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Abstract
Pro-inflammatory cytokines such as TNF-α play an important role in the pathophysiology of diseases
such as Crohn's and ulcerative colitis which cause increased risk of colorectal cancer. However, the
mechanisms underlying colon carcinogenesis are not well understood. Herein we report that
inhibition/antisense abolition of polyol pathway enzyme, aldose reductase (AR) inhibited the TNF-
α–induced synthesis of prostaglandin E2 and the activity of cyclooxygenase (Cox) in human colon
cancer cells, Caco-2. Inhibition of AR prevented TNF-α -induced activation of PKC and NF-κB
which resulted in the abrogation of Cox-2 mRNA and protein expression. These results suggest that
inhibition of AR could be a novel chemopreventive approach to colon cancer.
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1. Introduction
Prostaglandin E2 (PGE2) is one of the main inflammatory markers that plays an important role
as a local chemical messenger to cause inflammation in colon cancer [1]. In the colon, intestinal
epithelial cells (IECs) are the first host defense against various pathogens, toxins and chemical
stimuli [2,3]. For example bacterial infections in IECs up-regulate expression of a battery of
NF-κB-dependent proinflammatory cytokines such as TNF-α, IL-1, IL-6 and granulocyte
macrophage-colony stimulating factor (GM-CSF) including PGE2 and nitric oxide [2-6]. The
cytokines and chemokines by autocrine and paracrine fashion elevate the host immune
response. Among the proinflammatory cytokines, TNF-α is a central mediator in the
pathophysiology of chronic inflammatory bowel diseases (IBD) such as Crohn's and ulcerative
colitis [4,7]. The enzyme Cox-2 has been shown to be over-expressed in IBD and most
colorectal adenocarcinomas [5,8]. The cyclooxygenase isoforms 1 & 2 catalyze the first two
steps in the biosynthesis of prostaglandins from arachidonic acid which are known to be the
major cause of inflammation [8]. The de novo synthesis of Cox-2 is triggered by the exposure
of cells to cytokines such as TNF-α and IL-6 which independently activate the nuclear factor–
κB (NF-κB), a redox sensitive transcription factor, that activates a number of genes such as
IL-6, inducible nitric oxide synthase (iNOS) and aldose reductase (AR) [3,5,9]. In colonic
epithelial cell line, HT-29, TNF-α-induced over-expression of Cox-2 is completely dependent
on NF-κB activation [10].
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We have earlier shown that AR, a member of the aldo-keto reductase (AKR) superfamily,
reduces one of the most abundant and toxic lipid aldehyde, 4-hydroxy-trans-2-nonenal (HNE),
and its conjugate with glutathione (GS-HNE) to 1, 4-dihydroxynonane (DHN) and GS-DHN,
respectively with a Km in the range of 10-30 M [11]. This enzyme also catalyzes the first and
rate-limiting step of the polyol pathway of glucose metabolism [11]. Inhibition of this enzyme
by two structurally distinct pharmacological inhibitors, sorbinil and tolrestat or by AR SiRNA
prevents growth factors- and TNF-α-induced phosphorylation and degradation of IκB-α and
activation of NF-κB and PKC, proliferation of vascular smooth muscle cells (VSMC), and
apoptosis of vascular endothelial cells (VEC) [12-14]. Our results indicate that GS-DHN
formed by the reduction of GS-HNE catalyzed by AR, mediates cytokines-, chemokines- and
growth factors-induced NF-κB activation that would result in increased formation of
inflammatory markers. However, the mechanisms by which inhibition of AR prevents TNF-
α-induced NF-κB activation and cytotoxicity in colon cancer remain unclear. Similarly, various
antioxidants and compounds that inhibit NF-κB activation have been shown to be beneficial
in preventing the progression of colon cancer but the mechanisms are not well understood. In
the present study, we have investigated the possible role of AR in mediating the TNF-α-induced
production of PGE2 in colon cancer Caco-2 cells. Our results show that inhibition of AR
prevents TNF-α–induced up-regulation of inflammatory markers such as Cox-2 and PGE2 in
Caco-2 cells, identifying a novel target for preventing colon inflammation that may lead to
carcinogenesis.

2. Materials and Methods
2.1. Materials

Dulbecco's modified Eagle's medium (DMEM), Opti-MEM, phosphate-buffered saline (PBS),
penicillin/streptomycin solution, trypsin, and fetal bovine serum (FBS) were purchased from
Invitrogen (Carlsbad, CA). Antibodies against Cox-1, Cox-2 and phospho PKC-β2 were
obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Sorbinil and tolrestat were
gifts from Pfizer and American Home Products, respectively. The stock solutions of AR
inhibitors were made by dissolving in 25 % DMSO. Cox activity assay and PGE2 assay kits
were obtained from Cayman Chemical Company (Ann Arbor, MI). All other reagents used
were of analytical grade obtained from Sigma Chemical Co. (St. Louis, MO).

2.2. Cell Culture
Human colon cancer cell line, Caco-2 cells were obtained from American type culture
collection (ATCC, Manassas, VA). Caco-2 cells were grown in DMEM with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin at 37 °C in a humidified atmosphere of 5%
CO2.

2.3. Measurement of Cytotoxicity and PKC Activity
Cell viability was determined by MTT assay and PKC activity was measured using the
Promega-Sigma TECT™ PKC assay system (San Luis Obispo, CA) as described earlier [12].

2.4. PGE2 and Cyclooxygenase activity assay
Caco-2 cells were plated in 6 well plate at a density of 2×105 cells/well. After 24 hours, medium
was replaced with serum-free medium with or without sorbinil or tolrestat (20 M) followed by
treatment with TNF-α (2nM), for another 24 h. The medium was collected from each well and
analyzed for PGE2 by using an Enzyme Immuno Assay kit according to the manufacturer's
instructions (Cayman Chemical Co., Inc. Ann Arbor, MI). For determination of Cox activity
in Caco-2 cells, TNF-α–treated cells were collected and homogenized in cold buffer (4 °C),
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0.1M Tris-HCl, pH 7.8 and 1mM EDTA, and Cox activity was measured in 96 well plate
according to the manufacturer's instructions (Cayman Chemical Co., Ann Arbor, MI).

2.5. NF-κB-Dependent Reporter Secretory Alkaline Phosphatase (SEAP) Expression Assay
Caco-2 cells (1.5 × 105 cells/well) were plated in six-well plates and after attachment overnight,
cells were serum-starved in Opti-MEM medium for 24 h with or without AR inhibitor, sorbinil
or tolrestat (20 M) and were transiently transfected with pNF-κB-SEAP construct or control
plasmid pTALSEAP DNA (Clontech, Palo Alto, CA) using the lipofectamine plus reagent.
After 6 h of transfection, cells were treated with TNF-α, HNE, GS-HNE or GS-DHN for 48 h
in regular serum-free medium. The cell culture medium was then harvested and analyzed for
SEAP activity according to manufacturer instructions (Clontech, Palo Alto, CA), using a 96-
well chemiluminiscence plate reader and Kodak Image Station 2000R.

2.6. RT-PCR
Total RNA was isolated from Caco-2 cells by using RNaeasy micro isolation kit (Qiagen).
Total RNA (1.0 g) from each sample was reverse-transcribed with Omniscript and Sensiscript
reverse transcriptase one-Step RT PCR system with HotStarTaq DNA polymerase (Qiagen,
Valencia, CA) at 55°C for 30 min followed by PCR amplification. The oligonucleotide primer
sequences used were: 5'-TGAAACCCACTCCAAACACAG-3' (sense) and
5'TCATCAGGCACAGGAGGAAG -3' (antisense) for Cox-2, 5'- GTTTGAGACCTT
CAACACCCC -3' and 5'- GTGGCCATCTCCTGCTCGAAGTC -3' for β-actin. PCR reaction
was carried out in a GeneAmp 2700 thermocycler (Applied Biosystems, Foster City, CA) under
the following conditions: initial denaturation at 95°C for 15 min; 35 cycles of 94°C 30 s, 60°
C 30 s, 72°C 1 min, and then 72 °C 5 min for final extension. PCR products were
electrophoresed with 2% Agarose-1× TAE gels containing 0.5 g/ml ethidium bromide.

2.7. Antisense Abolition of AR
Caco-2 cells were grown to 50–60% confluence in DMEM supplemented with 10% FBS and
washed four times with Opti-MEM, 60 min before transfection with oligonucleotides. The cells
were incubated with 2 M AR antisense or scrambled control oligonucleotides using
LipofectAMINE Plus (15 g/ml) as the transfection reagent as suggested by the supplier [12].
Changes in the expression of AR were detected by Western blot analysis using anti-AR
antibodies.

2.8. Preparation of GS-aldehydes esters
The cells permeable conjugates of glutathione ethyl ester with HNE (GS-HNE-ester) and the
reduced form of the esterified glutathione-HNE conjugate (GS-DHN-ester) were prepared as
described earlier [11]. Briefly, the radiolabeled [4-3H]-HNE was synthesized from the
dimethylacetal of HNE which was oxidized to the 4-keto derivative using polymer-supported
chromic acid. The resulting ketone was further reduced to the dimethylacetal of HNE by using
tritiated NaBH4. The conjugate of glutathione reduced ethyl ester with HNE (GS-HNE-ester)
was prepared by incubating 1mol of [4- 3H] HNE (55000 cpm/nmol) with 5 mol of GSH ethyl
ester in 0.1 M potassium phosphate, pH 7.0 for 1h at room temperature. The reaction was
monitored by following the consumption of HNE at 224 nm. The GS-HNE-ester conjugate
was purified by reverse phase HPLC. For the synthesis of the reduced form of the esterified
glutathione-HNE conjugate (GS-DHN-ester), 100 nmol of GS-HNE-ester was incubated with
300 nmol of NADPH and 100 g aldose reductase in 0.1 M potassium phosphate, pH 6.0 for 3
hours at 37 °C. The reaction was monitored by following the consumption of NADPH at 340
nm. At the end of the incubation, the GS-DHN-ester conjugate was separated from GS-HNE-
ester by reverse phase HPLC and confirmed by ESI/MS.
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2.9. Statistical Analysis
Data are presented as mean ± SE and P values were determined by unpaired Student's t test.
P values of <0.01 were considered significant.

3. Results
3.1. Inhibition of AR prevents Cox activity and PGE2 production

Treatment of serum-starved Caco-2 cells with TNF-α (2 nM) for 24 h increased the production
of PGE2 and pretreatment with two structurally distinct AR inhibitors sorbinil or tolrestat
prevented it (Fig. 1A). In the absence of TNF-α, the AR inhibitors alone did not affect PGE2
production. Although sorbinil and tolrestat are specific inhibitors of AR, their non-specificity
in the biological system could not be excluded. Therefore, we examined whether abolition of
AR by antisense oligonucleotides will have similar effects in colon cancer cells as AR
inhibitors. Transient transfection of Caco-2 cells with AR antisense but not scrambled antisense
oligonucleotides abolished AR protein by >95% (Fig.1B inset). Similar to inhibitors, antisense
abolition of AR also significantly prevented the TNF-α-induced PGE2 production in Caco-2
cells (Fig.1B). Since biosynthesis of PGE2 from its precursor arachidonic acid is catalyzed by
Cox enzymes, we next examined the effect of AR inhibition on TNF-α–induced Cox activity
in Caco-2 cells. As shown in Fig.2A, treatment of Caco-2 cells with TNF-α significantly
increased Cox activity and pre-treatment of Caco-2 cells with AR inhibitors, sorbinil or tolrestat
significantly prevented the increase in Cox activity. This indicated that AR-dependent Cox
activation is required for PGE2 production. Because Cox activity is dependent on Cox-1
(constitutive) and Cox-2 (inducible) isozymes, we next determined which Cox isozyme is
affected by AR inhibition. Our immunoblot analysis showed that treatment of Caco-2 cells
with TNF-α caused over-expression of Cox-2 enzyme which was inhibited significantly by AR
inhibitors (Fig.2B). TNF-α as well as AR inhibitors had no effect on constitutive Cox-1
expression (Fig. 2C). Further, we determined the effect of AR inhibition on transcriptional
activation of Cox-2 by quantifying its mRNA levels using RT-PCR. As shown in Fig.2E,
treatment of Caco-2 cells with TNF-α (2 nM) significantly increased the mRNA levels of Cox-2
and sorbinil prevented it by ∼60 % suggesting that AR could regulate the transcriptional
activation of Cox-2 gene.

3.2. Attenuation of TNF-α-induced NF-κB activation by AR inhibitors
Since transcription of the Cox-2 gene is regulated by NF-κB [15], we next examined how
inhibition of AR affects TNF-α-induced NF-κB activation in Caco-2 cells. As shown in the
Fig.3, treatment of Caco-2 cells with TNF-α significantly induced NF-κB activation and
sorbinil and tolrestat prevented it, whereas AR inhibitors alone did not affect the NF-κB-SEAP
activity. Based on these results, we concluded that inhibition of AR could prevent TNF-α-
induced activation of NF-κB in Caco-2 cells, which may transcriptionally activate Cox-2 gene
expression.

3.3. Attenuation of AR prevents TNF-α -induced PKC Activation
Other than Cox-2 and PGE2, activation of PKC has been shown to mediate inflammation in
colon cancer [16,17] and the activation of NF-κB also depends on activation of PKC. Therefore,
we next examined the effect of AR inhibition on TNF-α-induced PKC activity in Caco-2 cells.
As shown in Fig.4A, sorbinil or tolrestat alone did not affect PKC activity. Stimulation with
TNF-α (2 nM) led to a significant increase in membrane-bound PKC activity and sorbinil and
tolrestat significantly prevented it (Fig.4A). Since among the PKC isozymes, PKC-β2 is the
major isozyme associated with progression of colon cancer [16,17], we next examined the
effect of AR inhibition on TNF-α -induced PKC-β2 phosphorylation. Stimulation of Caco-2
cells with TNF-α led to a marked increase in the phosphorylation of PKC β2, whereas
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pretreatment of cells with sorbinil or tolrestat significantly prevented it (Fig.4B). These results
indicate that AR is essential for the activation of PKC isozymes in TNF-α-induced colon cancer
inflammation.

3.4. Mitogenic effects of reduced glutathione-aldehyde conjugates (GS-DHN) in Caco-2 cells
To determine the mitogenic effect of AR-catalyzed product of glutathione lipid aldehyde such
as GS-DHN, serum -starved Caco-2 cells were incubated in the absence or the presence of cell
permeable esters of GS-HNE and GS-DHN without or with AR inhibitor, sorbinil. Both GS-
HNE and GS-DHN (0.1 M) increased Caco-2 cell proliferation as determined by MTT assay
(Fig 5A). Inhibition of AR prevented the GS-HNE- but not GS-DHN -induced proliferation
indicating that GS-DHN is insensitive to AR inhibition. Further, we have determined the effect
of AR inhibition on GS-aldehydes –induced activation of NF-κB. Stimulation of Caco-2 cells
with HNE, GS-HNE and GS-DHN resulted in the activation of NF-κB as determined by SEAP
activity (Fig.5B). Inhibition of AR significantly inhibited the activation of NF-κB induced by
HNE and GS-HNE but had no effect on GS-DHN-induced activation, suggesting that GS-DHN
could be a signaling intermediate. Thus our results indicate that AR- catalyzed reaction
products of GS-aldehydes could be involved in the activation of NF-κB, responsible for
mitogenicity in Caco-2 cells.

4. Discussion
Deregulation of cytokines balance plays a pivotal role in the pathogenesis of IBDs such as
Crohn's and ulcerative colitis [4,6,7]. Constant exposure of IECs to various agents such as
bacteria, toxins and chemicals triggers mucosal immune response and causes increased
expression and secretion of cytokines, chemokines, icosanoids etc [1-5]. One of the major
stimulants of IECs is lipopolysaccharide from Gram negative bacterial infection which
promotes inflammation due to increased transcription of cytokines [6,18,19]. Increased
inflammatory cytokines secreted in Crohn's and ulcerative colitis are major risk factors of colon
cancer [20]. Inflammatory cytokines such as TNF-α that induce Cox-2 enzyme which in turn
catalyzes the formation of prostaglandins from arachidonic acid have been implicated in
tumorigenesis. This is supported by the resistance of tumorigenesis in TNF-α knockout mice
[21]. Our demonstration that inhibition of AR that reduces lipid aldehydes and lipid aldehyde
glutathione conjugates to corresponding alcohols prevents the cytokines- and growth factors-
induced increase in proinflammatory cytokines and chemokines and prevents inflammation
provides a novel pharmacological approach to combat inflammation, commonly associated
with colon carcinogenesis.

Numerous reports in various cell lines have shown that TNF-α alone or in combination with
other agents such as IFN-γ can cause inflammatory response leading to cytotoxicity [22-24].
One of the major inflammatory responses TNF-α is the activation of Cox-2, which catalyzes
the formation of prostaglandins from arachidonic acid. In colon epithelial cells, Cox-2 is
activated by a number of stimuli such as growth factors and cytokines [5,25-27]. Our results
show that inhibition of AR by two structurally distinct inhibitors, sorbinil and tolrestat, and by
AR antisense prevents TNF-α-induced increased expression of Cox-2 protein and mRNA and
generation of PGE2 in Caco-2 cells. These observations suggest that AR is a cytokine
responsive protein which may be involved in facilitating metabolic changes that accompany
cytotoxicity in colon cancer cells. Recently, we have shown that inhibition of AR prevents
growth factor- and bacterial lipopolysaccharide (LPS) –induced Cox-2 expression and PGE2
production in colon cancer cells [28], and in murine macrophages RAW264.7 [29]. The
observations by other investigators in mice showed that colon26 adenocarcinoma cells-induced
cachexia symptoms are significantly prevented by inhibiting AR by ponalrestat [30,31].
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We and other investigators have shown that growth factors- and TNF-α -induced NF-κB
activation in VSMC [12], VEC [13] and HLEC [9] is prevented by inhibiting AR. However,
the observation that activation of PKC by phorbol ester is insensitive to sorbinil [12], indicates
that AR is upstream of PKC and plays a pivotal role in redox signaling of PKC-NF-κB axis.
Various reports show that activation of PKC is an obligatory step in promoting colon cancer
[16,17]. Our earlier demonstration that AR-catalyzed product of GS-HNE, GS-DHN causes
the activation of PKC isozymes such as PKC-β1, PKC-β2, PKC-δ in VSMC [11,14] and
inhibition of AR prevents such effects indicates that inhibition of AR could be anti-
inflammatory and chemopreventive. Further, we have shown earlier that AR activity is required
for the synthesis of diacylglycerol, which is an obligatory cofactor for the activation of PKC
isozymes [14]. These results indicate that both PKC and AR may be coordinately regulated by
cytokines and growth factors-induced signals. Significant inhibition of TNF-α -induced NF-
κB activation by sorbinil and tolrestat suggests that AR is required for the activation of NF-
κB which transcribes various inflammatory markers including TNF-α and AR.

In conclusion, the present study demonstrates that AR mediates the inflammatory changes
caused by TNF-α in Caco-2 cells and AR inhibitors could be excellent chemopreventive agents.
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Fig1.
Inhibition/abolition of AR prevents TNF-α -induced PGE2 production in Caco-2 cells. (A)
Growth-arrested Caco-2 cells were pre-incubated with sorbinil 20 M or carriers for 24 h. (B)
The cells were transfected with AR antisense or scrambled oligos. Subsequently, the cells in
both (A) and (B) were stimulated with TNF-α (2 nM) for 24 h. The PGE2 released in the culture
medium was determined by using monoclonal Enzyme Immuno Assay kit. The insert in Fig.
1B represents Western blot analysis of untransfected (c), scrambled (s) and AR antisense (a)
oligo transfected cell extracts for determination of AR protein levels. Bars represent mean ±
S.E. (n = 4); #, p < 0.001 compared to control cells, *, p < 0.001 compared to cells treated with
TNF-α alone.
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Fig2.
Inhibition of AR prevents TNF-α -induced Cox activity in Caco-2 cells. (A) Cox activity was
determined by using Enzyme Immuno Assay kit. (B-C) Pooled cell extracts from 3 independent
experimental sets were subjected to SDS-PAGE and Western blots were developed using
antibodies against Cox-2 (B), Cox-1 (C) and GAPDH (D). (E) Cox-2 mRNA expression was
determined by Qiagen RT-PCR (F) mRNA loading control, β-actin. One unit of Cox activity
is defined as the amount of enzyme that will cause the oxidation of 1 nmol of TMPD per minute
at 25 °C. Bars represent mean ± S.E. (n = 4); #, p < 0.001 compared to control cells, *, p <
0.01 compared to cells treated with TNF-α alone.
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Fig3.
Inhibition of AR prevents TNF-α -induced NF-κB activation in Caco-2 cells. Growth-arrested
Caco-2 cells were pre-incubated with or without sorbinil or tolrestat 20 M for 24 h and
transiently transfected with pNF-κB secretary alkaline phosphatase construct and control
plasmid, pTALSEAP and measured alkaline phosphatase (SEAP) activity as described in
methods. The Inset in D shows the chemiluminescence of SEAP detected with Kodak Image
Station 2000R. Bars represent mean ± S.E. (n = 4); #, p < 0.001 as compared to control cells.
*, p < 0.001 compared to cells treated with TNF-α alone.
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Fig4.
Inhibition of AR abrogates TNF-α- induced PKC activation. Quiescent Caco-2 cells were
preincubated with 20 M sorbinil for 24 h followed by stimulation with TNF-α (2 nM) for 2 h.
(A) PKC activity was determined by using Promega's total PKC assay system. (B & C) The
pooled cell extracts from 3 independent experimental sets were subjected to SDS-PAGE and
Western blots were developed using antibodies, phospho-PKC-β2 (B) and nonphospho-PKC-
β2 (C). Bars represent mean ± S.E. (n = 4); #, p < 0.001 as compared to control cells. *, p <
0.001 compared to cells treated with TNF-α alone.
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Fig5.
Inhibition of AR prevents lipid aldehyde-induced NF-κB activation and growth in Caco-2 cells.
(A) Growth-arrested Caco-2 cells with or without sorbinil (20 M) were incubated with 0.1 M
each of GS-HNE-ester and GS-DHN-ester for 24 h. The cell viability was determined by MTT
assay. (B) The transiently transfected Caco-2 cells with pNF-κB secretary alkaline phosphatase
reporter construct or control plasmid, pTALSEAP were incubated with 1 M each of HNE, GS-
HNE-ester or GS-DHN ester and alkaline phosphatase (SEAP) activity was measured as
described in methods. Bars represent mean ± S.E. (n = 4); #, p < 0.001 as compared to control
cells. *, p < 0.01 compared to cells treated with aldehydes alone.
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