
High Glucose and Interferon Gamma Synergistically Stimulate
MMP-1 Expression in U937 Macrophages by Increasing
Transcription Factor STAT1 Activity

Alena Nareika2, Kamala P Sundararaj2, Yeong-Bin Im2, Bryan A. Game1, Maria F. Lopes-
Virella1,2, and Yan Huang1,2,*

1 Ralph H. Johnson Veterans Affairs Medical Center, Charleston, SC 29401

2 Division of Endocrinology, Diabetes and Medical Genetics, Department of Medicine, Medical University
of South Carolina, Charleston, SC 29425

Abstract
Recent Diabetes Control and Complications Trial and Epidemiology of Diabetes Interventions and
Complications (DCCT/EDIC) and other clinical studies have reported that glucose control in patients
with diabetes leads to a significant reduction of cardiovascular events and atherosclerosis, indicating
that hyperglycemia plays an essential role in cardiovascular disease in diabetic patients. Although
several mechanisms by which hyperglycemia promotes atherosclerosis have been proposed, it
remains unclear how hyperglycemia promotes atherosclerosis by interaction with inflammatory
cytokines. To test our hypothesis that hyperglycemia interplays with interferon gamma (IFNγ), a key
factor involved in atherosclerosis, to up-regulate the expression of genes such as matrix
metalloproteinases (MMPs) and cytokines that are involved in plaque destabilization, U937
macrophages cultured in medium containing either normal or high glucose were challenged with
IFNγ and the expression of MMPs and cytokines were then quantified by real-time PCR and ELISA.
Results showed that high glucose and IFNγ had a synergistic effect on the expression of MMP-1,
MMP-9 and IL-1β. High glucose also enhanced IFNγ-induced priming effect on LPS-stimulated
MMP-1 secretion. Furthermore, high glucose and IFNγ exert the synergistic effect on MMP-1
expression by enhancing STAT1 phosphorylation and STAT1 transcriptional activity. In summary,
this study revealed a novel mechanism potentially involved in diabetes-promoted cardiovascular
disease.
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1. Introduction
The incidence of cardiovascular events in diabetic patients is significantly increased as
compared to that in nondiabetic population (1). In recent years, a large population study called
Diabetes Control and Complications Trial and Epidemiology of Diabetes Interventions and
Complications (DCCT/EDIC) trial has provided strong evidence to support an important role
of hyperglycemia in cardiovascular disease (2). In this clinical trial, 1441 patients with type 1
diabetes were treated with either conventional or intensive therapy for a mean of 6.5 years
between 1983 and 1993, and 94% of the patients were subsequently followed for a mean of 17
years until 2005. The results showed that the intensive glycemic control reduced the risk of
any cardiovascular event by 42% (p=0.02) and the risk of nonfatal myocardial infarction,
stroke, or death from cardiovascular disease by 57% (p=0.02). Another clinical trial showed
that reduction of postprandial hyperglycemia in type 2 diabetic patients is associated with
regression of carotid intima-media thickness (3). Furthermore, a meta-analysis of 13 clinical
trials suggests that chronic hyperglycemia is associated with an increased risk for
cardiovascular disease in patients with diabetes (4). In addition to the clinical studies, numerous
laboratory investigations have also indicated that high glucose plays an essential role in
atherosclerosis (1). Among these investigations, the studies on advanced glycation endproducts
(AGEs) have well demonstrated in vivo and in vitro that long-term exposure to high glucose
leads to the formation of AGEs by non-enzymatic glycosylation and AGEs are atherogenic
(5). All these clinical and laboratory studies clearly indicate that hyperglycemia contributes to
atherosclerosis.

Atherosclerosis is an inflammatory disease (6). It has been well documented that pro-
inflammatory cytokines play a crucial role in not only the development and progression of
atherosclerosis, but also plaque destabilization, a state of atherosclerotic lesion prone to rupture
(6,7). In diabetic patients with poor glycemic control, it is expected that pro-inflammatory
cytokines would interplay with hyperglycemia to promote atherosclerosis and plaque
destabilization. However, the interaction between hyperglycemia and pro-inflammatory
cytokines in atherosclerosis has not been well elucidated.

Among pro-inflammatory cytokines, interferon gamma (IFNγ), a cytokine mainly released by
T lymphocytes, is considered a key factor involved in plaque destabilization (6,7). It has been
shown that IFNγ inhibits the expression of interstitial collagen by smooth muscle cells (SMCs)
and stimulates the expression of matrix metalloproteinases (MMPs), a group of proteinases
responsible for collagen and other matrix degradation and plaque destabilization (8), by
mononuclear phagocytes (9,10). IFNγ also inhibits SMC proliferation and further reduces
collagen production and weakens the fibrous cap (9). More importantly, IFNγ activates
macrophages, the predominant type of cells in the rupture-prone shoulder regions and major
source of MMP production in vulnerable plaques (7,8). Given the critical role of IFNγ in
inflammation and plaque vulnerability, we hypothesized that hyperglycemia may act in concert
with IFNγ to promote plaque destabilization by upregulating MMP and cytokine expression.

In the present study, we have tested our hypothesis in vitro and demonstrated a synergistic
effect of high concentration of glucose (high glucose) and IFNγ on MMP-1, MMP-9 and
IL-1β expression by U937 macrophages. We further demonstrated that high glucose and
IFNγ exert the synergistic effect on MMP-1 expression by enhancing the signal transducing
and activator of transcription (STAT)-1 signaling.
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2. Materials and Methods
2.1. Cell Culture

U937 histiocytes (resident macrophages) (11) were purchased from American Type Culture
Collection (Manassas, VA) and have been used in our previous studies to show the
augmentation of lipopolysaccharide (LPS)-stimulated MMP and cytokine expression by high
glucose (12–14). The cells were cultured in a 5% CO2 atmosphere in RPMI 1640 medium
(GIBCO, Invitrogen Cop. Carlsbad, CA) containing 10% fetal calf serum, 1% MEM non-
essential amino acid solution, 0.6 g/100 ml of HEPES, and 5 (normal glucose) or 25 mM (high
glucose) of D-glucose. The medium was changed every 2–3 days. U937 cells were treated with
IFNγ (Sigma, St. Louis, MO) after exposure to normal or high glucose for at least 2 weeks.
The cell growth rate was determined using CyQUANT cell proliferation assay kit (Molecular
Probes, Eugene, OR). Human monocytes were isolated, cultured and differentiated to
macrophages as described previously (15). Human monocyte-derived macrophages were
cultured in normal or high glucose-containing medium for 3 days before being treated with
IFNγ.

2.2. Real-Time Polymerase Chain Reaction (PCR)
Total RNA was isolated from cells using the RNeasy minikit (Qiagen, Santa Clarita, CA).
First-strand complementary DNA (cDNA) was synthesized with the iScript™ cDNA synthesis
kit (Bio-Rad, Hercules, CA) using 20 μl of reaction mixture containing 0.25 μg of total RNA,
4 μl of 5x iScript reaction mixture, and 1 μl of iScript reverse transcriptase. The complete
reaction was cycled for 5 minutes at 25 °C, 30 minutes at 42 °C and 5 minutes at 85°C using
a PTC-200 DNA Engine (MJ Research, Waltham, MA). The reverse transcription (RT)
reaction mixture was then diluted 1:10 with nuclease-free water and used for PCR amplification
of MMP and cytokine cDNA in the presence of the primers. The Beacon designer software
(PREMIER Biosoft International, Palo Alto, CA) was used for primer designing. Primers for
MMP-1 (5′ primer: CTGGGAAGCCATCACTTACCTTGC; 3′ primer:
GTTTCTAGAGTCGCTGGGAAGCTG) were synthesized by Integrated DNA Technologies,
Inc. (Coralville, IA). Real-time PCR was performed in duplicate using 25 μl of reaction mixture
that contained 1.0 μl of RT mixture, 0.2 μM of both primers, and 12.5 μl of iQ™ SYBR Green
Supermix (Bio-Rad; Hercules, CA) and run in the iCycler™ real-time detection system (Bio-
Rad; Hercules, CA) with a two-step method. The hot-start enzyme was activated (95°C for 3
min) and cDNA was then amplified for 40 cycles consisting of denaturation at 95°C for 10 sec
and annealing/extension at 53°C for 45 sec. A melt-curve was then performed (55°C for 1 min
and then temperature was increased by 0.5°C every 10 sec) to detect the formation of primer-
derived trimers and dimmers. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (5′
primer: GAATTTGGCTACAGCAACAGGGTG; 3′ primer:
TCTCTTCCTCTTGTGCTCTTGCTG) as a control was also subjected to real-time PCR. Data
were analyzed with the iCycler iQ™ software. The average starting quantity (SQ) of
fluorescence units was used for analysis. Quantification was calculated using the SQ of tested
cDNA relative to that of GAPDH cDNA in the same sample.

2.3. Enzyme-Linked Immunosorbent Assay (ELISA)
MMPs and cytokines in conditioned medium were quantified using sandwich ELISA kits
according to the protocol provided by the manufacturer (R&D System, Minneapolis, MN).

2.4. Treatment of Cells with the Inhibitors of Signaling Pathways
In the studies to determine the effects of the specific inhibitors of signaling pathways
(Calbiochem/EMD Biosciences, Inc., San Diego, CA) on the stimulation of MMP-1 gene
expression by IFNγ, U937 cells pre-exposed to normal or high glucose were treated with 100
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units/ml of IFNγ in the absence or presence of 10 μM of AG490 (JAK-STAT pathway inhibitor)
or bay117085 (NFκB pathway inhibitor) for 24 h. The concentrations of the inhibitors have
been applied in the previous studies (13,14). After the treatment, MMP-1 in conditioned
medium was quantified using ELISA.

2.5. Immunoblotting
U937 macrophages incubated in normal or high glucose-containing medium were treated with
100 units/ml of IFNγ for 0, 5, 10, 20, 30 and 60 min and cellular proteins were extracted after
the treatment. Fifty μg of each sample was electrophoresed in a 10% polyacrylamide gel. After
transferring proteins to a nitrocellulose membrane, total and phosphorylated STAT1 were
immunoblotted with anti-total and anti-phosphorylated STAT1 primary antibodies (Cell
Signaling Technology, Danvers, MA), respectively, and HRP-conjugated secondary antibody.
STAT1 was detected by incubating the membrane with chemiluminescence reagent (NEN Life
Science Products) for 1 min and exposing it to x-ray film for 30–60 seconds. The film was
scanned by densitometry to quantify STAT1.

2.6. Extraction of Nuclear Proteins
Nuclear protein was extracted using NE-PER™ nuclear and cytoplasmic extraction reagents
from Pierce (Rockfold, IL). The concentration of protein in the nuclear fractions was
determined using a protein assay kit (Bio-Rad, Hercules, CA).

2.7. Transcription Factor Activity Assay
The STAT1 activity assay was performed using a TransBinding STAT1 assay kit (Panomics,
Inc., Redwood, CA) according to the experimental protocol provide by the manufacturer.
Briefly, 10 μl of nuclear extract was incubated with Binding Buffer Mix containing the
biotinylated STAT1 probe. The STAT1/STAT1 probe complexes were then immobilized to
the streptavidin-coated assay plate. The STAT1/STAT1 probe complexes were detected with
STAT1 specific antibodies and the HRP-conjugated secondary antibody. The amount of
STAT1 in all wells were determined as optic densities in a spectrophotometer and normalized
to the protein concentrations. The STAT3 activity assay was performed using a STAT3 activity
assay kit by following the experimental protocol provided by the manufacturer (Clontech
Laboratories, Inc., Mountain View, CA).

2.8. Electrophoretic Mobility Shift Assay (EMSA)
U937 cells cultured in normal or high glucose-containing medium were treated without or with
100 units/ml of IFNγ for 2, 8 and 24 h. After the treatment, cells were harvested and nuclear
protein was extracted as described above. Ten μg of nuclear proteins was used for the
electrophoretic mobility shift assay to determine STAT1 DNA binding activity. DNA–protein
binding reactions were performed at room temperature for 20 min in a buffer containing10 mM
Trizma base (pH 7.9), 50 mM NaCl, 5 mM MgCl2, 1 mM EDTA, 1 mM dithiothreitol, 1 μg
poly(dI-dC), 5% (v/v) glycerol, and approximately 0.3 pmole of STAT1 oligonucleotide
(Promega, Madison, WI) labeled with DIG-ddUTP using terminal deoxynucleotidyl
transferase (Roche Molecular Biochemicals, Indianapolis, ID). Protein–DNA complexes were
resolved from protein-free DNA in 5% polyacrylamide gels at room temperature in 50 mM
Tris, pH 8.3, 0.38 M Glycine, 2 mM EDTA, and electroblotted onto positively charged nylon
membranes. The chemiluminescence detection of DIG-labeled probes was conducted by
following the instruction provided by the Roche Molecular Biochemicals.
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2.9. Statistic Analysis
Each experiment was performed in triplicate wells and data were presented as mean ± SD.
Student t tests were performed to determine the statistical significance of cytokine expression
among different experimental groups. A value of P< 0.05 was considered significant.

3. Results
3.1. Synergistic Effect of High Glucose and IFNγ on MMP-1 Expression and Secretion

In our first experiment, U937 macrophages were challenged with IFNγ after being exposed to
normal or high glucose in culture medium for at least 2 weeks. After the treatment, U937 cell
growth rate was determined first and results showed that cell growth was not affected by 2
weeks culture in high glucose (data not shown). The cellular MMP-1 mRNA was then
quantified by real-time PCR (Fig. 1A). Results showed that as compared to normal glucose,
high glucose and IFNγ alone increased MMP-1 mRNA level by 1 and 1.5-fold, respectively,
but the combination of high glucose and IFNγ resulted in a 3.5-fold increase in MMP-1 mRNA
as compared with the combination of normal glucose and IFN. These results demonstrate that
high glucose and IFNγ synergistically stimulate MMP-1 mRNA expression by U937
macrophages.

MMP-1 protein in the conditioned medium was also quantified. As shown in Fig. 1B, high
glucose alone increased MMP-1 secretion while IFNγ stimulated MMP-1 secretion from both
normal and high glucose-exposed cells in a concentration-dependent manner. Interestingly, the
combination of high glucose and 100 units/ml of IFNγ led to a 3-fold increase in MMP-1
secretion over the amount of MMP-1 secreted by cells treated with the combination of normal
glucose and 100 units/ml of IFNγ. Thus, the increase in MMP-1 protein (Fig. 1B) is similar to
that in MMP-1 mRNA (Fig. 1A).

To determine if primary human peripheral monocytes or human monocyte-derived
macrophages (HMDM) have similar responses as U937 cells to high glucose and IFNγ, we
treated human monocytes or HMDM with normal or high glucose in the presence or absence
of 100 units/ml of IFNγ. Results showed that for HMDM, either high glucose or IFNγ increased
MMP-1 secretion, and high glucose plus IFNγ stimulated MMP-1 secretion by 2.6-fold as
compared to normal glucose plus IFNγ (Fig. 1C). In contrast, no similar synergistic effect of
high glucose and IFNγ was observed with human peripheral monocytes (data not shown).

3.2. The Effect of High Glucose on TIMP Secretion
Tissue inhibitors of metalloproteinase (TIMP) control matrix degradation by inhibiting MMP
activity (16). In this study, the effect of high glucose on TIMP-1 and -2 expression was also
determined. Results showed that high glucose, IFNγ, or their combination had no significant
effect on TIMP-1 and TIMP-2 secretion (Fig. 2A).

3.3. Synergistic Effect of High Glucose and IFNγ on MMP-9 and IL-1β Secretion
In addition to MMP-1, high glucose and IFNγ also have a synergistic effect on MMP-9 and
IL-1β secretion (Fig. 2B). Results showed that IFNγ did not stimulate MMP-9 secretion from
cells pre-exposed to normal glucose, and high glucose alone increased MMP-9 secretion by 3-
fold. Interestingly, the combination of high glucose and IFNγ stimulated MMP-9 secretion by
7.5-fold as compared with the combination of normal glucose and IFNγ (Fig. 2B). Results also
showed that high glucose augmented IFNγ-stimulated IL-1β secretion by 4.5-fold (Fig. 2B).
In contrast, no synergistic effects of high glucose and IFNγ on MMP-2, MMP-13, TNFα and
IL-6 secretions were observed (data not shown), suggesting that the synergistic effects of high
glucose and IFNγ on MMP-1, MMP-9 and IL-1β expression are specific.
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3.4. Enhancement of Priming Effect of IFNγ by High Glucose on U937 Macrophages
It is known that IFNγ activates macrophages (17). Activated macrophages are characterized
by not only the increased expression of genes involved in inflammation, but also the enhanced
responsiveness to inflammatory stimuli (18). For example, priming of macrophages with
IFNγ leads to increased cellular responses to LPS (18). In this study, we determined if high
glucose enhances the priming effect of IFNγ on macrophages. Results (Fig. 3) showed that
high glucose augmented either IFNγ- or LPS-stimulated MMP-1 secretion as compared with
normal glucose. Furthermore, results showed that IFNγ-primed cells cultured in high glucose-
containing medium had a 13-fold increase in MMP-1 secretion in response to LPS as compared
with IFNγ-primed cells cultured in normal glucose-containing medium (196.8 vs 15.3 ng/ml,
p<0.001). Thus, these results showed that high glucose enhanced the priming effect of IFNγ
on macrophages, leading to a marked increase in MMP-1 secretion in response to LPS.

3.5. JAK-STAT Signaling Pathways Is Involved in IFNγ-stimulated MMP-1 Expression
It is known that Janus tyrosine kinase (JAK)-signal transducing and activator of transcription
(STAT) pathway is a major cascade mediating IFNγ-stimulated gene expression by
macrophages (17). Thus, we determined if JAK-STAT pathway was involved in IFNγ-
stimulated MMP-1 expression. U937 macrophages pre-exposed to normal or high glucose were
challenged with or without IFNγ in the presence or absence of AG490, a specific inhibitor for
JAK-STAT cascade. After the treatment, secreted MMP-1 was quantified. Results showed that
AG490 not only inhibited high glucose-stimulated MMP-1 secretion, but also effectively
attenuated IFNγ-stimulated MMP-1 secretion in either normal or high glucose-cultured cells
(Fig. 4). AG490 also inhibited the synergistic effect of high glucose and IFNγ on MMP-9 and
IL-1β secretion (data not shown). To show the specificity of JAK-STAT pathway in IFNγ-
stimulated MMP-1 expression, U937 cells were treated with bay117085, an inhibitor for
NFκB pathway that has been shown to be involved in LPS-stimulated MMP expression (19).
Results showed that bay117085 did not inhibit IFNγ-stimulated MMP-1 secretion (Fig. 4).

3.6. Enhancement of IFNγ-triggered STAT1 Activation by High Glucose
It is known that activation of JAK-STAT pathway in macrophages by IFNγ leads to increased
STAT1 phosphorylation, and phosphorylated STAT1 enters the nucleus and binds to IFNγ-
activated site (GAS) in the promoter regions of IFNγ-regulated genes for transcriptional
activation (17). In this study, we first determined the effect of high glucose on IFNγ-induced
phosphorylation of STAT1. Results from Western blot showed that IFNγ induced STAT1
phosphorylation in either normal glucose- or high glucose-exposed cells in a time-dependent
fashion and the activation peaked at 10 min (Fig. 5). Moreover, high glucose led to a higher
level of IFNγ-induced STAT1 phosphorylation than normal glucose (Fig. 5), suggesting that
high glucose augments IFNγ-stimulated MMP-1 expression by enhancing STAT1 activation.

We further determined if high glucose increases IFNγ-induced STAT1 transcriptional activity
by performing both STAT1 DNA-binding activity assay and electrophoretic mobility shift
assay (EMSA). The former is an ELISA-type quantitative method using anti-STAT1 antibody
to determine the amount of STAT1 bound to STAT1 DNA probes while the latter is a semi-
quantitative method using electrophoresis to show the shifting of the STAT1 protein-bound
DNA probes from the free STAT1 DNA probes. Results from STAT1 DNA-binding activity
assay showed that IFNγ stimulated STAT1 DNA-binding activity in either normal or high
glucose-exposed cells in a time-dependent fashion, but the peak stimulations in high glucose-
exposed cells were 11- and 5-fold of those in normal glucose-exposed cells at 2 and 8 h,
respectively (Fig. 6A). When the same nuclear extracts were used for EMSA, the shifted bands
were observed only in the samples from high glucose-exposed cells (Fig. 6B). It is possible
that due to the low level of activated STAT1 in the nuclear extract isolated from normal glucose-
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exposed cells, the amount of the STAT1-DNA complexes was too little to be detected by
EMSA.

The effect of high glucose and IFNγ on STAT3 DNA-binding activity was also examined.
Results showed that while IFNγ stimulated STAT3 activity under either normal or high glucose
condition at 24 hours, there was no significant difference of STAT3 DNA-binding activity
between normal and high glucose-exposed cells (Fig. 6C), suggesting that STAT1 is
specifically involved in the synergistic stimulation of MMP-1 expression by high glucose and
IFNγ.

4. Discussion
Hyperglycemia is a chronic abnormality in diabetes. It is known that chronic exposure of
proteins to high glucose leads to the formation of advanced glycation endproducts (AGEs) that
are atherogenic (5). However, it remains unclear how chronic exposure to high glucose changes
cellular responses to inflammatory stimuli. Since it is known that diabetes and diabetic
complications are associated with inflammation (6,7), we proposed that chronic exposure to
high glucose might render macrophages more sensitive to inflammatory stimuli. To test this
hypothesis, we exposed U937 macrophages to high glucose for more than 2 weeks and then
challenged them with IFNγ, a pro-inflammatory cytokine (17). Our results showed that high
glucose augmented IFNγ-stimulated MMP-1 expression compared with normal glucose. Thus,
this finding in combination with our previous reports that high glucose augments
lipopolysaccharide (LPS)-stimulated MMP-1 expression (12–14) clearly indicate that chronic
exposure to high glucose enhances the responsiveness of macrophages to inflammatory stimuli.

Given the pivotal role of macrophages in inflammation, the clinical implication of these in
vitro findings is that hyperglycemia in diabetes may promote inflammation by increasing
macrophage susceptibility to inflammatory stimuli. This finding may partially explain why
atherosclerosis as an inflammatory disease is more prevalent and severe in diabetic patients.
As we described early, DCCT/EDIC studies have provided strong evidence to support a link
between chronic hyperglycemia and cardiovascular disease (5) and the present study may have
delineated a potential mechanism by which hyperglycemia increases cardiovascular events.

A large number of studies have shown an important role of MMPs in plaque rupture (7,19,
20). Pathological studies have shown that the expression of several MMPs including MMP-1,
MMP-9, MMP-2, MMP-13 and MMP-8 is significantly higher in vulnerable plaques than that
in stable plaques (21). Clinical studies have consistently demonstrated that plasma levels of
MMP-1, MMP-2 and MMP-9 are significantly elevated in patients with unstable angina or
acute myocardial infarction (21). Furthermore, genetic studies have shown that the
polymorphisms in the MMP gene promoters are highly related to the incidences of myocardial
infarction (8). All these studies have well documented a crucial role of MMPs in plaque rupture
and subsequent acute coronary syndrome. In the present study, we demonstrated that high
glucose augments IFNγ-stimulated expression of MMP-1 and MMP-9, but had no effect on
the expression of TIMP-1 and TIMP-2, two endogenous inhibitors of MMP activities,
suggesting that hyperglycemia may increase matrix-degrading activity in atherosclerotic
plaques and thus promotes plaque destabilization.

To understand how high glucose and IFNγ exert their synergistic effects on MMP-1 expression,
we focused on JAK-STAT1 pathway since it is the major signaling cascade mediating IFNγ-
regulated gene expression (17). We found that U937 macrophages pre-exposed to high glucose
had a higher level of STAT1 phosphorylation in response to IFNγ than those pre-exposed to
normal glucose. Furthermore, since phosphorylated STAT1 travels into nucleus to activate
gene expression, the nuclear STAT1 DNA-binding activity is expected to be higher in cells
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exposed to high glucose than that in cells exposed to normal glucose. Indeed, the nuclear
STAT1 DNA-binding activity stimulated by IFNγ was found to be remarkably higher in cells
exposed to high glucose. With our earlier observation that JAK-STAT specific inhibitor AG490
effectively inhibits IFNγ-stimulated MMP-1 expression (Fig. 4), these results strongly indicate
that high glucose and IFNγ synergistically upregulate MMP-1 expression by enhancing STAT1
transcriptional activity.

IFNγ is released predominantly by T lymphocytes, which are present along with macrophages
in atherosclerotic plaques (17). T lymphocytes promote macrophage activation through the
action of IFNγ that binds to IFNγ receptors and triggers the activation of JAK-STAT pathway.
Studies have shown that priming of macrophages with IFNγ markedly enhances cellular
responsiveness to inflammatory stimuli such as LPS (18), cytokines (21) and immune
complexes (22). In the present study, we postulated that high glucose enhances the priming
effect of IFNγ on macrophages. Strikingly, our results showed that U937 cells primed with
IFNγ under the condition of high glucose had a 13-fold increase in MMP-1 secretion in response
to LPS as compared with cells incubated under the condition of normal glucose. This finding
indicates that hyperglycemia is capable of enhancing IFNγ-induced activation of macrophages
that have increased cellular responses to inflammatory stimuli such as LPS, leading to an
augmented gene expression.

In summary, we have demonstrated in this study that pre-exposure of U937 macrophages to
high glucose enhanced IFNγ-stimulated MMP-1 expression via STAT1 activation. We have
also shown that high glucose enhanced the priming effect of IFNγ on macrophages. Given that
hyperglycemia is a key abnormality for diabetes, and diabetic patients have increased incidence
of acute coronary syndromes, this study provides insight into the pathogenesis of acute
coronary syndromes in diabetes.
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Figure 1.
The synergistic effect of high glucose and IFNγ on MMP-1 mRNA expression and protein
secretion. A. The real-time PCR analysis of MMP-1 expression by cells exposed to normal or
high glucose and subsequent challenged with IFNγ. U937 cells cultured in normal or high
glucose-containing medium were treated with 100 units/ml of IFNγ for 24 h. After the
treatment, total RNA was isolated from the cells and used for real-time PCR to quantify MMP-1
and GAPDH mRNA expression as described in Methods. Relative MMP-1 mRNA expression
was calculated by normalization to GAPDH mRNA. B. The concentration-dependent effect of
IFNγ on MMP-1 secretion by U937 cells exposed to normal or high glucose. U937 cells
cultured in normal or high glucose-containing medium were treated with different
concentrations of IFNγ as indicated for 24 h and the conditioned medium was used for ELISA
to quantify the amount of MMP-1 protein. C. The synergistic effect of high glucose and
IFNγ on MMP-1 secretion by human monocyte-derived macrophages (HMDMs). HMDMs
pre-exposed to normal or high glucose were treated with 100 units/ml of IFNγ for 24 h and
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MMP-1 in culture medium was quantified using ELISA. The Data presented are the
representative of three independent experiments with the similar results. NG, normal glucose;
HG, high glucose.
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Figure 2.
The effect of high glucose and 100 units/ml of IFNγ on TIMP-1, TIMP-2, MMP-9 and IL-1β
secretion by U937 macrophages. The conditioned medium from the above studies was also
used in ELISA to quantify TIMP-1 and TIMP-2 (A), MMP-9 and IL-1β (B) as described in
Methods. The Data presented are the representative of three independent experiments with the
similar results. NG, normal glucose; HG, high glucose.
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Figure 3.
The effect of high glucose on MMP-1 secretion by IFNγ-primed U937 macrophages. U937
macrophages cultured in normal or high glucose-containing medium were primed with or
without 100 units/ml of IFNγ for 24 h and then treated with or without 100 ng/ml of LPS for
additional 24 h. After the treatment, MMP-1 in conditioned medium was quantified using
ELISA. The data presented are the representative of two independent experiments with the
similar results.
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Figure 4.
Inhibition of IFNγ-stimulated MMP-1 secretion by specific inhibitor of JAK-STAT pathway.
U937 macrophages pre-exposed to normal or high glucose were treated with 100 units/ml of
IFNγ for 24 h in the absence or presence of 10 μM of AG490 (JAK-STAT pathway specific
inhibitor) or 10 μM of bay117085 (NFκB pathway specific inhibitor). After the treatment,
MMP-1 in conditioned medium was quantified using ELISA. AG, AG490; bay, bay117085.
The data presented are the representative of three independent experiments with the similar
results.
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Figure 5.
Enhancement of IFNγ-induced STAT1 phosphorylation by high glucose. U937 macrophages
cultured in normal or high glucose-containing medium were treated with 100 units/ml of
IFNγ for different times as indicated. After the treatment, cells were lysed and aliquots of the
lysate containing 50 μg protein for each sample were electrophoresed in a 10% polyacrylamide
gel. The proteins were transferred to a nitrocellulose membrane that was subjected to
immunoblotting using anti-phosphorylated STAT1 or anti-total STAT1 antibodies as described
in Methods (A). The STAT1 bands on the film as shown in Fig. 5A were semi-quantified using
densitometric scanning and the results were presented as relative intensity. The image
presented in Fig. 5A is the representative of two independent experiments with the similar
results. p-STAT1, phosphorylated STAT1.
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Figure 6.
Enhancement of IFNγ-induced nuclear STAT1 DNA-binding activity by high glucose. U937
macrophages cultured in normal or high glucose-containing medium were treated with 100
units/ml of IFNγ for 2, 4, 8, or 24 h. After the treatment, nuclear protein was isolated from cells
and subject to STAT1 (A) and STAT3 (C) DNA-binding activity assay, and STAT1
electrophoretic mobility shift assay (B) as described in Methods. The data presented are the
representative of two independent experiments with the similar results.
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