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Abstract
Introduction—Aldose reductase (AR) initially thought to be involved in the secondary diabetic
complications because of its glucose reducing potential. However, evidence from recent studies
indicates that AR is an excellent reducer of a number of lipid peroxidation-derived aldehydes as
well as their glutathione conjugates, which regulate inflammatory signals initiated by oxidants
such as cytokines, growth factors and bacterial endotoxins, and revealed the potential use of AR
inhibition as an approach to prevent inflammatory complications.

Areas covered—An extensive Internet and Medline search was performed to retrieve
information on understanding the role of AR inhibition in the pathophysiology of endotoxin-
mediated inflammatory disorders. Overall, inhibition of AR appears to be a promising strategy for
the treatment of endotoxemia, sepsis and other related inflammatory diseases.

Expert opinion—Current knowledge provides enough evidence to indicate that AR inhibition is
a logical therapeutic strategy for the treatment of endotoxin-related inflammatory diseases. Since,
AR inhibitors have already gone to Phase-iii clinical studies for diabetic complications and found
to be safe for human use, their use in endotoxin–related inflammatory diseases could be expedited.
However, one of the major challenges will be the discovery of AR regulated clinically-relevant
biomarkers to identify susceptible individuals at risk of developing inflammatory diseases, thereby
warranting future research in this area.
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1. Introduction
Recent years have witnessed an upsurge of interest in understanding the precise roles of
aldose reductase (AR; AKR1B1) inhibition in endotoxin-related inflammatory diseases. AR,
a member of the aldo-keto reductase superfamily [1], is a cytosolic protein that catalyzes the
first and rate limiting step of the polyol pathway of glucose metabolism. Besides reducing
glucose to sorbitol, AR also reduces a number of lipid peroxidation-derived aldehydes as
well as their glutathione (GSH) conjugates [2-6]. Cellular and/or tissue inflammation is a
known hallmark of most diseases ranging from asthma, cancers viz. colon, hepatic,
melanoma, breast, cervical and lung cancers, atherosclerosis, sepsis, diabetes, arthritis,
uveitis as well as neurodegeneration. Moreover, AR inhibition is emerging as a logical
therapeutic approach in understanding the cellular and molecular mechanisms as well as the
clinical sequelae associated with diseases, especially bacterial endotoxin, lipopolysaccharide
(LPS)-related inflammatory disorders (Fig. 1). Inflammatory diseases are the leading causes
of morbidity and mortality in populations worldwide. There is accumulating evidence
regarding the role of AR inhibition in LPS-mediated inflammatory diseases such as allergic
airway inflammation/asthma, sepsis and uveitis [7]; therefore, there is a growing need for re-
evaluating anti-AR interventions for the treatment of endotoxin-related inflammatory
disorders. AR appears to be an important metabolic route for the detoxification of lipid
derived-aldehydes (LDAs) [8, 9, 10]; it is an excellent catalyst for the reduction of medium
to long-chain unbranched saturated and unsaturated aldehydes, and their conjugates with
glutathione (GSH) [11]. Current knowledge indicates that inhibiting AR may be efficacious
in pre-clinical models; moreover, a few AR inhibitors (ARIs) have already gone through
clinical trials for diabetic complications, thereby suggesting that they may be therapeutically
exploited in inflammatory settings. Thus, inhibition of AR may serve as a novel therapeutic
strategy for the prevention and/or treatment of inflammatory diseases, especially for patients
who may be poor responders to conventional therapy. In this review, we have aimed to
highlight significant advances in the role of AR inhibition in the pathophysiology of
endotoxin-mediated inflammatory diseases, especially allergic airway inflammation, sepsis
and uveitis.

2. Overview of AR
Human AR is a monomeric protein (36 kDa) of 315 amino acids; AR is encoded by
AKR1B1 gene which is mapped at chromosome region 7q35. AR's active site is located at
the C-terminal end of the barrel which is best suited for efficient interaction with NADPH, a
cofactor required for AR's reduction reactions [7]. Recent studies have demonstrated that
AR is involved in oxidative stress signaling initiated by inflammatory cytokines,
chemokines and growth factors [2]. Moreover, a beneficial role of AR has been suggested
especially in the detoxification of toxic lipid aldehydes generated upon oxidative stress [12].
Although, in experimental animals ARIs have shown potential inhibition of secondary
diabetic complications, none of the ARIs have passed the phase III clinical trial for the
prevention of diabetic complications such as diabetic neuropathy, nephropathy and
retinopathy [13]. However, previous studies indicate that the accelerated flux of sorbitol
through the polyol pathway has been implicated in the etiopathogenesis of secondary
diabetic complications, such as cataractogenesis, retinopathy, neuropathy, nephropathy as
well as cardiovascular [12]. Therefore, targeted manipulation of the polyol pathway,
especially the design of novel strategies to inhibit AR, has emerged as a promising avenue
for the therapeutic intervention of diabetic complications.

A number of ARIs have been developed and some of them have gone through Phase-iii
clinical studies to prevent diabetic complications. ARIs are categorized based on their
chemical structure, either as acetic acid compounds or spirohydantoins.
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Out of these two classes of ARIs tested to date in clinical trials, the carboxylic acid inhibitor
such as zopolrestat has been shown to penetrate tissues poorly with lesser potency, whereas
the spirohydantoin inhibitors penetrate tissues more efficiently. Many reports indicate the
adverse effects of ARI such as skin reactions and liver toxicity [13, 14]. Moreover, each of
the two classes of ARI has its own drawbacks in terms of selectivity, in vivo potency as well
as human safety, thereby implicating that the pathogenic role of AR in diabetic
complications remains controversial till date. Recently, a new structural class
(pyridazinones) of ARI named ARI-809 was shown to have high selectivity for aldose
versus aldehyde reductase [15].

AR inhibitor studies in the past few years have shed light on a number of crystallographic
structures that help to explain the details of catalysis and potential binding sites, primarily
the opening of the specificity pocket and occupation of the anionic hole in the active site
cleft by the charged head of inhibitors [16, 17]. Moreover, clinical trials with ARIs such as
Sorbinil, Tolrestat, Ponalrestat, Zopolrestat, Zenarestat, Epalrestat, Fidarestat and Ranirestat
have yielded mixed results, showing either an apparent lack of efficacy or adverse effects.
Due to lack of promising therapeutic efficacy in preventing diabetic complications during
clinical studies, none of the AR inhibitors were approved by FDA in USA for the treatment
of diabetic complications, specifically diabetic neuropathy. Only AR inhibitor, epalrestat, is
in market in Japan to treat patients with diabetic neuropathy [18]. Recent report by Oates,
2008 has suggested that reliance on nerve sorbitol for assessment of AR inhibition likely
caused underestimation of doses needed for clinical efficacy and overestimation of drug
safety margins; these new insights will lead to novel ARIs that will effectively and safely
slow the progression of diabetic neuropathy [19]. Further, a new paradigm defining the
pathogenic role of AR, the ‘metabolic flux hypothesis’, was presented; robust inhibition of
metabolic flux through the polyol pathway in peripheral nerve would likely result in
substantial clinical benefit in treatment and prevention of diabetic peripheral neuropathy [20,
21].

Recent studies indicate that the major physiological role of AR could be the reduction of
oxidative stress generated lipid aldehydes and their GSH-conjugates [2]. This is because AR
has been shown to reduce lipid aldehydes and their conjugates with GSH with a Km in μM
range as compared to the reduction of glucose to sorbitol. Inagaki et al,1982 have reported
that AR acts on the aldehyde form of D-glucose with a Km of 0.66 μmol/L [22]. In addition,
inhibition of AR may exacerbate the toxic effects of LDAs and their associated pathological
effects. Since lipid aldehydes have been shown to be involved in the mediation of cellular
signaling pathways, inhibition of AR that regulates that regulates the level of these
aldehydes could regulate oxidative signals. Indeed, recent studies indicate that AR inhibition
prevents cytokine, growth factor and hyperglycemia–induced oxidative stress signals in
cultured cells as well as animal models of inflammatory diseases. Even though the precise
pathophysiological mechanism(s) underlying the susceptibility to various inflammatory
diseases are indeed highly complex, the involvement of the AR-mediated signaling pathway
(Fig. 2) in inflammatory diseases has provided mechanistic insights into the biochemical/
physiological role of AR. Thus, AR has become an attractive pharmacologic target for
inflammatory complications other than diabetes. Accordingly, results from most recent
preclinical studies in experimental animals of inflammatory diseases using ARIs have
received considerable attention as logical targets for inflammatory diseases, especially
mediated by bacterial endotoxins.

3. Endotoxin-induced inflammation
Bacterial lipopolysaccharide (LPS), a highly proinflammatory endotoxin, is a component of
the outer envelope of all Gram-negative bacteria. LPS is formed by the phosphogylcolipid A
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and is covalently linked to hydrophilic hetero-polysaccharide and is responsible for its
toxicity [23]. It 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 pro-inflammatory cytokines, such as tumor necrosis factor-α (TNF-α),
interleukin-1 (IL-1), and biosynthesis of prostaglandins (PGEs) [24-27]. These and other
cytokines act in an autocrine or paracrine manner to induce and amplify the host cell
response and defense systems that help to eliminate the bacterial infection. However,
uncontrolled and excessive cytokine expression can induce acute or chronic inflammatory
processes. Thus, the cytotoxic inflammatory complications due to bacterial infections are not
only due to LPS, but also caused by the autocrine effects of various cytokines released by
host cells. Toll-like receptor (TLR) 4 is a major receptor that is activated after LPS binds to
CD14 receptor in concert with LPS-binding protein (LBP). The LPS + CD14 complex is
then transferred to the membrane-bound TLR4-MD-2 (accessory protein) complex [28, 29].
Once LPS is bound to TLR4, it signals through MyD88 to activate the redox-sensitive
transcription factors such as NF-kB and AP-1, via NADPH oxidase [12]. The increased
transcriptional activation by NF-kB and AP1 induces the expression of several inflammatory
cytokines and chemokines, which propagate the LPS-mediated cytotoxicity. Thus activation
of redox-sensitive transcription factors such as NF-kB play a central and crucial role in the
propagation of LPS as well as feedback signals of LPS-induced cytokines, leading to cell
injury and/or dysfunction [30, 31]. LPS-induced activation of NF-kB as well as LPS-
induced cytotoxicity can be prevented by antioxidants, flavinoids, over expression of
superoxide dismutase (SOD) and catalase, as well as inhibition of NADPH oxidase [32-35],
thereby implicating the significance of ROS in LPS-induced cytotoxic effects. However, the
specific mechanisms by which ROS propagate ROS signals remain unclear. Nevertheless,
there is significant evidence showing that ROS generated by LPS via NADPH oxidase can
be messengers of cellular signal transduction and gene expression. Further, earlier studies
have provided important links between elevated cytokines such as TNF-α and IL-1 with
oxidative stress during initial inflammatory processes, and have shown to alter redox
equilibrium through a thiol-dependent mechanism. Interestingly, antioxidants have been
shown to down-regulate cytokine transcription and biosynthesis.

Conversely, increased oxidative stress, e.g., depletion of GSH, can augment pro-
inflammatory signals by up-regulating ROS. Hence, levels of reduced GSH are a critical
determinant of ROS signaling. Therefore, when oxidants overwhelm the antioxidative
capacity, lipid peroxides and toxic lipid-derived aldehydes such as 4-hydroxynonenal (HNE)
are formed, which may be responsible for both, ROS signaling and ROS toxicity. The lipid-
derived aldehyde, HNE is highly electrophilic and exhibits numerous cellular effects [36,
37]. Recent reports support a role for this aldehyde in inflammation; indeed, HNE can be
detected in inflammatory exudates, and increased HNE-proteins adducts were observed
during LPS-induced apoptosis of placental cells and other inflammatory processes [38].
HNE has been shown to increase the LPS-induced production of cytokines such as IL-1,
IL-10 and TNF-α in human blood mononuclear cells [39]. However, it is not clear how the
lipid peroxidation-derived toxic aldehydes (such as HNE and its conjugate with GSH, GS-
HNE) are involved in the inflammatory process, or what role AR (which catalyzes the
detoxification of HNE) plays in the transduction of ROS signals generated by LPS and
cytokines. Our studies indicate that AR inhibitors prevent HNE and GS-HNE induced
inflammatory signals but not GS-DHN induced, suggesting that AR catalyzed product, GS-
DHN could mediate inflammatory signals [9, 40, 41, 42 and FIG.2].

3.1. AR inhibition in endotoxin-mediated inflammatory diseases
Inflammation is a complex system of host systemic and local responses to injury and
infection. Inflammation contributes to almost all disease processes, including immunological
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and vascular pathology, sepsis, and chemical and metabolic injury. In inflammation and the
regulation of the immune response, macrophages play a central role. The prototypical
inflammatory stimulus initiated by LPS has been implicated in inflammatory diseases due to
bacterial infections [43]. It is well established that increased expression of cytokines elicits
the cytotoxic actions of LPS signals in many inflammatory diseases. About 100,000 deaths
in the U.S. each year can be endorsed to an unnecessary inflammatory response to bacterial
infections. Moreover, cytokines play a critical role in several cardiovascular and
neurological degenerative diseases as well as cancer. Hence elucidation of the mechanisms
that mediate and regulate cytokine signals is of profound importance to understanding and
managing a very large array of disease processes. Therefore, strategies focused on inhibiting
endotoxin-related inflammation may hold promise for therapeutic intervention. In this
respect, ARIs are emerging as pivotal players in understanding the cellular and molecular
bases of several inflammatory disorders/diseases ranging from asthma, sepsis and uveitis.

3.1.1. Asthma—The prevalence of asthma, a complex airway inflammatory disorder, is
increasing globally. Asthma is a complex disease with both a strong genetic susceptibility as
well as environmental influence. Allergic asthma is one of the most common chronic
conditions in Western countries [44]. Cellular and physiological responses to endotoxin
have remained an area of interest in the last few decades and epidemiological studies have
revealed that endotoxin has notable impacts on allergic disease [45]. Exposure to endotoxin
causes chronic obstructive lung disease [46] which may lead to the development of
obstructive lung disease including emphysema, chronic bronchitis and asthma [47-50].
Endotoxin has been demonstrated to cause goblet cell hypertrophy, mucus over production,
thereby causing transforming growth factor (TGF)-α and TNF-α-mediated induction of
epidermal growth factor receptor in epithelial cells that may lead to the proliferation of
goblet cells, mucin secretion by neutrophil elastase and induction of histamine release from
basophils [45]. CD14 expression is reportedly upregulated in the airways of subjects with
asthma after allergen challenge; moreover eosinophilic inflammation may further aggravate
the response to endotoxin [51]. Endotoxin has been implicated in increased formation of
ROS and free radicals upon exposure to inhaled environmental pollutants [52, 53]. The
clinical sequelae in endotoxin-related allergic airway inflammation/asthma include goblet
cell metaplasia, mucus hypersecretion, bronchial hyperresponsiveness, smooth muscle
hypertrophy, reactive oxygen species generation, eosinophil infiltration, airway obstruction,
NF-KB activation and production of inflammatory cytokines (Fig. 3). Inhibition of AR has
recently been demonstrated to prevent allergic airway inflammation and asthma [54-56].

Pharmacological inhibition and/or genetic ablation of AR by signal was observed to prevent
TNF-α- as well as LPS-induced apoptosis, ROS generation, synthesis of various
inflammatory mediators including IL-6, IL-8, and PGE-2; moreover, AR inhibition also
caused activation of transcription factors NF-kB and AP-1 in small airway epithelial cells.
Murine model studies investigating the potential role of AR inhibition in asthma have
revealed that AR inhibition prevents ragweed pollen extract and ovalbumin-induced allergic
inflammation. The role of AR inhibition has also been demonstrated in downregulating the
expression of IL-13-induced expression of mucin as well as phosphorylation of components
of JAK-STAT signaling pathway, primarily JAK-1, ERK1/2 and STAT-6 [57]. These
findings implicate the emerging role of AR inhibition as a promising strategy in asthma
management.

Besides AR inhibition in endotoxin-mediated inflammatory diseases, there is growing
evidence regarding the potential role of AR in allergen-induced airway inflammation.
Murine-model studies from our laboratory have recently demonstrated that AR is a pivotal
player in allergen viz. ovalbumin (OVA)-as well as ragweed pollen extract (RWE)-induced
airway inflammation [12]. OVA-sensitization/challenge induced a marked perivascular and
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peribronchial eosinophilic infiltration into the lungs of mice; moreover, the infiltration of
inflammatory cells into the airways of OVA-challenged mice was greatly reduced with
AKR1B1 inhibitor [54, 57]. A significant reduction in the levels of Th2 cytokines including
IL-4, 5 and 6 as well as chemokines including keratinocyte-derived chemokine (KC),
granulocyte colony stimulating factor (G-CSF) and monocyte chemotactic protein (MCP)-1
in broncho-alveolar lavage (BAL) fluid was observed in our OVA-induced inflammation
studies. AR inhibition studies in RWE-challenged experimental murine model system
revealed robust airway inflammation that was quantified by accumulation of inflammatory
cells in the BAL fluid and sub-epithelium; mice treated with AKR1B1 inhibitor showed
relatively lower inflammation as determined by the eosinophil-count in the BAL fluid. In a
similar manner, perivascular and peribronchial inflammation in the lavage fluid of
experimental animals challenged with RWE was significantly prevented by AR inhibitor.
AR inhibition was also observed to prevent RWE-induced mucin secretion and airway
hyper-responsiveness in mice challenged with methacholine [55]. The above findings from
our research group further strengthen the growing significance of AR inhibition in allergen-
induced airway inflammation. However, these studies in murine models need to be further
corroborated in human study subjects in ethnically disparate populations to fully dissect the
mechanisms involved in allergen-induced airway inflammation at the cellular, molecular as
well as genetic level.

3.1.2. Sepsis—Sepsis is emerging as a major cause of morbidity and mortality worldwide
in recent times. Major injury due to surgical and/or trauma results in increased production of
potentially profound immunological dysfunction which causes tissue injury, postoperative
infection, and eventually multiple organ dysfunction syndrome (MODS) [58]. The hallmarks
of sepsis include enhanced endotoxemia alongwith increased levels of nitric oxide,
inflammatory cytokines, vasodilatiom and diminished organ perfusion. The initial
proinflammatory immune response, or systemic inflammatory response syndrome (SIRS), is
mediated primarily by the cells of the innate immune system, and therefore the use of novel
strategies targeting mediators in the immune system as well as inflammatory mileu appears
to be an attractive immunotherapeutic option. Furthermore, an unbalanced systemic
compensatory anti-inflammatory response can result in immunosuppression, which may
predispose the host to the development of opportunistic infection. In this context, targeting
the inhibition of AR may be beneficial in understanding the complexities associated with
sepsis (Fig. 3). Recently, AR inhibition has been implicated in LPS-endotoxemia [59, 60].
Inhibition/ablation of AR was observed to significantly attenuate LPS-induced activation of
PKC, PLC, NF-kB, phosphorylation and proteolytic degradation of IkB-α in macrophages.
Further, AR inhibition has been shown to prevent the macrophage death induced by LPS in
cultured cells. Furthermore, in a similar study in mouse model of endotoxemia, AR
inhibition has been demonstrated to alter/diminish inflammatory cytokines in response to
LPS challenge in murine serum, liver, spleen and heart. AR inhibition also resulted in a
blunted activation of PKC, JNK, and p38-MAPK and phosphorylation of IkB-a, IKK, and
PLC [61]. Indeed, AR inhibition has been shown to prevent LPS-induced cardiomyopathy, a
major of mortality in sepsis patients, in mice. Further, AR inhibition induced functional
recovery in myocardial fractional shortening due to endotoxemia in vivo and preserved
contractile function of isolated perfused hearts. Moreover, AR inhibitors have shown to
decrease the mortality associated with LPS in mice. In addition, studies using a caecum-
ligation-puncture murine model of polymicrobial sepsis demonstrated that AR inhibition
prevented the levels of inflammatory cytokines and chemokines [61]. However, the efficacy
of AR inhibition in preventing multi-organ toxicity, one of the major causes of septic shock
and death still needs to be investigated. Overall, these studies showing that inhibition of AR
prevents sepsis in clinically relevant animal models will provide tangible benefits to patients
with sepsis.
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3.1.3. Uveitis—Uveitis is a systemic inflammatory response syndrome, the hallmarks
being excessive production of inflammatory cytokines in response to bacterial infections
[62]. Moreover, the recurrent nature of uveitis may result in certain sight-threatening
conditions such, as cataracts, glaucoma and even blindness [63, 64]. Endotoxin-induced
uveitis is usually considered to be an inflammation of the anterior uvea, with some changes
in the posterior segment (vitreous and retina) [65, 66]. The pathophysiological mechanisms
underlying uveitis appear to be indeed complicated, thereby, emphasizing the need to
identify potential therapeutic targets that may help in understanding the etiopathogenesis of
uveitis. Recent studies suggest the growing significance of AR inhibitors as therapeutic
targets in treating uveitis patients. AR has been implicated as a pivotal player in LPS-
induced inflammation in human non-pigmented ciliary epithelial cells (hNPECs) as well as
in lens epithelial cells. LPS-stimulation caused increased secretion of PGE (2) and NO in the
culture medium as well as enhanced expression of COX-2 and iNOS proteins in cellular
extracts [67]. Moreover, the findings revealed increased phosphorylation of MAPK/ERK
and SAPK/JNK as well as activation of redox-sensitive transcription factors NF-KB and
AP-1; however, AR inhibition by sorbinil and zopolrestat ameliorated these inflammatory
alterations in hNPECs. Interestingly, LPS-induced decrease in the expression of Na/K-
ATPase in hNPECs was restored by AR inhibitors. Inhibition of AR has been demonstrated
to attenuate TNF-α, NO and PGE2 levels as well as downregulate the infiltration of
inflammatory cells in the aqueous humor of uveitis rat eyes. Moreover, the expression of
TNF-α, inducible-NOS and COX-2 proteins in the ciliary body, corneal epithelium and
retinal wall was significantly prevented by AR inhibition. Additionally, naturally occurring
compounds viz. benfotiamine and guggulsterone that attenuate the expression of AR as well
as the activation of NF-kB have also been observed to ameliorate endotoxin-induced uveitis
[68, 69]. Recent studies also indicate that AR inhibition prevents auto-immune induced
uveitis in rats. Further, AR null mice were shown to be protective against endotoxin-induced
uveitis, confirming the definitive role of AR in endotoxin–induced ocular inflammatory
complications.

3.1.4. Vasculoproliferative disorders—Recent studies indicate that bacterial infections
increase the risk of vasculoproliferative disorders. AR inhibition is emerging as an important
research strategy in understanding the etiology of vasculoproliferative disorders. The
cellular and molecular mechanisms underlying atherosclerosis and restenosis are not
completely understood. Therefore, the identification of logical therapeutic targets in the
management of vasculoproliferative disorders is currently an area of intense study
worldwide. Atherosclerosis is a chronic inflammatory condition resulting from the
interaction between modified lipoproteins and various cell types of the blood and the vessel
wall, including monocytes and macrophages, platelets and vascular smooth muscle cells.
Apart from inflammation, atherosclerotic plaque development involves the phenotypic
modulation of vascular smooth muscle cells to proliferating and dedifferentiated cells. In
contrast, restenosis is the process of luminal narrowing in an atherosclerotic artery after
intra-arterial intervention, such as balloon angioplasty and stent placement [70]. The
hallmarks of restenosis include the migration and proliferation of vascular smooth muscle
cells and accumulation of extracellular matrix. AR inhibitors have been implicated in the
delay and/or prevention of the onset of major cardiovascular complications such as ischemic
injury, restenosis and atherosclerosis [71]. The cardioprotective effects of ARIs have been
demonstrated in ischaemia-reperfusion injury in diabetic myocardium. Calderone et al, 2010
have shown that ARI, epalrestat is cardioprotective in the diabetic hearts submitted to
ischaemia-reperfusion where the AR activity is high but not in the non-diabetic hearts where
AR activity is low [72]. Similarly, inhibition of AR by zopolrestat was demonstrated to
improve the function of sacro/endoplasmic reticulum Ca (2+)-ATPase (SERCA) and
ryanodine receptor by protecting them from irreversible oxidation in the ischemia/
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reperfusion (I/R) of hearts [73]. Treatment of apoE-null mice with ARIs sorbinil or tolrestat
increased early lesion formation but did not affect the formation of advanced lesions, thus
suggesting that AR is upregulated in atherosclerotic lesions and has a protective effect
against early stages of atherogenesis by removal of toxic aldehydes generated in oxidized
lipids [74]. Pharmacological blockade of AR has also been implicated in significant
reduction of ROS generation and mitochondrial permeability transition (MPT) pore opening
in mitochondria of aldose reductase transgenic (ARTg) mice hearts exposed to I/R stress,
thereby suggesting that inhibition of AR pathway protects mitochondria and therefore may
be a valuable adjunct for salvaging ischemic myocardium [75]. Moreover, AR inhibition
resulted in reduction of oxLDL-induced intracellular oxidative stress; oxLDL-induced
upregulation of AR in human macrophages was observed to be proinflammatory in foam
cells and may be a potential link between the clinical sequelae associated with
hyperlipidemia, atherosclerosis, and diabetes mellitus [76]. Recently, atherosclerosis
development was quantified in transgenic mice expressing human AR (hAR) double crossed
with the apoE knockout; the transgenes were used to increase the normally low levels of this
enzyme in wild-type mice [77]. This study demonstrated that hAR expression in apoE null
mice is atherogenic and that expression specifically in endothelial cells also leads to a
significant disease progression. Further, both generalized hAR overexpression as well as
hAR expression via the Tie 2 promoter increased lesion size in streptozotocin diabetic mice.
Much needed investigations on how AR inhibition prevents these vasculoproliferative
disorders specifically initiated by bacterial infection or endotoxins are still awaited.

4. Conclusions
Endotoxin has significant impact on inflammation-based disorders such as asthma, sepsis
and uveitis. There has been considerable enthusiasm in the research community for
assessing the clinical relevance of AR inhibition in endotoxin-related disease models.
However, the design of bioavailable and more specific inhibitors of aldose reductase
remains a challenge. Development and assessment of physiological activity of novel
inhibitors of aldose reductase, the key enzyme in the polyol pathway, is currently an area of
extensive research globally. The efficacy of ARIs is usually assessed using
electrophysiological recordings that incorporate measurements of three key nerves: median
and tibial motor nerves and the median sensory nerve [78]. Although ARI-targeted therapies
are currently being evaluated in phase I/II and III studies for diabetes, yet, till date, they
have not achieved worldwide clinical use in disease management because of limited efficacy
and/or unfavorable adverse effects [79]. However, recent findings indicate that Fidarestat
appears to be promising inhibitor with high specificity and minimal irreversible side effects.
Recent 52 week clinical studies with fidarestat for diabetic neuropathy indicate that it is safe
to use in human, hence this drug could be developed as potential anti-inflammatory agent in
preventing inflammatory diseases. However, additional studies investigating the biological
roles of fidarestat in clinical trial settings is essential to fully validate the potential market
availability of this drug as well as determine their overall success in disease management
worldwide. Future research exploring the role of ARIs in cellular and molecular mechanisms
underlying endotoxin-related inflammatory diseases may significantly contribute in
identifying and/or designing novel diagnostic approaches and intervention strategies to aid
in the overall management of cellular/tissue inflammation in patients worldwide. In
conclusion, AR inhibition appears to be an attractive therapeutic strategy for future anti-
inflammatory therapy and translational research.

5. Expert opinion
Current knowledge indicates that AR inhibition is a logical therapeutic strategy for the
treatment of endotoxin-related inflammatory diseases. The role of AR in the prevention of
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NF-kB activation, inflammation, cellular signaling leading to apoptosis or proliferation has
been now extensively confirmed by our studies as well as others (80-88). The precise role of
inhibitors of AR in altering/mediating endotoxin-related inflammatory diseases and their
local/systemic effect(s) in both experimental as well as clinical settings warrants further
investigation. The in vitro and in vivo findings in murine model systems need to be further
corroborated in preclinical settings using genetically altered animal models and clinical
settings with human patients to fully understand the precise role(s) of AR inhibition in tissue
damage and organ dysfunction in patients with endotoxin-related inflammatory
complications. Further, one of the major challenges in the AR-field is the relative paucity of
clinically-relevant biomarkers to identify and accordingly stratify susceptible individuals at
risk of developing inflammatory diseases. Thus, targeting interrelated biochemical
pathways, in addition to aldose reductase inhibition, may be beneficial in the elucidation of
the precise cellular/molecular mechanisms underlying endotoxin-related inflammation in the
near future.
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AR Aldose reductase

ARIs AR inhibitors

BAL broncho-alveolar lavage

GSH glutathione
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GS-DHN Glutathionyl-1,4-dihydroxynonene

G-CSF granulocyte colony stimulating factor

hNPECs human non-pigmented ciliary epithelial cells

HNE hydroxynonenal

IL-1 interleukin-1

I/R ischemia/reperfusion

KC keratinocyte-derived chemokine

LPS lipopolysaccharide

LBP LPS-binding protein

MPT mitochondrial permeability transition

MCP-1 monocyte chemotactic protein

MODS multiple organ dysfunction syndrome

OVA ovalbumin

PGE2 prostaglandins

PPO pyrido[1,2-a]-pyrimidin-4-one derivative

RWE ragweed pollen extract

SERCA sacro/endoplasmic reticulum Ca(2+)-ATPase

SOD superoxide dismutase

SIRS systemic inflammatory response syndrome

TLR toll-like receptor

TGF transforming growth factor

TNF tumor necrosis factor
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Article highlights

• Aldose Reductase (AR) catalyzes the rate limiting step of the polyol pathway of
glucose metabolism; besides reducing glucose to sorbitol, AR also reduces a
number of lipid peroxidation-derived aldehydes as well as their glutathione
(GSH) conjugates.

• Endotoxin has significant impact on inflammation-based disorders such as
asthma, sepsis and uveitis.

• AR inhibitors are emerging as pivotal players in understanding the cellular and
molecular bases of endotoxin-related inflammatory disorders/diseases.

• As AR inhibitors have already gone to Phase III clinical trials for diabetic
complications and found to be safe for human use, their use in endotoxin-related
inflammatory diseases could be expedited.

• AR inhibition appears to be an attractive therapeutic strategy for future anti-
inflammatory therapy and translational research.
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Figure 1.
Aldose Reductase (AR) in human diseases
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Figure 2.
Schematic representation of Aldose Reductase (AR) in endotoxin signaling
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Figure 3.
Implications of Aldose Reductase (AR) inhibition in Asthma and Sepsis
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