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Abstract

Oxidative stress-induced inflammation is a major contributor to several disease conditions
including sepsis, carcinogenesis and metastasis, diabetic complications, allergic asthma, uveitis
and after cataract surgery posterior capsular opacification. Since reactive oxygen species (ROS)-
mediated activation of redox-sensitive transcription factors and subsequent expression of
inflammatory cytokines, chemokines and growth factors are characteristics of inflammatory
disorders, we envisioned that by blocking the molecular signals of ROS that activate redox-
sensitive transcription factors, various inflammatory diseases could be ameliorated. We have
indeed demonstrated that ROS —induced lipid peroxidation-derived lipid aldehydes such as 4-
hydroxy-trans-2-nonenal (HNE) and their glutathione-conjugates (e.g. GS-HNE) are efficiently
reduced by aldose reductase to corresponding alcohols which mediate the inflammatory signals.
Our results showed that inhibition of aldose reductase (AKR1B1) significantly prevented the
inflammatory signals induced by cytokines, growth factors, endotoxins, high glucose, allergens
and auto-immune reactions in cellular as well as animal models. We have demonstrated that
AKRI1B1 inhibitor, fidarestat, significantly prevents tumor necrosis factor-alpha (TNF-a)-, growth
factors-, lipopolysachharide (LPS)-, and environmental allergens-induced inflammatory signals
that cause various inflammatory diseases. In animal models of inflammatory diseases such as
diabetes, cardiovascular, uveitis, asthma, and cancer (colon, breast, prostate and lung) and
metastasis, inhibition of AKR1B1 significantly ameliorated the disease. Our results from various
cellular and animal models representing a number of inflammatory conditions suggest that ROS-
induced inflammatory response could be reduced by inhibition of AKR1B1, thereby decreasing
the progression of the disease and if the therapy is initiated early, the disease could be eliminated.
Since fidarestat has already undergone phase 11 clinical trial for diabetic neuropathy and found to
be safe, though clinically not very effective, our results indicate that it can be developed for the
therapy of a number of inflammation- related diseases. Our results thus offer a novel therapeutic
approach to treat a wide array of inflammatory diseases.

© 2011 Elsevier Ireland Ltd. All rights reserved.

Correspondence: ssrivast@utmb.edu; Tel: 409-772-3926; Fax: 409-772-9679.

Conflict of Interest: the Authors declare no conflict of interest.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Srivastava et al. Page 2

Keywords
inflammation; oxidative stress; aldose reductase; ROS; colon cancer; uveitis; asthma

Introduction

Aldose reductase (AKR1B1, in human) that belongs to aldo-keto-reductase super family of
proteins catalyzes the first and rate-limiting step of the polyol pathway of glucose
metabolism. Besides reducing glucose to sorbitol, AKR1B1 reduces a wide range of
aldehydes and their conjugates with glutathione [1]. Our studies also suggested a beneficial
role of AKR1B1 in the detoxification of toxic lipid aldehydes generated upon oxidative
stress. On the other hand, the accelerated flux of sorbitol through the polyol pathway has
been implicated in the pathogenesis of the secondary diabetic complications, such as
cataractogenesis, retinopathy, neuropathy, nephropathy, and cardiovascular [2,3,4,5,6,7,8].
Demonstration that AKR1B1 inhibitors decrease the sorbitol levels and ameliorate
complications of diabetes such as cataract in experimental animals strongly supports this
hypothesis. [9]. Although, in experimental animals AKR1B1 inhibitors have shown potential
inhibition of secondary diabetic complications, none of the AKR1B1 inhibitors have passed
the phase Il clinical trial for the prevention of diabetic complications such as diabetic
neuropathy [10]. Since, previous studies had implicated that the major cause of diabetic
complications could be osmotic stress generated by polyol flux, most studies were directed
towards lowering the sorbitol levels [11,12]. However, recent studies suggest that the
increased polyol pathway could alter the NADPH/NADP ratio and attenuate the glutathione
reductase (GR) and glutathione peroxidase (GPx) system thereby decreasing the reduced
glutathione/oxidized glutathione (GSH/GSSG) ratio which would cause oxidative stress, a
major cause of diabetic complications [8,13,14]. These conclusions are strongly supported
by our studies showing that sugar -induced lens opacification can be significantly prevented
by antioxidants such as butylated hydroxytoluene (BHT) and Trolox without decreasing
highly elevated levels of sorbitol in the lens [15,16]. Patients with hyperglycemia and
atherosclerosis have increased levels of oxidative stress-generated lipid peroxidation
products, such as 4-hydroxy-trans-2-nonenal (HNE) and protein-HNE conjugates in their
blood [17]. Further, oxidized lipids and lipoproteins are known to stimulate the cell
proliferation/death and the antioxidants such as a-tocopherol, BHT, GSH-ester, curcumin, or
polyphenols attenuate it [18,19,20,21,22,23,24,25,26]. Recently, our studies also suggested
that AKR1B1, besides reducing glucose, efficiently reduces oxidative stress-generated lipid
aldehydes with Km in micro molar range (10-30 pM) as compared to Km glucose (50-100
mM) [27]. These studies indicate the potential role of AKR1B1 in mediating oxidative stress
signals since the lipid peroxidation- derived aldehydes (LDAS) such as HNE have been
shown to regulate cell signals leading to cell growth or death. We have demonstrated that
HNE signals rat aortic vascular smooth muscle cells (VSMC) proliferation which is
attenuated by AKR1BL1 inhibitor [28]. We have further demonstrated the mechanistic
relationship between oxidant generation, lipid peroxidation, HNE formation, vascular cell
cytotoxicity and vascular complications such as atherosclerosis [8].

The elevated levels of ROS during hyperglycemic and peroxidative stress and cytokine
response are known to trigger the inflammatory response in the tissues by upregulating
several redox-sensitive transcription factors such as nuclear factor-kappa B (NF-xB) and
activator protein (AP)-1. Modulation of NF-«xB has a great significance in the mitogenic
process that is mediated by the ROS. Recently, it has been reported that hyperglycemia and
TNF-a activate NF-xB and cause proliferation of VSMC and apoptosis of vascular
endothelial cells (VEC) [29,30]. Since hyperglycemia activates NF-kB and cytokines such
as TNF-a which besides activating NF-«B, is known to stimulate AKR1B1 gene expression,
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it is necessary to understand the relationship and the molecular mechanisms underlying
these signals. We have investigated the mechanism(s) of cytokines- and hyperglycemia -
induced NF-«B activation and proliferation/apoptosis of various cells and found that
AKRI1B1 is involved in the mediation of oxidation/reduction signals. These investigations
are important in understanding the molecular mechanisms of various inflammatory diseases.

Detoxification and anti-oxidative roles of AKR1B1

The most obvious endogenous source of hydrophobic aldehydes is lipid peroxidation. It is
well known that during free radical-mediated peroxidation of lipids, aldehydes are produced
in large amounts [31]. Moreover, several of these aldehydes display high toxicity, and so
could mediate some of the biological effects ascribed to their radical precursors. However,
little is known about their metabolism and detoxification. Our and others observations have
shown that AKR1B1 may represent an important metabolic route for the detoxification of
LDA [1,32,33]. This is an important breakthrough in our understanding of the physiological
role of this enzyme. Due to its involvement in diabetic complications, investigators have
been pre-occupied with defining the role of AKR1B1 in glucose metabolism. However,
reduction of glucose may not be AKR1B1’s primary physiological function; rather, this
enzyme may have an important antioxidative role.

We have demonstrated that lipid-derived aldehydes and their conjugates with GSH are
efficiently reduced by AKR1B1 with a Ky, of 10-30 uM in the presence of reduced
nicotinamide adenine dinucleotide phosphate (NADPH) which is about a thousand-fold
lower than that for glucose [27]. AKR1B1 is an excellent catalyst for the reduction of
medium to long-chain unbranched saturated and unsaturated aldehydes and their conjugates
with GSH. However, based on the decreased NADPH/NADP ratio, LDA could increase and
bind at Cys-298. Binding of short-chain aldehydes, (propanal or acrolein) activates
AKR1B1, while longer-chain aldehydes inactivates the enzyme [34]. Kinetic studies and
computer modeling indicate that AKR1B1 has a specific binding site for GSH [35]. Indeed,
we have solved the crystal structure of AKR1B1 bound to GSH analogue [36]. To further
understand the functions of AKR1B1, we investigated the metabolism of tritiated (°H)-HNE
in various tissues such as red blood cells and cardiac myocytes and found that in all these
cases, AKR1B1 reduces HNE and the GS-HNE to their respective alcohols 1,4-
dihydroxynonene (DHN) and glutathionyl-1,4-dihydroxynonene (GS-DHN), respectively
[32,37,38]. These results not only suggested that AKR1B1 catalyzes the reduction of LDA
or their metabolites both in vitro and in vivo, but also that inhibition of AKR1B1 exacerbates
the toxicity of LDA in the ocular lens, isolated cardiac myocytes and VSMC. An
antioxidative role of AKR1B1 is further supported by the observation that exposure of
VSMC to HNE or hydrogen peroxide (H20,) up-regulates AKR1B1 [39]. Moreover, the
presence of binding sites for redox-regulated transcription factors such as AP-1 and NF-«xB
at the AKR1B1 gene’s promoter site further supports the view that AKR1B1 may be a
significant component of antioxidant defenses involved in redox cell signaling.

In response to growth stimuli the abundance of the AKR1B1 mRNA and protein is
significantly increased. In NIH 3T3 cells, fibroblast growth factor (FGF)-1 increases both
AKR1B1 and fibroblast growth factor regulated -1 protein (AKR1B8 or FR-1) mRNA,
whereas serum up-regulates only AKR1B1 [40]. In astrocytes, AKR1R1 is induced by
FGF-1, FGF-2, and epidermal growth factor (EGF) [41]. In addition, our studies showed that
the expression of AKR1B1 in VSMC is enhanced by high glucose, TNF-a, thrombin, and
FGF-2 [42]. Moreover, in several tissues, AKR1B1 is specifically induced during growth;
e.g., although its expression in the adult liver is low, AKR1B1 is the most prominent tumor-
associated protein in chemically induced rat hepatomas and in transformed rat liver cell lines
[43]. The hepatoma-derived AKR1B1 is also stimulated by FGF-1 [44]. Even though
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significant levels of AKR1B1 were not detected in quiescent VSMC in the vessel wall,
VSMC proliferating in situ or in culture have high levels of AKR1B1 mRNA and protein
[42]. Similarly, lens fiber cells differentiating in response to FGF, show upregulation of
AKR1B1, and in sugar cataracts, high expression of AKR1B1 are localized to the hyper-
proliferating bow region, consistent with a growth-regulating role of the enzyme [45,46].
Further, glucose-induced hyper-proliferation and hypertrophy are decreased by inhibiting
AKR1B1 [8]. In addition to growth factors, AKR1B1 is also induced by oxidants.
Stimulation of VSMC with H,0,, oxidized low-density lipoprotein (oxLDL), or the lipid
peroxidation product, HNE, up-regulates AKR1B1 [39,47]. AKR1BL1 is also induced by
HNE in lymphocytes, as well as by cytokines that generate ROS. In vivo, during giant cell
arthritis, the expression of AKR1BL1 is enhanced in T cells, macrophages, and VSMC in the
area of high oxidative stress and HNE formation, suggesting redox regulation of the
AKR1B1 gene in several tissues [48]. Interestingly, an AKR1B1-related protein (YBR49W)
is markedly up-regulated as part of the adaptive response of yeast to H,O,, where the
protein has been suggested to be required for scavenging lipid peroxidation-derived toxic
aldehydes [49]. Thus, the sensitivity of the AKR1B1 gene to both growth factors and
oxidants appears to be a phylogenetically well-conserved response [42]. Given the extensive
evidence implicating ROS as mediators of cell growth (vide infra), it appears likely that
growth factor-induced upregulation of AKR1B1 is due to ROS generated during mitogenic
signaling. The strongest evidence that AKR1B1 is involved in mediating growth comes from
our studies showing that inhibition of AKR1B1 in culture prevents proliferation of VSMC in
response to FGF, thrombin, and TNF-a, and neointimal hyperplasia in balloon-injured
arteries [42]. In addition, the observation that AKR1B1 inhibition prevents intimal
thickening in coronary arteries of galactose fed beagle dogs provides additional support for
the role of AKR1B1 in abnormal VSMC growth [50]. Nonetheless, the mechanism by which
AKR1B1 facilitates cell growth remains unknown. The possible roles of AKR1B1 in lipid
aldehyde detoxification, reduction of glucose, and mediation of TNF-o and other
inflammatory cytokines and growth hormone signals are shown in Figure 1.

AKR1B1 mediates oxidative stress signhals

Under physiological conditions, there is a balance between the generation of ROS and their
detoxification by antioxidant systems. In general, oxidative stress occurs when this balance
is disrupted, either directly by infectious agents or by cytokines released from inflamed cells
that may lead to increased ROS generation and/or decreased antioxidant defense. Normally,
ROS are involved in signal transductions which mediate some of the essential cellular
functions such as host cell defense, mitochondrial respiration, cytokine generation and cell
proliferation/apoptosis [51]. There are several potential sources of ROS in inflammation,
one of which is the activation of NADPH oxidase in phagocytes, monocytes and most other
inflammatory cell types [52,53]. In fact, activation of NADPH oxidase has been observed
upon exposure of various cell types to cytokines, growth factors and hyperglycemia [54,55].
Thus, NADPH oxidase is a key player in signal transduction. The NADPH oxidase (a
membrane-bound holoenzyme with different flavocytochrome subunits) catalyzes the one
electron reduction of oxygen, using NADPH or reduced nicotinamide adenine dinucleotide
(NADH) as the electron donor and leading to the production of superoxide anions [56]. The
superoxide anions thus generated can form other ROS (such as hydroxyl radicals and
hydrogen peroxide) and cause tissue injury and alter gene expression. Several investigators
have shown in multiple cell types that NADPH oxidase, rather than xanthine oxidase and
other mitochondrial enzymes, is the main source of ROS [57,58,59]. LPS and various
inflammatory cytokines such as TNF-a, interleukin (IL)-1 and I1L-10 can activate NADPH
oxidase to generate significant, sometimes toxic, amounts of ROS (initially O,™) which
propagate their signals that activate transcription factors.
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ROS are known to activate phospholipases and protein kinases which activate redox-
sensitive transcription factors such as NF-kB and AP-1. This is supported by the
observations that cytokines, growth factors and hyperglycemic-induced NF-«xB signals are
interrupted by such antioxidants as N-acetyl cysteine and a-tocopherol and glutathione
(GSH), which can attenuate inflammation [21,23,60]. The ROS-sensitive transcription factor
NF-«B is a critical inflammatory mediator which can transcribe a number of pro-
inflammatory cytokines. When inactive, it is sequestered in the cytosol in a complex with its
inhibitor, inhibitor-kappa B (IxB) and stimulation of protein kinases such as protein kinase
C (PKC), mitogen activated protein kinases (MAPK), and inhibitor-kappa B kinase (IKK)
results in the activation of NF-kB via the phosphorylation of 1xB. The other major redox-
sensitive transcription factor, AP-1, is formed by homo- or heterodimerization of members
of the Jun and Fos families of proteins; ROS can regulate AP-1 activity via several
mechanisms [61,62]. AP-1 can be regulated via the c-Jun N-terminal kinase (JNK) cascade;
JNKSs are part of the MAPK superfamily of serine/threonine kinases that also include the
extracellular signal-regulated kinases (ERK)1/2 and p38MAPK [63]. All MAPK are
activated via a cascade of phosphorylation reactions which eventually activate various
transcription factors. One of the molecules involved in these processes may be HNE, which
is generated by ROS-induced lipid peroxidation. It has been shown that HNE is cytotoxic,
and elevated levels of HNE have been reported in various disease conditions [64,65].
Because AKR1B1 has been shown to reduce HNE and GS-HNE with a K, of 10-30 puM,
we hypothesize that AKR1B1 is a key determinant of the cellular redox state and that
inhibition of this enzyme will interrupt ROS signaling by increasing oxidative stress. This
aldehyde is highly reactive towards free sulfhydryl groups of proteins and generate thioether
adducts that undergo further cyclization and hemiacetal formation [66]. HNE also reacts
with histidine and lysine residues of proteins to form stable Michael adducts [67]. This
aldehyde induces heat shock proteins, inhibits cellular proliferation, and is highly toxic to
cells [68,69]. However, we and other investigators have shown that low concentrations of
HNE stimulate proliferation of vascular smooth muscle cells and hepatic stellate cells
[42,70], whereas HNE is apoptotic in endothelial cells and lens epithelial cells [71,72]. At
high concentrations, HNE displays a variety of genotoxic and mutagenic effects [73].
Cytokines, growth factors and hyperglycemia are known to increase lipid peroxidation and
generate HNE. However, HNE can also regulate the activity and expression of AKR1B1,
suggesting a possible feedback mechanism [74]. Interestingly, incubation of AKR1B1 with
HNE in vitro causes enzyme inactivation [75], while cells treated with HNE show increased
AKR1B1 mRNA synthesis and protein expression [74]. Our recent studies indicate that
inhibition of AKR1B1 prevents HNE- and GS-HNE- but not GS-DHN-induced activation of
NF-kB and proliferation of VSMC and apoptosis of macrophages [28,76]. These studies
indicate that AKR1B1-catalyzed reduced product GS-DHN could be a mediator of oxidative
stress signals.

Recent studies show that the activation of PKC in response to growth factors, cytokines or
environmental stress leads to cell hypertrophy, proliferation, migration, cell growth, or
apoptosis [77, 78]. The PKC isozymes are activated by many extracellular signals, including
ROS, these enzymes modify the activities of multiple effectors, such as cytoskeletal
proteins, MAPK, and transcription factors. Several lines of evidence suggest that PKC
activation by HNE and related oxidants promote inflammation [76,79]; however, it is not
known which of the PKC isozymes are responsible for inflammation, and how AKR1B1
regulates their function. Our recent studies have identified that high glucose —induced PKC-
2 and PKC-5 are significantly prevented by AKR1B1 inhibitors, suggesting that AKR1B1
inhibition worked upstream to PKC isozymes [80]. Further, we have also shown that
AKR1B1 inhibition prevents the activation of phospholipase C (PLC) isozymes and
formation of diacylglycerol which in turn could activate PKC isozymes [80]. Our studies
performed in various cell lines indicate that AKR1B1 regulates both mitogenic and
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apoptotic signals. However, it is not known how AKR1B1 inhibition prevents both the
processes. Interestingly, inhibition of AKR1B1 prevents TNF-a-induced proliferation of
VSMC and Caco-2 cells and apoptosis of VEC, macrophages, and lens epithelial cells
[76,81,82,83,84]. In all the cell lines TNF-a-induces NF-kB and AKR1B1 inhibition
prevents it. Specifically in the cells undergoing apoptosis a significant activation of
caspase-3 is observed and inhibition of AKR1B1 prevents it. However, no caspase-3
activation was observed in vascular and cancer cells.

AKR1B1 in the pathophysiology of inflammatory disorders

Diabetes

Based upon extensive experimental evidence showing that the inhibition of AKR1B1
prevents or delays hyperglycemic injury in several experimental models of diabetes, it has
been suggested that AKR1BL1 is one of the main mediators of such secondary diabetic
complications as cataractogenesis, retinopathy, neuropathy, nephropathy, and
microangiopathy [2,3,4,5,6,7,8]. It has been proposed that the increased flux of glucose via
AKR1B1 causes osmotic and oxidative stresses, which, in turn, trigger a sequence of
metabolic changes resulting in gross tissue dysfunction, altered intracellular signaling, and
extensive cell death [30]. The polyol hypothesis provided a simple testable paradigm of
hyperglycemic injury; however, several key observations on diabetic complications are not
compatible with the accumulation of sorbitol alone as the major cause of hyperglycemic
injury. For instance, in several tissues the intracellular accumulation of sorbitol is not high
enough to cause significant osmotic stress [85]. Moreover, the high efficacy of antioxidants
in preventing cataractogenesis, without preventing sorbitol accumulation, suggests that
oxidative stress may be an important feature of hyperglycemic injury [15,16].

In addition to polyol accumulation, other metabolic changes have also been suggested to
account for hyperglycemic injury. Of these, non-enzymatic glycosylation leading to the
accumulation of advanced glycosylation end-products (AGESs) and alterations in PKC and
myoinositol levels have received the most attention [86]. In support of these hypotheses, it
has been shown that inhibition of PKC or non-enzymic glycation, as well as
supplementation with myo-inositol, delays or prevents hyperglycemic tissue injury.
However, recent evidence suggests that these phenomenons may be inter-related, and that
AKR1B1 may represent a critical link between alterations in PKC, myo-inositol and non-
enzymic glycation [8]. Because sorbitol and myo-inositol are structurally similar, the
depletion of myo-inositol appears to be due in part to the inhibition of its uptake in cells
accumulating sorbitol [87]. Furthermore, it has recently been demonstrated that stimulation
of PKC by phorbol esters up-regulates AKR1B1 indicating that some of the injurious effects
of PKC activation may be mediated by AKR1B1 [88]. Accumulating evidence suggests that
effects of non-enzymatic glycosylation and AKR1B1 are inter-related [89,90]. It has been
demonstrated that sorbitol-3-phosphate generated by AKR1B1 is converted to fructose 3-
phosphate, which is a better glycosylating agent than glucose, so that AKR1B1-mediated
catalysis can generate potent glycosylating agents [91]. This view is supported by the
observations that in the galactosemic lens, AKR1B1 inhibitors suppress the accumulation of
advanced Maillard reaction products such as pentosidine, stimulate the actions of
aminoguanidine (an inhibitor of non-enzymic glycosylation), and inhibit the accumulation of
AGEs [92]. Thus AKR1B1 may represent a common mediator of several pathological
changes associated with long-term diabetes. Further support for a critical role of AKR1B1 in
mediating the toxic effects of glucose is provided by acceleration of diabetic cataract by
overexpression of AKR1B1 in the lens of transgenic mice [93]. It has also been
demonstrated that high glucose in diabetes leads to the up-regulation of AKR1B1 in several
tissues, and that treatment with AKR1B1 inhibitors prevents hyperglycemia-induced
hyperplasia and hyperproliferation of vascular smooth muscle cells and diabetic
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cardiomyopathy [8]. Recent studies also suggest that AKR1B1 mediates hyperglycemia-
induced VSMC proliferation in vitro and in vivo [42,80,81]. Further, AKR1B1 inhibition
has been shown to prevent restenosis of rat carotid arteries [42]. Transgenic overexpression
of AKR1B1 in mice has been shown to exacerbate diabetic cardiomyopathy [94]. These
observations indicate that AKR1B1 inhibotors may be useful in preventing the pro-
vasculoproliferative effects of diabetes, which still remain the major cause of morbidity and
mortality associated with this disease.

Sepsis, an often-fatal systemic inflammatory response syndrome, develops when the initial
host response to live bacteria and/or bacterial products is amplified and dysregulated [95].
Most center for disease control (CDC) category A and B pathogens such as Gram-positive
and Gram-negative organisms, fungi, malarial parasites, and other microbial pathogens can
cause sepsis. If not immediately treated, septic patients often develop acute multi-organ
dysfunction, and shock, leading to death. A recent epidemiological study estimated that
sepsis affects 18 million people worldwide annually, and kills 1400 individuals each day. In
the United States alone, sepsis affects ~700,000 people annually, with an overall mortality
rate of 30% [96]. Even though there have been significant advances in understanding the
fundamental mechanisms of host-pathogen interactions, the clinical management of sepsis is
complicated by 1) difficulties in diagnosing sepsis during its early stages; 2) multi-drug
resistance of bacteria, making many antibiotics ineffective; and 3) a lack of aggressive
treatment in intensive care units. After the initial host-bacterial interactions, there is
widespread activation of the innate immune response involving both humoral and cellular
components. This leads to the production of pro-inflammatory cytokines and chemokines
that act on target cells by binding to specific receptors, activating signal transduction
pathways via autocrine and paracrine mechanisms that can amplify cellular toxicity leading
to multi-organ failure [97]. Although pharmacological therapies such as steroids intended to
block immune response and cytokines could be lifesaving when administered with
appropriate antibiotics, they have their own limitations in septic patients. Our recent studies
suggest that inhibition of AKR1B1 attenuates inflammatory signaling involved in the
production of cytokines and chemokines [98]. Further, inhibition of AKR1B1 decreases
cytotoxic effects associated with the inflammatory mediators in tissues as well as their
paracrine and endocrine effects that propagate toxicity.

Our studies show that the toxic effects of uncontrolled inflammation can be effectively
prevented or significantly ameliorated by inhibiting AKR1B1, either with a pharmacological
AKR1B1 inhibitor or by genetic ablation of AKR1B1 message by small interfering RNA
(siRNA) [8]. We find that inhibition of AKR1B1 down-regulates bacterial endotoxin, LPS,
induced signaling cascades that involve the activation of transcription factors, (such as NF-
kB and AP-1) that transcribe various inflammatory cytokines (TNF-a, Interleukins),
chemokines (Monocyte chemotactic protein (MCP)-1, macrophage inflammatory proteins
(MIP)-1), and inflammatory mediators such as cycloxygenase-2 (Cox-2) and inducible nitric
oxide synthase (iNOS) and lead to sepsis [76,99]. Our results thus support a novel anti-
inflammatory therapeutic role for AKR1B1 inhibitors, and suggest that inhibition of
AKR1B1 may be a clinically important strategy for controlling rampant inflammation due to
physical injury, acute shock or prolonged infection. Indeed, we have shown that inhibition
of AKR1B1 prevents LPS-induced: 1) secretion of cytokines in the serum, liver, kidney,
spleen and heart; 2) the decrease in mouse cardiac muscle contractility that leads to
cardiomyopathy; and 3) lethality in mouse model of sepsis [99]. Similarly AKR1B1
inhibition also prevents cecum-ligation puncture —induced inflammatory response in mice
[98]. Thus our recently published studies suggest that AKR1BL1 inhibitors, which are
thought to be anti-diabetic and have been found to be safe, though not effective in
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ameliorating diabetic complications in clinical trials, could be used therapeutically to down-
regulate septic cascades, innate immunity, septic shock and its associated lethality.

Asthma is one of the most common chronic respiratory diseases with more than 100 million
sufferers worldwide [100]. This inflammatory disorder is caused by a hypersensitive
immune system that results from a number of triggers, such as dust, pollen, viruses and
changes in the weather. While it is not clear how asthma is initiated in the setting of chronic
inflammation, accumulating evidences strongly support the association of airway
inflammation to asthma [101]. Furthermore, the increase in inflammation in bronchial
epithelium leads to eosinophils infiltration, an increase in mucus production, and most
importantly upregulation of cytokines such as TNF-a, IL-4, IL-5, IL-6, IL-13, chemokines
such as MCP-1, MIP-1, adhesion molecules such as Inter-Cellular Adhesion Molecule
(ICAM)-1, and E and P-Selectins [102,103,104]. Thus, exposure of surrounding cells to
inflammatory cytokines and chemokines can trigger various autocrine/paracrine effects
leading to T helper (Th)-2 immune response and inflammatory cell accumulation in the
airway and lungs. Hence elucidating the mechanisms that regulate inflammatory signals is
profoundly important for understanding and managing a very large array of disease
processes, including asthma. Since our earlier studies indicate that AKR1B1 inhibitors could
be anti-inflammatory, we have examined their efficacy in preventing airway inflammation in
mice. We first sensitized and challenged the mice with ragweed pollen extract (RWE)- or
carrier- treated without or with AKR1B1 inhibitor, sorbinil. Our results show that there was
a robust airway inflammation as measured by accumulation of inflammatory cells in
brochoalveolar lavage (BAL) fluid and subepithelium in RWE-sensitized and challenged
animals [105]. In the mice treated with AKR1BL1 inhibitor there was significantly less
inflammation as determined by the number of eosinophils in BAL fluid. Similarly,
perivascular and peribronchial inflammation and cell composition in the BAL fluid induced
by RW- challenge was significantly prevented by AKR1B1 inhibitor. Further, AKR1B1
inhibition also prevented ragweed-induced mucin production and airway
hyperresponsiveness in mice after methacholine challenge [105]. These results indicate that
AKR1B1 inhibition significantly prevented the patho-physiological effects of a common
natural allergen, RW —induced asthma in murine model. We have also examined the
effectiveness of AKR1BL1 inhibition in acute ovalbumin (OVA)-induced airway
inflammation in mice [106]. Our results indicate that OVVA-sensitization and challenge
induced a clear and marked perivascular and peribronchial infiltration of eosinophils into the
lungs of mice. Such infiltration of inflammatory cells into the airways of OVA-challenged
mice was greatly reduced with AKR1B1 inhibitor [106]. Further, the protective effect of the
AKR1B1 inhibitor against OVA-induced airway inflammation coincided with a significant
reduction in the levels of Th2 cytokines including IL-4, IL-5, IL-6 and chemokines such as
keratinocyte-derived chemokine (KC), granulocyte colony stimulating factor (G-CSF) and
MCP-1 in BAL fluid [106]. Thus our studies indicate novel role of AKR1BL1 inhibitors in
the prevention of asthma.

Despite significant research efforts and advances in diagnosis and therapy, ocular
autoimmune diseases, which cover a variety of ocular diseases with different clinical
symptoms and pathogenicity, remain significant cause of visual impairment in humans. The
disease may be of infectious or putative autoimmune etiology. Because uveitis frequently
leads to severe vision loss and blindness with retinal vasculitis, retinal detachment, and
glaucoma, it is important to elucidate the mechanisms involved in ocular inflammation.
Because our earlier studies strongly suggest that inhibition of AKR1B1 prevents cytokine-,
growth factor- and LPS-induced oxidative stress signals leading to production of
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Prostaglandin E (PGE) 2, cytokines and activation of Cox-2 and iNOS, and activation of
these inflammatory markers are known to be major mediators of ocular inflammation, we
investigated the effect of AKR1B1 inhibition on endotoxin-induced uveitis (EIU) in rats
[107]. Inhibition of AKR1B1 prevents EIU-induced inflammatory marker levels in aqueous
humor of rat eyes and also suppressed the inflammatory cells (leukocytes) infiltration and
protein concentration in the aqueous humor (AgH). Similarly, the rise of TNF-a, nitric oxide
(NO) and PGE2 levels in the AqH of EIU rats were significantly attenuated by AKR1B1
inhibition [107]. Furthermore, we have immunohistologically determined the levels of TNF-
a at the anterior and posterior segments of eye. Increased levels of TNF-o were found in the
aqueous humor, vitreous humor, choroid and retina, and were significantly prevented by
AKR1B1 inhibition [107]. Similarly, the increase in iINOS and Cox-2 proteins in ciliary
body, corneal epithelium and retinal wall were prevented significantly by AKR1B1
inhibition. The administration of AKR1B1 inhibitor also prevented the activation of NF-xB
in the ciliary body, corneal epithelium as well as in the retinal wall of LPS-treated rat eyes
suggesting that inhibition of AKR1B1 prevents EIU in rats [107]. Thus, AKR1B1 inhibitors
could be used therapeutically to treat patients with uveitis and its associated complications
that have the potential of stimulating the inflammatory signals.

Colon Cancer

Each year ~940,000 men and women are diagnosed with colorectal cancer (CRC)
worldwide. Of these, more than 500,000 eventually die from its complications [108]. The
transition of normal epithelium to adenoma to carcinoma is associated with a variety of
molecular and biochemical events such as genetic alterations, intestinal epithelial cell
proliferation/differentiation and inflammation. The major initiators of carcinogenesis include
a) cells that suffered irreparable DNA damage due to increased free radicals, which cause
activation of specific nucleases and damage DNA, RNA, proteins and lipids; b) loss of
extracellular stimulation that regulates cell growth; c) upregulation of growth factors and
their receptors, and d) autosomal dominant inheritance of cancer genes among the multiple
family members. Dietary and environmental factors also play an important role in
predisposition to carcinogenesis [109]. Furthermore, many chronic inflammatory diseases
such as hepatitis, gastritis and ulcerative colitis are associated with an elevated risk of CRC
[110]. Although, it is not clear how cancer is initiated in the setting of chronic inflammation,
increasing evidence strongly supports the association between CRC and inflammation [111].
Also, up-regulation of cytokines such as TNF-a. and IL-6, growth factors such as insulin like
growth factor (IGF)-I1, hepatocyte growth factor (HGF), vascular endothelial growth factor
(VEGF), FGF and platelet-derived growth factor (PDGF) and their receptors (HGFR,
EGFR, IGFR) has been observed in CRC patients’ cells [112,113,114,115]. Exposure of
cells to inflammatory cytokines and growth factors triggers upregulation of prostaglandins
via Cox-2 and expands normal epithelial cells to dysplasia (precancer) and cancer [116].
Since redox-sensitive transcription factors such as NF-kB are known to promote
transcription of the genes for cytokines and chemokines, the drugs and antioxidants that
inhibit NF-xB are being used for intervention in CRC [117].

Our recent studies suggest that AKR1B1 is a key regulator of ROS signals induced by
cytokines and growth factors (GF), leading to cell-growth and differentiation in vascular
cells and in colon cancer cells [76,81,82]. RNA interference ablation of AKR1B1 or
pharmacological inhibitors of AKR1B1 prevents growth factor and cytokine-induced cancer
cell growth. Further, Inhibition of AKR1B1 by sorbinil or by antisense ablation prevented
FGF- and PDGF-induced up-regulation of PGE2 synthesis in Caco-2 cells [112]. Inhibition
of AKR1B1 also prevented GF-induced Cox-2 activity, protein, and mRNA, and
significantly decreased the activation of NF-xB, PKC and phosphorylation of PKC-p2, as
well as progression of Caco-2 cell growth, but had no effect on Cox-1 activity [112]. Cell
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cycle analysis suggested that inhibition of AKR1B1 prevents GF-induced proliferation of
Caco-2 cells at S-phase. Since ROS are major culprits in the uncontrolled growth of cancer
cells, we also examined the effect of AKR1B1 inhibition on ROS production. Our results
suggest that AKR1B1 inhibition prevents GF-induced ROS production in cancer cells [112].
Further, we have also shown that inhibition of AKR1B1 prevents cancer cell growth by
suppressing the entry of cells in G1/S phase of cell cycle via regulating the transcriptional
activation of E2F transcription factors [118]. We have also examined the efficacy of
AKR1B1 inhibitor or AKR1B1siRNA in the prevention of colon cancer growth in nude
mice xenografts. Inhibition or SiRNA ablation of AKR1B1 completely halted the growth of
human adenocarcinoma cells (SW480) in nude mice xenograft tumors [118]. None of the
treatments interfered with the normal weight gain of animals during the experiments.
AKR1B1 inhibition also prevented the azoxymethane (AOM) -induced aberrant crypt foci
(ACF) formation in mice [119]. Our studies also indicate that AKR1B1 null mice are
resistant to AOM-induced ACF formation and expression of inflammatory and carcinogenic
markers [119]. Several studies indicate that AKR1B1 is overexpressed in human cancers
such as lung, colon, breast and prostate [120]. Further, AKR1B1 is overexpressed in
hepatocarcinogenesis [121]. Previous studies also indicate that AKR1B1 inhibition prevents
colon cancer cachexia [122]. These studies thus indicate that inhibition of AKR1B1 may be
a novel therapeutic approach in preventing the progression of CRC.

Recent studies demonstrate that besides reducing glucose to sorbitol, AKR1B1 efficiently
reduces lipid aldehydes and their conjugates with GSH. This has opened new dimensions in
understanding the detoxification of reactive aldehydes generated during lipid peroxidation.
Using kinetic, structural, and physiological studies, we and others have investigated the
mechanisms by which AKR1B1 selectively recognizes and catalyzes the reduction of LDA
and their GSH conjugates [1,32,35,37,38]. To our surprise, we found that AKR1B1-
catalyzed LDA metabolites are mediators of cytokine-, chemokine-, growth factor- and LPS-
induced cellular cytotoxicity [76,83,84,99,112,113]. Furthermore, recent studies using cell
culture and animal models indicate that AKR1B1 plays a pivotal role in inflammation,
which is a major contributing factor to many disorders such as cancer, asthma, sepsis and
uveitis [98,99,105,106,107,112,113,118,119]. Several AKR1B1 inhibitors have already
undergone Phase I11 clinical trials for diabetic complications such as neuropathy and found
to be ineffective though clinically safe. Therefore, based upon our recent findings, AKR1B1
inhibitors could be readily developed for the prevention and therapy of a number of
inflammatory disorders mentioned above.
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Figure 1.

Schematic presentation of role of aldose reductase (AKR1B1) in the mediation of
inflammatory pathologies (for details see the text). AKR1B1, aldose reductase; GF, growth
factors; TNF-a, tumor necrosis factor-alpha; LPS, Lipopolysachharide; ROS, reactive
oxygen species; LDA, lipid peroxidation- derived aldehydes; HNE, 4-hydroxy-trans-2-
nonenal; GS-HNE, glutathione-4-hydroxy-trans-2-nonenal; GS-DHN, glutathionyl-1,4-
dihydroxynonene; PI3K, phosphoinositide 3-kinases; PKC, protein kinase C; PLC,
phospholipase C; NF-«xB, nuclear factor-kappa B; AP-1, activator protein 1; iNOS, inducible
nitric oxide synthase; Cox-2, cycloxygenase-2; GSH, reduced glutathione;
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