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Abstract
Macrophages which play a central role in the injury, infection and sepsis, use glucose as their primary
source of metabolic energy. Increased glucose uptake in inflammatory cells is well known to be one
of the responsible processes that cause inflammatory response and cytotoxicity. We have shown
recently that the inhibition of aldose reductase (AR) prevents bacterial endotoxin, lipopolysaccharide
(LPS)-induced cytotoxicity and inflammatory response in macrophages. However, it is not known
how AR inhibition prevents LPS-induced inflammation. Here in, we examined the effect of AR
inhibition on LPS-induced glucose uptake and the expression of glucose transporter 3 (GLUT-3) in
RAW264.7 murine macrophages. Stimulation of macrophages with LPS-increased glucose uptake
as measured by using C14 labeled methyl-D-glucose and inhibition of AR prevented it. Similarly,
ablation of AR by using AR–siRNA also prevented the LPS-induced glucose uptake in macrophages.
Further, AR inhibition also prevented the LPS-induced upregulation of GLUT-3 expression, cyclic
adenosine monophosphate (cAMP) accumulation and protein kinase A (PKA) activation in
RAW264.7 cells. Moreover, LPS-induced down-regulation of cAMP response element modulator
(CREM), phosphorylation of cAMP response element-binding protein (CREB) and DNA binding of
CREB were also prevented by AR inhibition. Further, inhibition of AR or PKA also prevented the
LPS-induced levels of GLUT-3 protein as well as mRNA in macrophages. These results indicate that
AR mediates LPS-induced glucose uptake and expression of glucose transporter-3 via cAMP/PKA/
CREB pathway and thus represents a novel mechanism by which AR regulates LPS-induced
inflammation.
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1. Introduction
Bacterial endotoxin lipopolysaccharide (LPS) plays a central role in inflammation and in
regulating the immune response (Miller et al., 2005, Palsson-Mc Dermott and O'Neill, 2004).
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LPS is released from the surface of replicating gram-negative bacteria into the circulation,
where it is recognized by a variety of circulating cell types, triggering gene induction of
proinflammatory cytokines, such as tumor necrosis factor-α (TNF-α), interleukin-1 (IL-1), and
biosynthesis of prostaglandins (PGE2) (Karin and Lin, 2002; Nathan, 2002). These and other
cytokines act in an autocrine or paracrine manner to induce and amplify host-cell responses
and defense systems that help to eliminate the bacterial infection. However, uncontrolled and
excessive cytokine expression can induce acute or chronic inflammatory processes leading to
multi-organ failure and death (Cohen, 2002 and Reddy et al., 2009). Glucose dyshomeostasis
has been shown to most injurious metabolic syndrome during endotoxemia and intense
hyperglycemia is generally observed prior to death of endotoxemia in animals and humans
(Berk et al., 1970; Hinshaw 1976; Filkins, 1978; Fischer et al., 1978 and Fukuzumi et al.,
1996). Further, glucose consumption has been shown to be increased in LPS treated animals
(Lang et al., 1985; Lang and Dobrescu, 1991a,). Most of the glucose utilization is observed in
macrophages rich organs (Lang and Dobrescu; 1991b; Meszaros et al., 1987). Excessive
expression of glucose transporters (GLUTs) has been identified as a central mediator to tissue
damage and dysfunction associated with inflammation. Further, cytokines, growth factors have
been shown to upregulate expression and membrane localization of GLUT-1 and GLUT-3 in
different cell types including vascular as well as macrophages (Ahmed et al., 1997; Fu et al.,
2004; Phillips et al., 2005; Schuster et al., 2007).

Our recent studies indicate that polyol pathway enzyme aldose reductase (AR) mediates LPS-
induced inflammatory signals in macrophages by preventing NF-κB dependent expression of
inflammatory cytokines and chemokines (Ramana et al 2006a; Ramana and Srivastava 2006;
Ramana et al., 2007; Ramana et al 2009). Further, we have shown that inhibition of AR prevents
LPS-induced production of inflammatory cytokines, cardiac dysfunction and cardiomyopathy
in mice. AR inhibition also prevents LPS-induced lethality in mice (Ramana et al 2006b).
However, the mechanism(s) by which AR inhibition prevents LPS-induced inflammation is
not clearly known. We hypothesize that AR mediated regulation of cellular redox state alters
the inflammatory signaling pathways responsible for macrophage glucose uptake and the
expression of GLUTs in endotoxemia. GLUTs are known to be expressed by the transcriptional
control of CREB. Several studies indicate that activation of CREB plays a vital role in a variety
of cellular processes including proliferation, differentiation and survival (Barton et al 1996;
Fazia et al., 1997). cAMP/PKA pathway activates the CREB which is a member of large super
family of DNA-binding proteins, collectively known as the bZIP proteins (Delghandi et al.,
2005). Oxidative stress-initiated by LPS increases intracellular cAMP which causes activation
of PKA (Osawa et al., 2006). Activated PKA translocated into the nucleus and phosphorylates
CREB at ser133 which then binds to cAMP responsive element and causes transcriptional
activation of various inflammatory markers including GLUT proteins (Hardy and Shenk,
1998; Hayes et al., 2009; Montminy et al 1990; Thomson et al., 2008). In the present study,
we investigated the molecular mechanisms by which AR inhibition regulates glucose uptake
and GLUT expression in macrophages. Our results demonstrate that the inhibition of AR
prevents glucose uptake by inhibiting the GLUT-3 expression by regulating the activation of
cAMP, PKA and CREB in macrophages, indicating that AR inhibition prevents LPS-induced
inflammatory response by blocking the glucose uptake in macrophages.

2. Materials and methods
2.1. Materials

Phosphate-buffered saline (PBS), penicillin/streptomycin solution, trypsin, fetal bovine serum
(FBS) and Dulbecco's Modified Eagle's Medium (DMEM) were purchased from Life
Technologies. Antibodies against p-CREB, CREM-1, PKA, p-PKA, COX-2, iNOS, GLUT-1,
GLUT-3, GLUT-4, Actin and GAPDH were purchased from Santa Cruz Biotech inc. USA.
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cAMP and prostaglandin E2 (PGE2) assay kits were obtained from Cayman chemical company
and glutathione assay kit (GSH-400) from OXIS international inc. USA. Consensus
oligonucleotides for CREB (5′- AGAGATTGCCTGACGTCAGACAGCTAG-3′)
transcription factor was obtained from Promega Corp. Lipopolysaccharide (LPS), 1400W
dihydrochloride and H-89 were purchased from Sigma Co. (St. Louis, MO) Deoxy-D-glucose,
2-[1-14C] was purchased from PerkinElmer. AR inhibitor, fidarestat was a gift from Sanwa
Kagaku Kenkyusho Co. Ltd. (Tokyo, Japan). All other reagents were of the highest purity
available.

2.2. Cell culture
Murine macrophage cell line (RAW264.7) were obtained from American Type Culture
Collection - ATCC and maintained in DMEM supplemented with 10% FBS and 1% penicillin/
streptomycin at 37 °C in a humidified atmosphere of 5% CO2.

2.3. cAMP assay and PGE2
RAW264.7 cells grown to 80% confluent in 6 well plates (1-2×106 cells/well in 6 well plates)
were growth arrested in the serum-free medium without or with AR inhibitor (2μM fidarestat)
for 24 h followed by incubation with 1 μg/ml LPS for another 0,12 and 24h. We have shown
earlier that similar or > 2 μM concentrations of AR inhibitors prevent LPS-induced
inflammatory response in RAW264.7 cells as well as isolated mouse peritoneal macrophages.
Further, 2 uM of fidarestat prevents >95 % of the AR's enzyme activity in RAW264.7 cells.
The cell culture medium was collected from each well after incubation with LPS and analyzed
for PGE2 using an Enzyme Immuno Assay kit according to the manufacturer's instructions
(Cayman Chemical Co.). For cAMP determinations, cells were treated with 1μg/ml LPS for
0, 1, 3, 6, and 12 h, the reaction was terminated by aspiration of the growth medium and addition
of 0.1 N HCl. The cells were scraped into Eppendorff tubes and the suspensions were
centrifuged; the supernatants were then neutralized with 10 N NaOH. cAMP levels were
determined by an enzyme immunoassay according to manufacturer's instructions (Cayman
Chemical Co. USA).

2.4. Gel-shift assay
The cytosolic as well as nuclear extracts were prepared as described before [Montminy et al.,
1990; Ramana et al., 2002). Briefly, nuclear extracts prepared from various control and treated
cells were incubated with the 32P-labeled consensus oligonucleotides for CREB (5′-
AGAGATTGCCTGACGTCAGACAGCTAG-3′) for 15 min at 37 °C, and the DNA-protein
complex formed was resolved on 6.5% native polyacrylamide gels. The specificity of binding
was examined by competition with excess of unlabeled oligonucleotides. After electrophoresis,
the gels were dried by using a vacuum gel dryer and were autoradiographed on x-ray films.
The radiolabeled bands were quantified by an Alpha Imager 2000 scanning densitometer
equipped with the AlphaEase™ Version 3.3b software.

2.5. pCRE-hrGFP cis-reporter plasmid transfection and FACS analysis
The effect of AR inhibition on LPS-induced expression of CRE (cAMP Responsive Element)
and PKA was analyzed by trasfecting PathDetect® reporter plasmid pCRE-hrGFP (Stratagene,
USA) in mouse macrophage cell line RAW264.7 using standard protocols. Briefly, 60%
confluent RAW264.7 cells in 6 well plates were replaced with serum-free medium and
transfections were performed with the plasmid mixture containing 1ug PathDetect® reporter
plasmid pCRE-hrGFP / unrelated control plasmid in 3μl FuGENE6 (Roche Molecular
Biochemicals USA) transfection reagent per well containing 2ml medium. After 8-10 h of
transfection, cells were replaced with fresh medium with and without ARI/PKA inhibitors (2
uM fidarestat or 50 μg/ml H-89, a known PKA inhibitor) prior to the LPS (1μg/ml) treatments.
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After 24 h of LPS treatment cells were collected and fixed using ice cold 70% ethanol and
analyzed for GFP positive cells using FACSCanto (BD Biosciences USA) and appropriate
filters. Percentage of GFP-positive cells was plotted against controls.

2.6. Western blot
To examine the effect of AR inhibition on LPS-induced activation of p-CREB, p-PKA,
CREM-1, GLUT-1, GLUT-3 GLUT-4, COX-2 and iNOS, equal amount of protein from
macrophages were subjected to SDS-PAGE and Western blotting, and membranes were probed
against specific antibodies. The antigen-antibody complexes were detected by enhanced
chemiluminescence (Pierce USA). All blots were probed with either GAPDH or Actin as a
loading control and densitometric analysis was carried out by using Kodak Image station.

2.7. Reverse transcription –PCR
To determine the effect of AR inhibition on LPS-induced activation of GLUT-3 at the
transcription level, RAW264.7 cells were pre-incubated without and with fidarestat (2 μM) for
24 h and treated with 1μg/ml LPS for 0-6 h. Total RNA was isolated by using RNeasy® Mini
Kit from Qiagen USA and reaction was followed by Qiagen® one step RT-PCR kit. Gene
specific primer sequences are; GLUT-3 forward: 5 CAACTTGCTGGCCATCATTGCG 3′
GLUT-3 reverse: 5′ GCAAAATGGAAGGGCTGCGCTTTG 3′ and GAPDH forward 5′
AGGCCGGTGCTGAGTATGTC 3′ and GAPDH reverse 5′
TGCCTGCTTCACCACCTTCT3′, were purchased from sigma (Sigma genosys USA) and
reaction was performed for 30 cycles followed by cDNA synthesis according to Qiagen RT-
PCR assay kit.

2.8. Glucose uptake
To determine the effect of AR inhibition on LPS-induced glucose uptake, growth arrested
RAW264.7 cells were preincubated with 2 μM fidarestat or iNOS inhibitor 1400W (20 μmol)
for 24 h and 1 h, respectively followed by 1 μg/ml LPS. Similar studies were performed in
siRNA transfected cells. After 6 h of LPS treatment, cells were replaced with fresh medium
containing 1.1μci of C14 labeled methyl-D-glucose (Perkline Elmer. USA) and incubated for
0, 30, 60 and 120 min. At the end of the incubations, cells were washed twice with ice cold
PBS and cell contents were dissolved in 0.1N NaOH for overnight and neutralized with
concentrated hydrochloric acid. Equal amount of cell contents were subjected for radioactivity
using scintillation counter (Beckman).

2.9. GSH estimation
To determine the effect of AR inhibition on LPS-induced oxidative stress, growth arrested
RAW264.7 cells were preincubated with 2 μM fidarestat or iNOS inhibitor 1400W (20 μmol)
for 24 h and 1 h, respectively followed by 1 μg/ml LPS. Similar experiments were performed
in AR-siRNA transfected cells. After 24 h of LPS treatments cells were washed twice with ice
cold PBS and lysed with metaphosphoric acid solution (50 μM). Cellular GSH content as a
marker for oxidative stress was estimated from the cell lysates using BIOXY-400 kit from Oxis
international following manufacturer's instructions.

2.10. Statistical analysis
Data represent the mean ± SEM. Statistical analyses were carried out by using Sigma Stat 3.5
(Jandel Scientific, San Rafael, CA). All statistical tests were two-sided, and p<0.05 was
considered as statistically significant. The differences between control Vs LPS or LPS Vs ARI
groups were analyzed by unpaired two-tailed Student's t-test and one-way ANOVA followed
by a Bonferroni t-test for multiple comparisons for studies with increasing dose and time.
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3. Results
3.1. Effect of AR inhibition on macrophage glucose uptake

Since during infections, endotoxemia, burn injury, and sepsis macrophages augment their
cellular glucose uptake and inflammatory response, we have examined the affect of AR
inhibition on LPS-induced glucose uptake in RAW264.7 macrophages. As shown Fig. 1,
incubation of macrophages with LPS caused significant (∼6-fold) uptake of glucose in a time
dependent manner. However, when the cells were preincubated with AR inhibitor, fidarestat
following stimulation with LPS only 2-fold glucose uptake was observed. To rule out
nonspecific effects of pharmacological inhibitor, we ablated AR by using specific siRNA and
investigated its effect on LPS-induced glucose uptake. Similarly, ablation of AR protein by
using AR-siRNA also significantly prevented the LPS-induced glucose uptake. AR inhibitor
alone or AR-siRNA alone did not affect the basal levels of glucose uptake in macrophages. In
addition, pre-incubation of macrophages with iNOS inhibitor (1440W) also prevented the LPS-
induced glucose uptake. These results suggest that AR mediates endotoxin-induced glucose
uptake, a major source of energy in inflamed macrophages.

3.2. Effect of AR inhibition on the regulation of glucose transporters
To investigate the mechanism by which AR inhibition prevents macrophage glucose uptake,
we have examined the effect of AR inhibition on LPS-induced expression glucose transporters.
As shown in Fig.2A and B, incubation of macrophages with LPS increased expression of
GLUT-3 levels in a time-dependent manner in the whole cell lysates as well as membrane
fractions. A maximum increase of 3.6 and 2.3 -folds were observed at 24 h in total cell extracts
and membrane extracts, respectively. The LPS-induced increase in the expression of GLUT-3
was significantly (∼90%) prevented by pre-incubation of macrophages with AR inhibitor,
fidarestat. Further, GLUT-1 levels were marginally increased upon LPS stimulation and AR
inhibition prevented it. However, GLUT-4 levels were not significantly altered by LPS,
suggesting that GLUT-3 was more predominantly expressed in LPS-induced RAW264.7
macrophages as compared to GLUT-1 and GLUT-3. Pre-incubation of AR inhibitor alone did
not affect the basal levels of GLUT proteins. Since GLUT-3 protein is predominantly expressed
and is significantly inhibited by AR inhibition, we have next examined the effect of AR
inhibition on GLUT-3 at the transcriptional level. As shown in Fig. 2C, incubation of
macrophages with LPS caused significant increase in the expression of GLUT-3 mRNA and
inhibition of AR prevented it, suggesting that AR regulates LPS-induced GLUT-3 expression
at the transcriptional level. Therefore, we next examined the molecular mechanism by which
AR inhibition prevents GLUT-3 expression.

3.3. Effect of AR inhibition on LPS-induced CREB activation
Since CREB transcription factor has been shown to transcribe GLUT proteins; we next
examined the effect of AR inhibition on CREB activation. Nuclear extracts from macrophages
treated with LPS without and with AR inhibitor were subjected to EMSA. Results shown in
Fig. 3A indicate that a dose-dependent increase in the DNA binding activity of CREB upon
LPS stimulus and inhibition of AR with fidarestat prevented it. Further, as shown in Fig. 3B,
AR-siRNA transfected cells did not show an increase in the LPS-induced CREB DNA binding
activity. AR inhibitor alone or AR-siRNA alone did not affect the CREB activity. Competition
experiments with excess of cold oligo suggest validity of our EMSA (data not shown). These
results indicate that AR inhibition could prevent GLUT-3 expression by preventing the
activation of CREB in LPS-induced macrophages.
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3.4. Effect of AR Inhibition on LPS-induced cAMP levels
Since CREB is a cAMP dependent transcription factor; we next examined the effect of AR
inhibition on LPS-induced cAMP levels in macrophages. As shown in the Fig. 4, treatment of
macrophages with LPS caused a significant increase in cAMP levels in the culture media at 3,
6 and 12 h and maximum 2.5 fold increase was observed at 6 h. AR inhibition significantly
prevented the LPS-induced increase in cAMP. The cAMP levels were low but were detectable
in controls and AR inhibition alone did not affect the basal levels of cAMP.

3.5. Effect of AR inhibition on LPS-induced cAMP downstream signals
Since PKA, also known as cAMP-dependent protein kinase, is a well known family of kinases
whose activity is dependent on the cAMP levels; we next examined the effect of AR inhibition
on PKA activation in LPS-stimulated macrophages. As shown in Fig. 5A, a time - dependent
phosphorylation of PKA was observed in LPS-treated macrophages, a maximum increase of
2 fold was observed at 45 min. However, in the cells treated with AR inhibitor, the LPS-induced
phosphorylation of PKA was significantly suppressed. Since activation of PKA causes the
phosphorylation of CREB at Ser133 that leads to transcription of CREB – dependent genes,
we examined the effect of AR inhibition of LPS-induced phosphorylation of CREB. As shown
in Fig.4A, a time- dependent phosphorylation of CREB was observed in LPS-treated
macrophages, a maximum increase of 3.2 fold was observed at 15 min and inhibition of AR
prevented it. To examine the increased phosphorylation is indeed due to activation of PKA,
we have examined the effect of PKA inhibitor as well as AR inhibitor on LPS-induced CREB
activation. The results obtained by using FACS analysis of the PathDetect® reporter plasmid
pCRE-hrGFP assay indicated that with AR inhibitor significantly prevents the LPS-induced
activation of CREB in macrophages (Fig. 5B). Similar results were seen with a known PKA
inhibitor H-89 used as a positive control.

3.6. Effect of AR inhibition on LPS-induced CREB downstream signals
In addition to GLUT proteins, CREB also regulates a wide variety of genes by binding to cyclic
AMP response element (CRE) in the promoter region, including Cox-2 and iNOS, we next
examined the effect of fidarestat on LPS-induced Cox-2 and iNOS expression in macrophages.
As shown in Fig. 6A and B, LPS-caused respectively 2.5 fold and 2.1 fold inductions of Cox-2
and iNOS proteins and fidarestat significantly prevented it.

3.7. Effect of AR inhibition on cAMP-dependent repression of CREM-1
Since cAMP responsive element modulator-1 (CREM-1) is also a bZIP transcription factor
that binds to cAMP responsive elements and acts as a transcriptional repressor rather than
activator (Molina et al., 1993), we next examined the effect of AR inhibition on LPS-induced
CREM expression in macrophages. As shown in Fig. 7, treatment of macrophages with LPS
down-regulated the expression of CREM-1 and inhibition of AR significantly reversed the
LPS-induced down regulation of CREM-1.

3.8. Effect of AR inhibition on LPS-induced oxidative stress
Since increased oxidative stress –induced reactive oxygen species (ROS) has been shown to
increase activation of CREB and glucose-uptake, we next examined the effect of AR inhibition
on LPS-induced oxidative stress, by measuring cellular GSH levels as a marker for oxidative
stress. As shown in Fig.8, incubation of macrophages with LPS decreased the cellular GSH,
indicating increased oxidative stress. Pre-incubation of AR inhibitor restored the LPS depleted
GSH levels to normal, suggesting that inhibition of AR could prevent LPS-induced oxidative
stress which is responsible for inflammatory changes.
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4. Discussion
During infections- and burn injury- induced severe inflammation and sepsis, there is a profound
change in carbohydrate metabolism characterized by enhanced glucose utilization in
macrophage-rich tissues, which could be responsible for increased whole body glucose
disposal. Glucose transport proteins, belongs to a family of glucose transporter genes (GLUT
1–5) with variable tissue-specific expression, subcellular localization, and kinetics for glucose
uptake, are the key functional units of the cellular glucose transport system (Crane, 1960; Fu
et al., 2004; Meszaros et al., 1987). However, regulation of glucose uptake and glucose
transporter expression in the cells insensitive to insulin is poorly understood. Oxidative stress
induced by a variety of reagents such as growth factors and cytokines stimulate glucose
transport by translocating transporters from intracellular sites to the plasma membrane or by
increasing transporter expression (Crane, 1960; Ebeling et al., 1998; Hotamisligil et al.,
1993; McGowan et al., 1997).

Binding of LPS to its receptors trigger multiple signaling events that cause tissue dysfunction,
damage leading to multi-organ failure and sepsis (Cohen, 2002; Miller et al., 2005; Palsson-
McDermott et al., 2004). Recent studies indicate that glucose dyshomeostasis leading to
hypoglycemia is commonly observed in endotoxemia (Filkin, 1978). LPS administration has
been shown to increase glucose consumption significantly (Lang et al., 1985). Further, glucose
consumption in the body is generally observed in the tissues rich in macrophages and thereby
macrophages contribute to observed hypoglycemia (Fukuzumi et al., 1996; Lang and
Dobrescu, 1991b). However, how LPS induced expression of GLUT proteins are regulated in
macrophages is not clearly known. Our recent studies indicate that inhibition of AR prevents
LPS-induced inflammatory response in RAW264.7 macrophages as well as in isolated mouse
peritoneal macrophages. Further, we have also shown that inhibition of AR prevents LPS-
induced inflammatory cytokines and chemokines in mice serum, liver, heart and spleen. Most
importantly, inhibition of AR also prevented the LPS-induced cardiomyopathy in mouse model
of endotoxemia. Although, we have shown that inhibition of AR prevents LPS-induced
inflammatory response via inhibiting NF-kB–dependent inflammatory signals, still it is not
clear how AR inhibition prevents LPS-induced inflammation. In order, to identify if AR
regulates LPS-induced macrophage glucose uptake which is responsible for inflammation and
cytotoxicity, we have examined the mechanisms by which AR regulates glucose uptake in
macrophages. Our results demonstrate that inhibition of AR prevents LPS-induced glucose
uptake. Further, we have also demonstrated that AR mediates the expression of GLUT proteins
specifically GLUT3 in LPS- stimulated macrophages. These results identify a novel
mechanism by which AR inhibition could prevent inflammatory response in inflammatory
cells. Since, CREB transcribes the GLUT proteins, we next examined if AR inhibition prevents
LPS-induced cAMP signals leading to activation of transcription factor CREB in murine
macrophages. Our results indicate that AR inhibition prevents LPS-induced CREB due to
attenuation of phosphorylation of PKA and CREB. Inhibition of AR also prevented the LPS -
induced decrease in the abundance of CREM-1 and the up-regulation of GLUT proteins
indicating that AR inhibitor, fidarestat profoundly affects the cAMP signaling in response to
LPS. We have shown earlier that inhibition of AR blocks NF-κB activation via PKC/PLC
prevents apoptosis of macrophages (Ramana et al., 2007, Ramana et al 2006a, Ramana and
Srivastava 2006). Our current observations indicate that inhibition of AR prevents LPS -
induced PKA phosphorylation and CREB activation via cAMP. Collectively, these results
provide comprehensive support to the notion that AR-sensitive events are upstream to the
dichotomy between CREB and NF-κB activation and that AR-catalysis is essential for the
manifestation of the pleiotrophic effects of LPS. The mechanisms by which inhibition of AR
prevents CREB remain unclear, but may relate to AR-induced changes in the cellular redox
state (Oates, 2008; Kaneko et al 2005; Muthenna et al., 2009). Indeed, we have shown that
inhibition of AR prevents LPS-induced oxidative stress by increasing the cellular GSH levels
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depleted by LPS. Previous studies have shown that the activation of CREB by LPS, in part,
due to increased generation of ROS in the mitochondria. The critical role of redox changes in
LPS signaling is suggested by data showing that treatment with antioxidants simultaneously
blocks LPS-induced NF-κB and CREB activation (Ryu et al., 2005). Our previous studies
suggest that inhibition of AR prevents LPS-induced ROS generation and formation of toxic
lipid peroxidation derived aldehydes in macrophages (Ramana et al., 2007, Ramana et al
2006a, Ramana and Srivastava 2006). Further, our previous studies also indicate that AR
catalyzed reduction product GS-DHN mediates oxidative stress-induced inflammatory signals
via activation of PKC (Ramana et al., 2007). Recent studies demonstrate that PKC and ROS
regulate the cAMP levels in human eosinophils (Ezeamuzie and Taslim, 2006). However,
further studies are required to investigate how AR inhibition prevents LPS-induced cAMP
levels in macrophages. In conclusion, the present study indicates that the inhibition of AR
diminishes the LPS-induced glucose uptake and expression of glucose transporter proteins in
macrophages by preventing the signals upstream to CREB activation such as cAMP/PKA and
CREM. These results indicate a novel mechanism for the anti-inflammatory role of AR. Further
evaluation of role of AR pathway and assessment of its significance in LPS-mediated
inflammatory events will help in developing better anti-inflammatory treatments for
endotoxemia and sepsis.
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Fig.1. AR inhibition prevents LPS-induced glucose uptake in macrophages
Untransfected and AR-siRNA transfected RAW264.7 cells were incubated with and without
2μM fidarestat and iNOS inhibitor (1400W) for 24 h and 30 min, respectively followed by
incubation with 1μg/ml LPS. After 6 h of LPS treatments cells were replaced with fresh medium
containing C14 labeled methyl-D-glucose for respective time intervals. At the end of the
incubations, cells were washed twice with ice cold PBS and cell contents were dissolved in
0.1N NaOH for overnight and neutralized with hydrochloric acid. Equal amount of cell extracts
were subjected for radioactivity measurements using scintillation counter. All the data are
expressed as Mean ± SEM (N = 4). *P < 0.001 as compared to control cells (0 min), #P < 0.001
compared to LPS-treated respective groups.
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Fig.2. AR inhibition prevents LPS-induced activation of glucose transporters
Growth-arrested mouse macrophages (RAW264.7) were incubated with and without 2 μM
fidarestat for 24 h and cells were treated with LPS for various time points ranging from 0-24
h. A) whole cell lysates and B) membrane fractions were probed against glucose transporter
protein antibodies GLUT-1, GLUT-3 and GLUT-4. C) RT-PCR was performed for GLUT-3
expression using total RNA isolated from treated macrophages as described in methods. Band
intensities were measured by densitometry analysis to determine the fold changes. Data shown
are representative of three independent experiments.
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Fig.3. AR inhibition prevents LPS-induced nuclear localization of CREB in macrophages
A) Growth-arrested macrophages were pre-incubated with and without AR inhibitor 2 μM
fidarestat for 24 h and treated with indicated concentrations of LPS for 2 h. B) The AR siRNA
transfected and un-transfected cells were treated with 1 μg/ml of LPS for 2 h. Nuclear extracts
were prepared and equal amounts of nuclear extracts were subjected to EMSA for CREB as
described in the Methods. Band intensities were measured by densitometry analysis to
determine the fold changes. Data shown are representative of three independent experiments.
C, Control; TR, Transfection reagent; S, scrambled SiRNA and AR, AR-SiRNA.
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Fig.4. AR inhibition prevents LPS-induced cAMP production in macrophages
Growth-arrested macrophages were pre-incubated with and without AR inhibitor (2 μM
fidarestat) for 24 h, and were challenged with LPS (1 μg/ml) for 0,1,3,6 and 12 h. The cell
lysates were collected as described in methods and cAMP levels were measured by using
specific EIA kit as described in the methods. All the data are expressed as Mean ± SEM (N =
4). *P < 0.001 as compared to control cells, #P < 0.001 compared to LPS-treated cells
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Fig.5. AR inhibition prevents LPS-induced phosphorylation of CREB and PKA in macrophages
A) Growth-arrested macrophages were pre-incubated with and without AR inhibitors (2 μM
fidarestat) for 24 h followed by the incubation with LPS (1 μg/ml) for 0, 5, 15, 30, 45 and 60
min. The whole cell lysates were subjected to Western blot analysis and probed with p-CREB,
CREB, p-PKA, PKA and GAPDH antibodies. Fold change was calculated based on the
densitometric analysis using Kodak Image station. Data shown are representative of three
independent experiments. B) RAW264.7 cells were transfected with PathDetect® reporter
plasmid pCRE-hrGFP as described in methods and treated with and without 2 μM fidarestat
or 50 μg/ml H-89 (PKA inhibitor) for an hour prior to treatment with LPS 1μg/ml for 24 h.
Ethanol-fixed cells were washed twice in cold PBS and analyzed for GFP-positive cells using
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FACSCanto. Percentage of positive cells was plotted. Experiment was carried with triplicates.
All the data are expressed as percentage of Mean ± SEM (N = 4). *P < 0.001 as compared to
pCRE control cells, #P < 0.001 compared to LPS+pCRE-treated cells
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Fig.6. AR inhibition prevents LPS-induced inflammatory markers
Growth-arrested RAW264.7 cells were incubated with and without 2μM fidarestat for 24 h
and then treated with 1μg/ml LPS for 0, 12 and 24 h. A) PGE-2 was measured in cell culture
medium and B) whole cell lysates were used for Westren blot analysis and probed with COX-2,
iNOS and GAPDH antibodies. Band intensities were measured by densitometric analysis to
determine the fold change. All the data are expressed as Mean ± SEM (N = 4). *P < 0.001 as
compared to control cells, #P < 0.001 compared to LPS-treated cells
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Fig.7. AR inhibition restores CREM expression in macrophages
Growth arrested RAW264.7 cells were incubated with and without 2 μM fidarestat for 24 h
and the cells were treated with 1 μg/ml LPS for 24 h. The whole cell lysates were probed against
CREM-1 antibodies. Band intensities were measured by densitometry analysis to determine
the fold change.
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Fig. 8. AR inhibition restores LPS –depleted GSH levels in macrophages
Untransfected and AR-siRNA transfected RAW264.7 cells were incubated with and without
2 μM fidarestat and iNOS inhibitor (1400W) for 24 h and 30 min, respectively followed by
incubation with 1μg/ml LPS. After 24 h of LPS treatment, GSH content was estimated from
the cell lysates using BIOXY-400 kit following manufacturer's instructions. All the data are
expressed as Mean ± SEM (N = 4). *P < 0.001 as compared to control cells, #P < 0.001
compared to LPS-treated cells
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