 1% nonessential amino acids (NEAA), and 20% FBS and plat-
ed onto tissue culture plates. Cells were maintained in DMEM supplemented with 1% fungizone, 1% pen-
icillin/streptomycin, 1% NEAA, 20% FBS (10% FBS after passage 3), and 25 mM glucose. The cells were 
used for experiments at passages 0–9. Cells were free of  mycoplasma contamination, as determined by the 
MycoProbe Mycoplasma Detection Kit (R&D Systems).

In some experiments, SMCs were treated in the presence or absence of  TNF-α in the presence of  a 
cell-permeable diethyl succinate (MilliporeSigma), or endogenous succinate levels were increased by incu-
bation with diethyl butyl malonate (MilliporeSigma), an inhibitor of  the mitochondrial succinate transport-
er, according to methods described by Mills et al. (54). In other experiments, glycolysis was inhibited by 
incubation of  the SMCs in the presence of  1 mM 2-DOG, as described by Tannahill et al. (13), or aldose 
reductase was inhibited by 30–100 μM zopolrestat or 10–30 μM tolrestat (both from MilliporeSigma and 
dissolved in DMSO). DMSO was added as vehicle to control cells.

Overexpression of  GLUT1 in mouse SMCs. GLUT1 was overexpressed using an ecotropic pBM retrovi-
ral vector described previously (14). Isolated mouse aortic SMCs were serum starved and then incubated 
for 24 hours in the presence of  viral media (diluted 1:30 in standard growth media), 1M HEPES, and 5.5 
μg/ml polybrene. Cells transduced by the empty pBM virus were used as controls. Transduced cells were 
selected in the presence of  puromycin.

Isolation and maintenance of  BMDMs. BMDMs were harvested from freshly obtained bones by syringe 
flushing with DMEM medium supplemented with 1% fungizone and 1% penicillin/streptomycin. Cells 
were purified of  erythrocytes and maintained in DMEM media (25 mM glucose) containing 1% fungizone, 
1% penicillin/streptomycin, 7% FBS, and 30% L cell–conditioned media. Cells were allowed to differenti-
ate for 7–10 days prior to being used in experiments.

Lesion analysis, in situ hybridization, histochemistry, and aortic lipid measurements. At the end of  the 
atherosclerosis studies, tissues (except the aorta) were collected for histology in 4% PFA, following 
perfusion with PBS. Aortas were immediately flushed with RNAlater (Invitrogen) using a 1-ml syringe 
and then dissected from the heart down to the femoral bifurcation and stored in RNAlater at 4°C. The 
aortic sinus and BCA from each animal were paraffin-embedded and later serial sectioned for histolog-
ical analysis by Movat’s pentachrome stain, as described previously (58). Cross-sections were also ana-
lyzed by TUNEL staining to assess apoptosis, for expression of  specific tissue markers including Ki-67 
for proliferating cells, smooth muscle α-actin, and Mac-2 as a macrophage marker. Hyaluronan was 
measured in BCA sections by using a biotinylated hyaluronan-binding protein (59). Adjacent BCA 
cross-sections were pretreated with hyaluronan lyase for 1 hour at 37°C as a control. Slc2a1 mRNA was 
assessed by in situ hybridization using an RNAscope assay according to manufacturer’s instructions 
(Advanced Cell Diagnostics).

Within 1 month following the harvest, aortas were opened longitudinally and measured for en face 
lesion area while in RNAlater by an observer blinded to the treatment groups. Only thickened depos-
its on the endothelial side were counted positive as lesion area. Following lesion quantification, lipids 
were extracted from the aortas using a 3:2 mixture of  hexane/isopropanol 2 times for 13 minutes at 4°C. 
Extracted lipids were dried at 37°C under nitrogen and resuspended in PBS with sodium cholate and tri-
ton-X (Sigma Aldrich). Immediately after lipid extraction, aortas were homogenized (Tissue Tearor model 
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985370-393 variable speed [Biospec products Inc.]) and digested with protease K (Qiagen), and mRNA was 
isolated from each aorta (Qiagen RNAeasy kit). Extracted lipids were later analyzed for cholesterol content 
using Amplex Red Cholesterol Assay Kit (Invitrogen) and for triglyceride content (MilliporeSigma).

Tracing of  Ly6Chi monocytes into lesions of  atherosclerosis. Ldlr–/– mice overexpressing GLUT1 in SMCs and 
WT Ldlr–/– littermate controls were fed DDC for 16 weeks to establish atherosclerotic lesions (Figure 8). 
Monocytes were depleted by retro-orbitally injecting clodronate liposomes (Encapsula NanoSciences; std 
macrophage depletion kit (catalog NC1253361); Thermo Fisher Scientific; 200 μl/mouse at 5 mg/ml of  clo-
dronate), as described previously (60). After verification (16 hours after clodronate injection) of  monocyte 
depletion, yellow-green (YG) microsphere beads (Fluoresbrite YG Microspheres 0.5 μm; Thermo Fisher Sci-
entific) were injected to selectively label Ly6Chi monocytes (60). Labeling efficiency of  blood monocytes was 
determined by flow cytometry 3 days after YG-bead injection. Recruitment of  bead-positive cells to the BCA 
was analyzed 4 days after bead injection. Briefly, BCAs were dissected, fixed, embedded in paraffin, and serial 
sectioned, and the number of  beads were counted over the entire length of  the BCA and averaged. The pres-
ence of  lesions was determined using a Movat’s pentachrome stain, and sections adjacent to sites of  identified 
lesions were stained with an anti–Mac-2 antibody (Cedarlane, CL8942AP), mounted with DAPI-containing 
media, and visualized. YG-particles were counted by an investigator blinded to the treatment groups.

Glucose metabolism and metabolomics. Mouse aortic SMCs were isolated and plated in 25 mM glucose 
DMEM supplemented with 1% penicillin/streptomycin, 1% NEAA, and 20% FBS. Glucose uptake was mea-
sured as uptake of  1 μCi/ml of  2-DOG (25 Ci/mmol of  2-DOG; PerkinElmer) over a 24–48 hour period. 
Lactate release into the media was measured by a colorimetric assay (MilliporeSigma) over a 48-hour period. 
Targeted aqueous metabolomics was performed on isolated mouse aortic SMCs transduced with the empty 
pBM retroviral vector or GLUT1 vector through LC-MS/MS, using an Agilent 1260/AB-Sciex 5500 Qtrap 
LC-MS/MS instrument and previously described protocols (61). This system provides detailed information 
on metabolites involved in glycolysis, the TCA cycle, and pentose phosphate shunt, as well as amino acid, 
fatty acid, and nucleic acid metabolism. Stable isotope-labeled 2-C13-glutamic acid (150.0/85.0), 2-C13-tyro-
sine (184.1/138.0), 3-C13-lactate (92.0/45.0), and C13-glucose (185.0/92.0) with a purity of  >99% were used 
as standards (Cambridge Isotope Labs). Typical median CV values were 7%–8% in a single 20-minute run.

Measurements of  hyaluronan secretion. The amount of  secreted hyaluronan in SMC conditioned media 
was determined by a modified competitive ELISA in which the samples to be assayed were first mixed 
with biotinylated hyaluronan-binding protein and then added to hyaluronan-coated microtiter plates, as 
described by Mapleson and Buchwald (62).

Real-time PCR. Gene expression was quantified by real-time PCR. RNA isolation and the real-time PCR 
protocol were performed as described previously (63). Briefly, RNA was isolated using Qiagen RNeasy or 
Macherey-Nagel Nucleospin RNA kits according to manufacturer’s protocol and treated with DNase1 
(1 μg/sample, Thermo Fisher Scientific) to remove trace DNA. Real-time PCR was performed using the 
SYBR Green 1 detection method (Thermo Fisher Scientific). Ct values were normalized to Rn18s and pre-
sented as fold over control. PCR-ready first-strand cDNA from human coronary artery from a 68-year old 
male was obtained from AMSBIO. See Supplemental Table 3 for list of  primers used.

Flow cytometry. Retro-orbital blood was harvested and purified of  erythrocytes. Fluorescently labeled 
antibodies were added after addition of  viability dye (diluted 1:2; eBioscience, catalog 65-0863) and an 
Fc blocking step (eBioscience, catalog 14-0161). The antibodies used included APC-labeled anti-CD115 
(undiluted; eBioscience, clone AFS98), PECy7-labeled anti-GR1 (diluted 1:20; eBioscience, clone RB6-
8C5), FITC-labeled anti-CD45 (diluted 1:10; eBioscience, clone 30-F11), and PE-labeled anti-CCR2 
(diluted 1:2; BioLegend, clone SA203G11). Cells were kept at 4°C during all steps in the staining proto-
col. Cells were assessed on a Canto RUO flow cytometer or, in some experiments, sorted on a FACS Aria 
2 cell sorter directly into lysis buffer (RNeasy Micro Kit, Qiagen). Cells were gated by forward and side 
scatter to remove debris, doublets were removed by forward scatter–height vs. forward scatter–width, and 
cells were then gated on viability dye to remove dead cells. Ly6Chi monocytes were considered CD45+C-
D115+GR1hi, Ly6Clo monocytes were CD45+CD115+GR1lo, and neutrophils were CD45+CD115–GR1hi. 
All flow cytometry included appropriate fluorescence minus one (FMO) controls. Total cell counts were 
made using Cellometer Auto 2000 Cell Viability Counter (Nexcelom Bioscience). In sorted cells, mRNA 
from monocytes and neutrophils was extracted (RNeasy Micro Kit, Qiagen), and cDNA was made 
(SuperScript VILO, Thermo Fisher Scientific) according to manufacturer’s instructions. Quantitative PCR 
for gene expression was performed as described above.
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Statistics. Statistics for all studies were performed using Prism GraphPad 7.0 software. Unpaired 2-tailed 
Student’s t test was used to compare 2 conditions, while multiple groups were compared by 1-way ANOVA 
with a Tukey’s post hoc tests for normally distributed data. D’Agostino-Pearson omnibus normality tests were 
performed to evaluate if  the data were normally distributed. Data not normally distributed were analyzed by 
Kruskal-Wallis tests followed by Dunn’s multiple-comparison tests (multiple groups) or Mann-Whitney U 
tests (2 groups). Statistical outliers were excluded based on Grubbs’ tests, and all exclusions are reported in 
the figure legends. A P value less than 0.05 was considered significant. For targeted metabolomics data sets, 
statistical analysis was performed by unpaired two-tailed t tests corrected for multiple comparisons using the 
Holm-Sidak method. Error bars indicate ± SEM, except for the results in Table 1, where ± SDs are reported.

Study approval. All experiments were performed in accordance with an approved University of  Wash-
ington IACUC (protocol 3154-01).
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