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Cell Biology and Signaling
Upregulation of Aldose Reductase During Foam Cell
Formation as Possible Link Among Diabetes,
Hyperlipidemia, and Atherosclerosis
Christian A. Gleissner, John M. Sanders, Jerry Nadler, Klaus Ley
Objective—Aldose reductase (AR) is the rate-limiting enzyme of the polyol pathway. In diabetes, it is related to
microvascular complications. We discovered AR expression in foam cells by gene chip screening and hypothesized that
it may be relevant in atherosclerosis.
Methods and Results—AR gene expression and activity were found to be increased in human blood monocyte-derived
macrophages during foam cell formation induced by oxidized LDL (oxLDL, 100 g/mL). AR activity as photometrically determined by NADPH consumption was effectively inhibited by the AR inhibitor epalrestat. oxLDL-dependent
AR upregulation was further increased under hyperglycemic conditions (30 mmol/L D-glucose) as compared to osmotic
control, suggesting a synergistic effect of hyperlipidemia and hyperglycemia. AR was also upregulated by
4-hydroxynonenal, a constituent of oxLDL. Upregulation was blocked by an antibody to CD36. AR inhibition resulted
in reduction of oxLDL-induced intracellular oxidative stress as determined by 2⬘7⬘-dichlorofluoresceine diacetate
(H2DCFDA) fluorescence, indicating that proinflammatory effects of oxLDL are partly mediated by AR. Immunohistochemistry showed AR expression in CD68⫹ human atherosclerotic plaque macrophages.
Conclusions—These data show that oxLDL-induced upregulation of AR in human macrophages is proinflammatory in
foam cells and may represent a potential link among hyperlipidemia, atherosclerosis, and diabetes mellitus. (Arterioscler
Thromb Vasc Biol. 2008;28:1137-1143)
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D

iabetes mellitus represents one of the major risk factors
for atherosclerosis.1 Mechanisms by which diabetes
perturbs cellular integrity include formation of advanced
glycation end products (AGE), activation of protein kinase C
(PKC), upregulation of 12/15-lipoxygenase, and increased
flux through the hexosamine or the polyol pathway.2,3,3a AGE
formation may result in cross-linking and subsequent conformational changes of many proteins, increased inflammatory
signaling, and oxidative stress in various cell types including
macrophages and endothelial cells.2 Similarly, activation of
PKC isoforms leads to endothelial dysfunction by activation
of NADPH oxidase, enhanced vascular permeability through
upregulation of vascular endothelial growth factor, and
thrombosis by increasing plasminogen activator inhibitor
(PAI)-1 levels.4 The contribution of the polyol pathway to
diabetes-induced atherogenesis is currently not completely
understood.
The polyol pathway includes aldose reductase (AR,
AKR1B1), which is the rate-limiting enzyme, and sorbitol
dehydrogenase (SDH, SORD).3 Its physiological role is controversial. AR activity has been proposed to be protective

against oxidative stress by detoxifying lipid peroxidation
products, eg, in vasculitis,5,6 but inhibiting AR does not
increase lipid peroxidation products.7 By contrast, AR activity has also been related to greater oxidative stress and
increased damage during brain ischemia in mice.8 In keeping
with a proinflammatory role of AR, AR null mice exhibit
reduced oxidative stress and are protected from ischemic
injury.8
The main physiological substrates of the polyol pathway
are aldehydes, but sugars like glucose or galactose have also
been shown to be metabolized by AR.9 With rising intracellular glucose levels as seen in diabetics, glucose can be
shunted into the polyol pathway resulting in sorbitol production, which is subsequently metabolized by sorbitol dehydrogenase to fructose.3 This leads to increased AGE formation
attributable to increased fructose levels and increased oxidative stress attributable to consumption of NADPH, which is
needed to regenerate glutathione.3 Thus, the polyol pathway
has been implicated in microvascular diabetic complications
like cataract,10 nephropathy,11 and neuropathy.12 Pharmacological inhibition of AR has been shown to improve nerve
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conduction velocity and symptoms of polyneuropathy.13 Recently, the polyol pathway has been linked to atherosclerosis,
as overexpression of human AR in LDL receptor– deficient
diabetic mice (which physiologically display only low AR
expression) increased atherosclerotic lesions.14 However, the
mechanisms by which AR promotes atherosclerosis remain
still to be elucidated.
In a study of gene expression during foam cell formation
by gene chip analysis, we found a significant increase of AR
mRNA expression after treatment of primary human blood
monocyte-derived macrophages with oxidized low density
lipoprotein (oxLDL).15 We therefore hypothesized that increased AR expression in human foam cells may represent a
novel proinflammatory mechanism by which oxLDL increases oxidative stress and which may link 2 of the major
risk factors for atherosclerosis, diabetes and hyperlipidemia.

Materials and Methods
Macrophages and Foam Cells
Macrophages were derived from monocytes isolated from either
peripheral blood or buffy coats provided by the Virginia Blood
Services (Richmond, Va) as described previously.15 The study was
approved by the institutional review committee. All subjects gave
informed consent. Blood was drawn from 15 healthy individuals (8
female, 7 male, age 20 to 40 years). Blood monocytes were
differentiated to macrophages by macrophage colony stimulating
factor (M-CSF) or platelet factor-4 (CXCL4) for 6 days and exposed
to vehicle, oxLDL (Biomedical Technologies), or 4-hydroxynonenal
(4-HNE, Sigma) as indicated. For receptor blocking experiments,
cells were preincubated with mAb to CD36 antibody (clone CB38)
or IgM control (0.5 g/1⫻106 cells, both BD Biosciences) for 30
minutes before addition of oxLDL16 (see supplemental materials,
available online at http://atvb.ahajournals.org).

Gene Chip Experiments
RNA was extracted from cells using the RNEasy kit (Qiagen)
according to the manufacturer’s instructions. Gene expression was
measured in duplicates at the University of Virginia Gene Expression
Core Facility using Affymetrix equipment and H133A chips as
described. Gene expression data are available at the NCBI gene
expression and hybridization array data repository (http://
www.ncbi.nlm.nih.gov/geo/, series GSE7138).

Real-Time Polymerase Chain Reaction
Total RNA was isolated from cultured macrophages and foam cells
using the RNEasy Mini Kit with DNase treatment. Reverse transcription was performed with the Omniscript RT Kit (all Qiagen).
Gene expression was measured using iQ SYBR green supermix in an
iCycler iQ Real-Time Detection System (both BioRad). Product
specificity was ascertained by melting curve analysis and initially by
electrophoresis on agarose gels. Primers were purchased from
Integrated DNA Technologies. Primer sequences were as follows:
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) forward 5⬘GGCTCATGACCACAGTCCAT-3⬘, reverse 5⬘-GCCTGCTTCACCACCTTCT-3⬘,17 aldose reductase (AKR1B1) forward 5⬘AGTCGGGCAATGTGGTTCCC-3⬘, reverse 5⬘-GGATTAACTTCTCCTGAGTG-3⬘.14 All samples were run in duplicates. Values
were determined using iCycler iQ Real-Time Detection System
software (version 3.1; Bio-Rad). Relative gene expression was
calculated as described previously using GAPDH as housekeeping
gene.18

Aldose Reductase Activity Assay and
Inhibition Experiments
AR activity was measured photometrically as described previously5,19 (see supplemental materials). For AR inhibition experiments,

epalrestat (Sequioa Research Products) was used. The dosage was
chosen based on the IC50 (ranging from 0.01220 to 0.021 mol/L21)
and effective inhibition of AR activity in monocyte-derived macrophages. For AR inhibition experiments, epalrestat was added to the
culture medium at a concentration of 0.2 mol/L 24 hours before
addition of oxLDL, which completely inhibited AR activity.

Oxidative Stress Assay
Generation of reactive oxygen species was measured as described
previously using 2⬘7⬘-dichlorofluoresceine diacetate (H2DCFDA), a
dye which converts to fluorescent 2⬘7⬘-dichlorfluorescein (DCF) in
the presence of reactive oxygen species22 (see supplemental data).

Immunohistochemistry
Human coronary arteries were obtained from the University of
Virginia Department of Pathology/Tissue bank and were stained for
AR, CD68, or smooth muscle ␣-actin. Immunofluorescence was
performed to determine colocalization of AR with CD68 or smooth
muscle ␣-actin (for details of staining procedure see supplemental
materials). Coronary arteries from 8 donors were studied, 2 of whom
were diabetic.

Statistics
Differences between the groups were evaluated by 2-tailed t test or
1-way ANOVA followed by a posthoc Tukey test. The exact details
of gene array data analysis have been described previously15 (see
supplemental materials). Generally, P⬍0.05 was considered statistically significant. Data are presented as mean⫾SEM. Statistical
analysis was performed using PRISM (GraphPad).
The authors had full access to the data and take responsibility for
its integrity. All authors have read and agreed to the manuscript as
written.

Results
AR Expression in Human Macrophages Is
Increased During oxLDL-Dependent
Foam Cell Formation
Cell culture of human blood– derived monocytes with M-CSF
(100 ng/mL) or CXCL4 (100 ng/mL) for 6 days resulted in
macrophage formation. Large scale analysis of gene expression using Affymetrix gene HU133A arrays revealed a
significant increase of AR mRNA in macrophages generated with either M-CSF or CXCL4 as compared to peripheral blood mononuclear cells (PBMCs) or monocytes
(P⬍0.0001). Incubation of monocyte-derived macrophages
with 100 g/mL mmLDL or oxLDL for 48 hours reproducibly resulted in foam cell formation as assessed by oil red O
staining (supplemental Figure IB). AR gene expression was
further increased during foam cell formation caused by
oxLDL but not by mmLDL (P⫽0.10 for M-CSF, P⬍0.0001
for CXCL4) (supplemental Figure IIA). A full set of other
genes significantly regulated during foam cell formation by
Affymetrix chip analysis is given in supplemental Table I.
The time course of oxLDL-dependent upregulation of AR
mRNA was investigated by real-time PCR revealing an early
peak 4 to 6 hours after addition of oxLDL. The peak reached
about 60% and 80% above baseline in macrophages generated with M-CSF or CXCL4, respectively (P⬍0.01 in both
cases, Figure 1A and supplemental Figure IIB). A second
increase was seen between 24 and 48 hours.
To investigate whether increased AR gene expression was
accompanied by functional changes, AR activity was determined in macrophages generated with M-CSF or CXCL4
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Figure 1. AR gene expression and activity during foam cell formation. A, Gene expression in macrophages exposed to oxLDL
(100 g/mL) for indicated periods. B, AR activity in macrophages after exposure to oxLDL (48 hours) with or without epalrestat treatment (means⫹SEM, **P⬍0.01, ***P⬍0.001).

before and 48 hours after addition of oxLDL. AR activity was
significantly increased in oxLDL-treated macrophages irrespective of the growth factor used for differentiation
(P⬍0.01). Treatment of macrophages with epalrestat
(0.2 mol/L) resulted in complete inhibition of AR activity in
both cases (Figure 1B and supplemental Figure IIC).

Molecular Mechanism of oxLDL-Induced
AR Upregulation
To investigate the mechanisms by which oxLDL upregulates
AR gene expression, different constituents of oxLDL were
tested for their ability to upregulate AR in macrophages.
Previous studies have reported increased AR expression in rat
vascular smooth muscle cells or human lymphocytes after
stimulation with 4-hydroxynonenal (4-HNE), a constituent of
oxLDL, displaying a peak at a 4-HNE concentration of
5 mol/L.5,6 We confirm this finding in macrophages (Figure
2A). To identify the receptor involved, we used a blocking
mAb against the scavenger receptor CD36, which accounts
for up to two thirds of oxLDL uptake by macrophages.23
Anti-CD36 antibody significantly reduced oxLDL-induced
AR upregulation (Figure 2B).

oxLDL-Dependent Upregulation of AR Depends
on Hyperglycemic Conditions
As mentioned previously, AR expression has been shown to
be of clinical importance in diabetic individuals. To assess the
effects of oxLDL on AR expression and activity not only
under standard cell culture conditions with a glucose concen-
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Figure 2. 4-hydroxynonenal upregulates AR mRNA expression
to the same extent as oxLDL. A, Gene expression in macrophages treated with vehicle (unst.), oxLDL, or 4-hydroxynonenal
for 6 hours. B, Gene expression in macrophages treated with
vehicle or oxLDL in the presence of IgM to CD36 (anti-CD36)
or irrelevant IgM (means⫹SEM, *P⬍0.05, **P⬍0.01).

tration of 17.5 mmol/L,15 but also under normoglycemic and
hyperglycemic conditions, AR expression and activity were
measured with 5 mmol/L glucose or 30 mmol/L glucose in
the culture media.
Real-time PCR revealed a significant increase of AR gene
expression under hyperglycemic as compared to normoglycemic conditions (P⬍0.05). Under hyperglycemic conditions,
stimulation of macrophages with oxLDL resulted in a significant increase of AR gene expression (P⬍0.05; Figure 3A).
Exposure of macrophages to oxLDL resulted in a 10-fold
increase of AR activity under hyperglycemic, but not normoglycemic conditions (P⬍0.01). The activity increase exceeded the increase in mRNA expression levels (Figure 3B).

oxLDL-Dependent AR Upregulation Is Not
Related to Increased Gene Expression of
Proinflammatory Mediators but to Oxidative
Stress in Macrophages
AR expression has been related to expression of proinflammatory cytokines induced by lipopolysaccharide (LPS) in
mouse peritoneal macrophages.24 However, exposure of macrophages to oxLDL under the conditions applied in this study
did not result in increased gene expression of inflammatory
mediators like tumor necrosis factor (TNF)-␣, interleukin
(IL)-6, or IL-1␤ (supplemental Figure III).
oxLDL has been described to increase production of
reactive oxygen species in macrophages.25 AR activity in
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Figure 3. High glucose levels and oxLDL have synergistic
effects on AR expression and activity. A, Gene expression in
macrophages treated with oxLDL for 48 hours under normoglycemic (glucose 5 mmol/L) or hyperglycemic (glucose 30 mmol/L)
conditions. B, AR activity in macrophages treated with oxLDL
under normoglycemic or hyperglycemic conditions (means⫾SEM,
*P⬍0.05).

foam cells may represent a proinflammatory mechanism, by
which oxLDL increases oxidative stress in the macrophage.
To test this hypothesis, intracellular oxidative stress was
measured in macrophages under different conditions using
2,7-dichlorfluorescein, a dye which displays increased fluorescence intensity in the presence of reactive oxygen species.
Exposure of macrophages to oxLDL (100 g/mL) for 48
hours resulted in a significant increase of DCF fluorescence
under normoglycemic (5 mmol/L) as well as under hyperglycemic (30 mmol/L) conditions (P⬍0.001). Under hyperglycemia, oxLDL induced an 8-fold increase of DCF fluorescence, compared to 5-fold under normoglycemic conditions
(Figure 4). Pretreatment of macrophages with epalrestat
(0.2 mol/L) for 24 hours before and throughout exposure to
oxLDL resulted in a statistically significant (P⬍0.01) reduction of ROS formation under hyperglycemic conditions.
Treatment of macrophages with epalrestat alone did not have
any effect. These findings suggest that under hyperglycemic
conditions ⬇20% to 30% of the oxidative stress in macrophage foam cells is attributable to AR activity.

AR Is Expressed in Macrophages in Human
Atherosclerotic Plaque
To assess the relevance of our findings for the pathogenesis of
atherosclerosis, AR expression in human atherosclerotic
plaque was investigated. Immunohistochemistry revealed that
AR was abundantly expressed in a wide range of cells in the

0
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(200 nM) unstimulated

-

+

oxLDL (100 µg/ml,
48 hours)

Figure 4. oxLDL-induced AR upregulation causes increased formation of reactive oxygen species. Macrophages generated
under (A) normoglycemic or (B) hyperglycemic conditions were
treated with vehicle (unstimulated) or oxLDL with or without
24-hour pretreatment with epalrestat. Cells were stained with
2⬘7⬘-dichlorofluoresceine diacetate (10 mol/L) for 30 minutes, and fluorescence was determined by flow cytometry
(means⫹SEM of fold change over untreated cells, **P⬍0.01,
***P⬍0.001).

vascular wall, mostly vascular smooth muscle cells, including
cells in atherosclerotic plaques (Figure 5A). AR expression in
macrophage foam cells was verified by immunofluorescence
demonstrating colocalization of CD68 and AR in atherosclerotic lesions (Figure 5B). AR was also colocalized with CD68
in macrophages in the vascular adventitia and perivascular
adipose tissue (Figure 5B). Colocalization with smooth muscle ␣-actin confirmed AR expression in vascular smooth
muscle cells, which had been described previously26 (Figure
5C). The proportion of AR-expressing macrophages ranged
from 75% to 100% and was similar in the adventitia,
perivascular adipose tissue, and within the atherosclerotic
lesions (supplemental Figure IV).

Discussion
This article describes the discovery of increased aldose
reductase (AR) gene expression and activity in macrophages
during foam cell formation induced by oxLDL in the presence of high glucose. AR was similarly upregulated by
4-hydroxynonenal, a constituent of oxLDL. Most of the
oxLDL-induced upregulation of AR expression was blocked
by mAb to CD36. Inhibition of AR using the pharmacological
inhibitor epalrestat indicates that AR upregulation accounts for about 20% of oxLDL-induced oxidative stress.
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Figure 5. AR expression in atherosclerotic lesions. A, Immunohistochemistry demonstrating expression of CD68 (macrophages),
smooth muscle ␣-actin (smooth muscle cells), and AR in atherosclerotic lesions of human coronary artery. 100⫻ and 400⫻ magnification. B, Immunofluorescence demonstrating colocalization of CD68 (green) and AR (red) in cells in atherosclerotic lesions, adventitia,
and perivascular adipose tissue of human coronary artery. DAPI (blue) is shown as nuclear stain. *Indicates the lumen of the vessel,
400⫻ magnification. C, Immunofluorescence demonstrating colocalization of smooth muscle ␣-actin (red) and AR (green) in cells in atherosclerotic lesions in human coronary artery. *Indicates the lumen
of the vessel, 400⫻ magnification.

Downloaded from atvb.ahajournals.org at CONS CALIFORNIA DIG LIB on July 22, 2008

1142

Arterioscler Thromb Vasc Biol

June 2008

AR expression in macrophages in atherosclerotic lesions
and the vascular adventitia suggests that macrophage AR
may represent a link among diabetes, hyperlipidemia and
atherosclerosis.
In diabetics, glucose is shunted into the polyol pathway and
thus converted by AR into sorbitol and subsequently to
fructose by sorbitol dehydrogenase.9 For several reasons, this
is considered harmful: First, activation of AR results in
decreased NADPH levels leading to reduced regeneration of
glutathione which is a key protective factor against oxidative
stress.3 Reduced NADPH levels may also lead to increased
levels of 12-hydroperoxyeicosatetraonic acid (12-HPETE),
which cannot be reduced to less toxic 12-hydroxyeicosatetraenonic (12-HETE) by glutathione peroxidase.27 Increased fructose levels cause increased advanced glycation
end products, which interfere with many cellular processes.3
AR expression and activity have been described in various
tissues including the lens of the eye, kidney, and nerve in
several animal models including rat, rabbit, and pig.28 A
causal relation between metabolization of glucose by AR and
diabetic complications was shown in several animal models
of cataract29 and renal dysfunction30 or neuropathy.31 Similarly, AR activity has been associated with cataract,10 nephropathy,11 and polyneuropathy12 in diabetic patients. Clinical studies have demonstrated that AR inhibition reduces
symptoms of diabetic neuropathy.13 In the vasculature, AR is
expressed in rat smooth muscle cells as demonstrated in rats14
and human umbilical vein endothelial cells.32 Furthermore,
AR expression was found in smooth muscle cells and
mononuclear cells in vivo in human temporal artery specimens from patients with giant cell arteriitis.6
A potential role for AR in atherosclerosis was demonstrated
in LDL receptor knock-out mice overexpressing human AR.14
Normoglycemic AR overexpressing Ldlr⫺/⫺ mice fed a Western
diet did not display increased atherosclerotic lesions as compared to Ldlr⫺/⫺ mice not expressing human AR. However, a
significant increase in lesion size was demonstrated in the
AR-overexpressing mice after streptozotocin (STZ) injection,
which induces diabetes by selectively killing pancreatic ␤ cells,
supporting a pathogenetic role of the polyol pathway for atherogenesis in diabetes.14 The mechanism described here may at
least partially account for increased atherogenesis in this mouse
model. Macrophages harvested from human atherosclerotic
plaques by laser capture microdissection showed 75% increased
AR mRNA expression as measured by gene chip analysis
(Volger OL et al, http://www.ncbi.nlm.nih.gov/geo/, series
GSE7074), supporting a role for the polyol pathway in human
atherosclerosis.
Our findings that oxLDL-induced AR upregulation increases oxidative stress suggest that the harmful effects
clearly outweigh any potentially beneficial role of the polyol
pathway. The protective effects of AR inhibition on ROS
formation seem to be more pronounced under hyperglycemic
conditions, suggesting that harmful effects of AR require
oxLDL as well as elevated glucose levels. AR accounts for
20% to 30% of oxidative stress as demonstrated by the
significant reduction of oxidative stress after inhibition of AR
with epalrestat. Other prooxidant pathways like lipoxygen-

ases,33 cyclooxygenases,33 and NADPH oxidase34 are likely
to contribute the remaining oxidative stress.
AR gene regulation involves 3 osmotic response elements
and 1 androgen response element; there may also be 1
glucose response element.35 Accordingly, increased AR expression under hyperglycemic conditions has been shown in
different cell types.36,37 Here, we extend this finding to human
monocyte-derived macrophages. According to our results,
4-HNE is a key constituent of oxLDL responsible for AR
upregulation. This is consistent with previous data demonstrating 4-HNE– dependent AR upregulation in PBL.6 The
fact that blocking experiments using antibody against
CD36 —a scavenger receptor responsible for about two thirds
of oxLDL uptake into macrophages23—resulted in a significant inhibition of oxLDL-induced AR upregulation suggests
that uptake of oxLDL mediated by CD36 is necessary for AR
upregulation.
In conclusion, we demonstrate hyperglycemia-related upregulation of AR gene expression and activity as a new
proinflammatory mechanism of oxLDL in human macrophages with potential relevance for atherogenesis, thereby
identifying a potential link between 2 of the most important atherosclerotic risk factors, namely diabetes and
hyperlipidemia.
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