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Abstract

Type-2 diabetes and obesity-related metabolic abnormalities are major risk factors for the 

development of colon cancer. In the present study, we examined the effects of polyol pathway 

enzyme aldose reductase (AR) inhibitor, fidarestat, on the development of azoxymethane (AOM)-

induced colonic premalignant lesions in C57BL/KsJ-db/db obese mice. Our results indicate that 

fidarestat given in the drinking water caused a significant reduction in the total number of colonic 

premalignant lesions in the AOM-treated obese mice. Further, the expression levels of PKC-β2, 

AKT, COX-2 and iNOS in the colonic mucosa of AOM-treated mice were significantly decreased 

by fidarestat. The serum levels of IL-1α, IP-10, MIG, TNF-α and VEGF are significantly 

suppressed in AOM + fidarestat treated obese mice. Fidarestat also decreased the expression of 

COX-2, iNOS, XIAP, survivin, β-catenin and NF-κB in high glucose-treated HT29 colon cancer 

cells. In conclusion, our results indicate that fidarestat inhibits the development of colonic 

premalignant lesions in an obesity-related colon cancer and is chemopreventive to colorectal 

carcinogenesis in obese individuals.
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Introduction

Colorectal cancer (CRC) is a key health problem worldwide. Several evidences indicate that 

the risk of CRC is increased in patients with metabolic syndrome, also called insulin 

resistance syndrome, which is usually associated with obesity and related metabolic defects 

[1,2]. Obesity is the leading cause of insulin resistance and hyperinsulinemia, which is also a 

likely risk factor for CRC [3]. Several hypotheses have emerged to explain the influence of 

obesity on the development of CRC, including insulin resistance, alterations in the insulin-

like growth factor (IGF)/IGF-1 receptor axis and adipocytokine imbalance, such as 

increased leptin levels and decreased adiponectin levels [4–7]. ROS-mediated inflammation 
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induced by excessive production of storage lipids, high circulating glucose levels and pro-

inflammatory cytokines produced by adipose tissue plays a critical role in obesity- and 

diabetes-related colorectal carcinogenesis [4,8–11]. These reports suggest that targeting 

ROS-induced inflammation may provide an effective strategy for preventing the 

development of CRC.

Our recent studies in human colon cancer cells, human lens epithelial cells, vascular 

endothelial cells and vascular smooth muscle cells suggest that the polyol pathway enzyme, 

aldose reductase (AR), a member of aldo–keto reductase super family, is a regulator of ROS 

signals induced by growth factors, cytokines, chemokines, lipo-polysaccharide and high 

glucose (HG) [12–19]. Overexpression of AR has been shown in the tissues of diabetic and 

obese subjects [20,21]. Further, AR has been shown to be overexpressed in a number of 

human tumors [22]. In human colon cancer Caco-2 cells, we have shown that inhibition of 

AR prevents the cytokines- and growth factor-induced COX-2 expression, activation of NF-

κB and PGE2 production [12]. Further, our studies have also shown that inhibition of AR 

prevents tumor growth in nude mice xenografts, and CRC metastasis in mice [16–18]. An 

early event in the development of colon cancer is the formation of preneoplastic lesions 

called aberrant crypt foci (ACF).We have also shown that AR inhibition prevents ACF 

formation in azoxymethane-treated BALB/c mice [19]. Since, obesity and hyperglycemia 

are the main risk factors for the development of colon cancer, we investigated the role of AR 

in azoxymethane (AOM)-induced ACF in C57BL/KsJ-db/db (db/db) mice, one of the most 

widely used animal models for obesity and type 2 diabetes. Our results suggest that AR 

inhibition prevents AOM-induced ACF formation by decreasing various inflammatory 

markers. Further, we also investigated in vitro the role of AR inhibition on various 

inflammatory markers in HG-induced HT29 human colon cancer cells. Our in vitro results 

also suggest that inhibition of AR prevents the expression of inflammatory markers in HT29 

colon cancer cells.

Materials and methods

Materials

4-week-old male C57BL/KsJ-db/db mice purchased from Jackson Laboratories (Bar Harbor, 

ME) were housed in pathogen-free conditions at the institutional animal care facility with 

free access to food and water. The animals were maintained in accordance to the Guide for 

the Care and Use of Laboratory Animals published by the National Institutes of Health and 

in accordance with the Institution’s ‘Guideline of the Animal Care and Use Committee’. 

Mice were kept in suspended cages ~10 cm above bedding trays with a 12 h light–dark cycle 

in the animal facility. Temperature and relative humidity were controlled at 21 °C and 55% 

respectively. AOM was bought from the Sigma-Aldrich Chemical Company (St. Louis, 

MO), and fidarestat was obtained as a gift chemical from Livwel Therapeutics, Inc. (USA). 

Antibodies against COX-2, iNOS, cyclin D1, survivin, XIAP, β-catenin and protein kinase C 

(PKC) β2, phospho-AKT, total and phospho-NF-κB P65, and GAPDH were obtained from 

Cell Signal, Inc. All other reagents used were of analytical grade.
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AOM-induced colon carcinogenesis and ACF analysis

Approximately 6-week-old db/db mice were divided into three groups with six mice in each 

group. Mice in groups 2 and 3 were given AOM in sterile saline, at a dose of 10 mg/kg body 

wt intraperitoneally once a week, for 3 weeks. In group 3, mice were given AR inhibitor, 

fidarestat (50 mg/kg body wt, in drinking water) after 24 h of first AOM injection and 

continued for the entire period (10 weeks). Mice in group 1 received equal volume of sterile 

saline. All mice were euthanized by exposure to CO2 followed by cervical dislocation. The 

colons were removed, flushed with saline and opened from anus to cecum and fixed flat 

between two pieces of filter paper in 10% buffered formalin for 24 h. Colons were stained 

with 0.2% methylene blue dissolved in saline, and the numbers of ACF were counted under 

the microscope.

Determination of cytokines/chemokines

The levels of cytokines and chemokines in the mice sera were determined by the Milliplex 

MAG mouse cytokine/chemokine magnetic bead array panel along with Luminex xMAP 

detection method as per manufacturer’s protocol using a Millipore Multiplex system. The 

results are expressed as picograms per milliliter.

Immunohistochemistry

For subsequent microscopic evaluation of ACF, the colons were Swiss-rolled and embedded 

in paraffin. For immunohistochemical (IHC) analyses, serial sections (5 µm) of colon were 

cut as described before [19]. Briefly, slides were warmed at 60 °C for 1 h and deparaffinized 

in xylene and rehydrated in decreasing concentrations of ethanol. Antigen retrieval was 

performed by boiling slides in 10 mM sodium citrate (pH 6.0) for 10 min followed by 

blocking peroxidase reaction with 3% H2O2. Subsequently, the sections were rinsed in 

phosphate-buffered saline twice and incubated with blocking buffer (2% bovine serum 

albumin, 0.1% Triton X-100 and 2% normal goat serum) overnight at 4 °C. The sections 

were incubated with primary antibodies against proliferating cell nuclear antigen (PCNA), 

COX-2, AR, iNOS, cyclin D1, and phospho-NF-κB P65 for 1 h at room temperature. 

Antigen–antibody binding was detected by using DakoCytomation LSAB System-HRP kit. 

Sections were examined by bright-field light microscopy (EPI-800 microscope; Nikon, 

Tokyo, Japan) and photographed with a camera (Nikon) fitted to the microscope. 

Photomicrographs of the stained sections were acquired using an EPI-800 microscope 

(bright-field) connected to a Nikon camera.

Western blot analysis

Colon extracts were prepared in radio immunoprecipitation assay (RIPA) cell lysis buffer 

and an equal amount of protein was separated on 12% sodium dodecyl sulfate–

polyacrylamide gel electrophoresis, electroblotted on nitrocellulose membranes and probed 

with specific antibodies against COX-2, iNOS, cyclin D1, survivin, β-catenin and protein 

kinase C (PKC) β2, phospho-AKT, total and phospho-NF-κB P65, and GAPDH. Antibody 

binding was detected by enhanced pico chemiluminescence (Pierce, Rockford, IL).
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In vitro studies

HT29 human colon cancer cells were obtained from the American Type Culture Collection. 

Cells were maintained and grown in McCoy’s 5A medium supplemented with 10% FBS and 

1% penicillin/streptomycin. Non-malignant primary human aortic endothelial cells (HAEC) 

were obtained from Cell Systems, Kirkland, WA. For treatment, cells were growth-arrested 

in 0.1% FBS in the presence or absence of AR inhibitor, fidarestat (10 µM) for 24 h, 

followed by stimulation with high glucose (HG) 25 mM for another 48 h. For HG 

stimulation, the medium was replaced with fresh medium containing 25 mM glucose (added 

19.5 mM glucose to McCoy’s 5A medium that already contained 5.5 mM glucose) in the 

absence and presence of fidarestat (10 µM).

Statistical analysis

Data presented as mean ± SE and P-values were determined by unpaired Student’s t test 

using Microsoft Office Excel 2007 software. P < 0.05 was considered as statistically 

significant.

Results

Inhibition of AR prevents AOM-induced ACF formation in db/db mice

Since obesity and diabetes are major risk factors for colon cancer and AR is overexpressed 

during diabetic conditions [20,21], we investigated the effect of an AR inhibitor, fidarestat 

on AOM-induced ACF formation in db/db mice. The body weights of AOM and vehicle or 

AR inhibitor-treated groups were comparable and no significant changes were observed 

throughout the study (data not shown). At the early preneoplastic stage (10 weeks after first 

AOM injection), mice were killed and their colons were removed and analyzed 

microscopically for the presence of ACF. ACF were distinguished from the surrounding 

normal crypts by increased thickening of the crypt walls and aberrant change in the shape of 

the crypt lumen as discussed earlier [19]. In db/db mice, AOM treatment significantly 

induced the formation of ACF (mean number ± SD of ACF per colon; 11 ± 1.1) (Fig. 1). No 

evidence of ACF was observed in the vehicle-treated control animals. Administration of 

fidarestat to AOM mice significantly (P = 0.0026) suppressed the formation of ACF (5 ± 

1.1), indicating that inhibition of AR prevents preneoplastic lesion formation in db/db mice.

Inhibition of AR decreases the levels of inflammatory cytokines, chemokines, and growth 
actors in AOM-treated db/db mice

Various cytokines, chemokines, and growth factors play an important role in various 

inflammatory diseases such as obesity, diabetes and cancer. Therefore, we next determined 

the levels of various cytokines, chemokines, and growth factors in db/db mice by using a 

magnetic bead array-based mouse-specific inflammation kit (Millipore, Billerica, MA) that 

measures 25 inflammatory marker proteins from a single sample. The results were analyzed 

by Luminex xPONENT software (Luminex, Austin, TX) and expressed as pg/ml. As shown 

in Fig. 2, a significant increase in the levels of inflammatory proteins, such as IL-1a, IP-10, 

MIG, TNF-α, and VEGF, was observed in the AOM-treated group (*P < 0.05). However, 
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administration of AR inhibitor significantly (P < 0.05) suppressed the levels of cytokines, 

chemokines and growth factors in the sera of AOM-treated db/db mice.

Inhibition of AR prevents AOM-induced inflammatory markers expression in db/db mice

Both COX-2 and iNOS are known to be involved in chronic inflammation, which creates a 

microenvironment contributing to the development of pre-neoplastic lesions in the colon 

carcinogenesis, and inhibitors of COX-2 and iNOS have been shown to reduce ACF 

formation in rodents [23–25]. Therefore, we next investigated if inhibition of AR could 

prevent AOM-induced COX-2 and iNOS expression in db/db mice colons. As shown in Fig. 

3, AOM-induced expression of COX-2 and iNOS was significantly prevented by AR 

inhibition. These results were further confirmed by immunohistochemistry using antibodies 

against COX-2 and iNOS (Fig. 4). The colon from AOM-treated mice showed a significant 

intensity of antibody staining, whereas treatment of mice with fidarestat showed a marked 

decrease in antibody staining, suggesting that inhibition of AR prevented COX-2 and iNOS 

expression.

Inhibition of AR prevents AOM-induced expression of AKT and PKC β2, and expression of 
AR in db/db mice

Carcinogen-induced pre-neoplastic lesions in the colonic epithelium are known to be 

associated with the overexpression of PKC β2 and AKT that could cause hyperproliferation 

[26–28]. We therefore examined the effect of AR inhibition on the expression of PKC β2 

and AKT in AOM-induced db/db mice colons. A dramatic increase in PKC β2 expression 

and AKT phosphorylation was observed in the AOM-treated mice, whereas inhibition of AR 

in AOM-treated mice showed a significant decrease in the expression of PKC β2 and 

phosphorylation of AKT (Fig. 3). Since AR is an oxidative stress response protein that is 

elevated in various pathological conditions including cancer [20,21,29,30], we next 

examined the expression of AR in AOM-treated mice colons. As shown in Fig. 4, IHC 

staining of colon sections with anti-AR antibodies confirmed the increased expression of AR 

in AOM-treated mice as evidenced by a strong staining of AR in colon epithelium compared 

with colon from untreated controls. These results suggest that inhibition of AR prevents 

AOM-induced expression of PKC β2, AKT, COX-2 and iNOS, which could be considered 

as major factors in the development of ACF.

Inhibition of AR prevents AOM-induced expression of cyclin D1, survivin, NF-κB p65 and 
β-catenin in db/db mice

We next measured the expression of key colon cancer-related markers such as cyclin D1, 

survivin, β-catenin, total and phospho-NF-κB P65 in mice colon. Cyclin D1 is an important 

cell cycle-regulated protein involved in G1–S phase transition. This cyclin is overexpressed 

in the presence of growth factors and carcinogens and causes epithelial cell proliferation in 

various malignancies, including colon cancer [31]. Survivin and PCNA proteins serve as 

marker for survival and proliferation and are overexpressed in various cancers [32–36]. β-

Catenin is involved in Wnt-signaling pathway. During normal conditions, β-Catenin binds to 

axin–GSK-3–APC complex and undergoes proteolytic degradation, whereas during 

carcinogenesis β-catenin stabilizes in the cytoplasm by deregulated Wnt-signaling pathway 
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and translocates into the nucleus and interacts with T-cell factor/lymphoid enhancer factor 

family of transcription factors to promote the expression of various oncogenes [37,38]. A 

significant increase in the expression of AR, cyclin D1, survivin, β-catenin, total and 

phospho-NF-κB P65 was observed in the AOM-treated mice, whereas inhibition of AR in 

AOM-treated mice showed a significant decrease in the expression of these proteins (Figs. 3 

and 4). IHC examination of PCNA, cyclin D1 and phospho-NF-κB P65 indicates that the 

abundance of these proteins was markedly elevated when mice were treated with AOM 

alone as evidenced by dark brown staining using antibodies (Fig. 4). Inhibition of AR by 

fidarestat resulted in lower levels of AOM-induced expression of cyclin D1, survivin, 

PCNA, β-catenin, and NF-κB P65, indicating that AR regulates the expression of these 

proteins.

Inhibition of AR prevents the expression of COX-2, iNOS, XIAP, survivin, beta-catenin and 
NF-κB in high glucose-induced HT 29 human colon cancer cells

To further confirm our in vivo findings, we examined the effect of inhibition of AR on the 

expression of COX-2, iNOS, XIAP, survivin, β-catenin and NF-κB in HG-induced HT29 

human colon cancer cells. Results shown in Fig. 5 indicate that HG caused increased 

expression of COX-2, iNOS, XIAP, survivin, beta-catenin and NF-κB in HT29 colon cancer 

cells and AR inhibitor, fidarestat, significantly prevented it (Fig. 5A). Further, our results 

shown in Fig. 5B indicate that fidarestat did not cause any cytotoxicity in the non-malignant 

HAECs when treated alone. However, fidarestat prevents HG-induced variations in the cell 

viability of both malignant and non-malignant cells. Thus, our results from in vivo and in 

vitro experiments suggest that AR inhibition prevents diabetes-induced colon cancer by 

decreasing the expression of various inflammatory markers.

Discussion

We have shown earlier that AR inhibition prevents the formation of ACF, preneoplatic 

lesions of colon cancer in AOM-induced BALB/c mice [19]. Since obesity is a known cause 

of metabolic syndrome which includes type 2 diabetes, hypertension, and dyslipidemia and 

obesity-induced diabetes which could result in chronic inflammation which are known to 

influence the risk of CRC development [1–6,9,10], we have investigated the effect of AR 

inhibition on ACF formation in AOM-induced db/db mice model. Our demonstration that 

AR inhibition prevents the formation of ACF in db/db mice is comparable with other studies 

in which curcumin, renin–angiotensin system inhibitors, supplementation with branched-

chain amino acids, dietary flavonoids show the decreased ACF formation in db/db mice 

[8,11,39–41].

Chronic inflammation, which could lead to preneoplastic lesion and then colon cancer, is 

mainly mediated by increased inflammatory proteins such as cytokines, chemokines and 

growth factors [1–7,9–16]. Therefore, we measured the inflammatory proteins in the sera of 

AOM-induced db/db mice. Our results show that AR inhibition significantly decreased the 

expression of IL-1a, IP-10, MIG, TNF-α, and VEGF in mice. The expression levels of 

COX-2 and iNOS, which represent an early response to proinflammatory mediators and a 

critical target for CRC chemoprevention, are also inhibited in the colonic mucosa of mice 
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treated with AR inhibitor. Inhibition of these inflammatory markers could be the reason for 

decreased ACF formation in AR inhibitor-treated mice.

Further, increase in the levels of inflammatory markers such as COX-2 and iNOS is 

mediated by NF-κB in various diseases including cancer. We therefore investigated the 

effect of AR inhibition on the activation and expression of NF-κB. Our results indicate that 

activation and expression of NF-κB is significantly prevented by AR inhibition in db/db 

mice. In addition, AR inhibition also decreased the expression of cyclin D1, survivin, and β-

catenin in the colonic mucosa of AOM-treated db/db mice. These findings are consistent 

with the previous study which showed that curcumin inhibited the induction of COX-2 by 

TNF-α stimulus via the inhibition of NF-κB activation in human colon epithelial cells [42]. 

Therefore, overexpression of inflammatory mediators, especially IL-1a, IP-10, MIG, TNF-α, 

VEGF and COX-2, which are relevant to excessive storage of lipids, could represent critical 

targets of AR inhibition to prevent the development of obesity-related CRC.

Since the activation of transcription factor, NF-κB depends on its upstream targets such as 

PKC β2 and AKT, we determined the effect of AR inhibition on the expression of PKC β2 

and AKT phosphorylation colonic mucosa. Our findings indicated that AR inhibition 

prevented the increased expression of PKC β2 and AKT phosphorylation in the colonic 

mucosa of AOM-treated db/db mice. Similarly, AR inhibition also decreased the expression 

of survivin, cyclin D1, COX-2, iNOS, β-catenin, and NF-κB, thereby preventing ACF 

formation in db/db mice.

To further confirm our in vivo findings, we investigated the effect of AR inhibition on HG-

induced HT29 human colon cancer cells. Our results showed that HG increased the levels of 

XIAP, COX-2, iNOS, β-catenin, and NF-κB, and treatment of HT29 cells with AR inhibitor 

significantly prevented the expression of these proteins. Thus our results with in vivo and in 

vitro studies suggest that AR inhibition prevents diabetes-induced colon cancer by 

decreasing various inflammatory markers.

In conclusion, obesity and obesity-related metabolic abnormalities represent serious global 

health care problems and CRC is one of the representative malignancies associated with 

excessive body weight and related metabolic defects. Therefore, the prevention of CRC by 

targeting the dysregulation of energy homeostasis, which includes chronic inflammation, 

could be a promising strategy for treating obese individuals who are at an increased risk of 

developing CRC. AR inhibitor, fidarestat which has been shown to express various 

chemopreventive and anticancer properties, appears to be a potentially effective candidate 

for prevention of the development of colonic precancerous lesions in db/db mice. Since 

fidarestat has already undergone Phase-II (in the USA) and Phase-III (in Japan) clinical 

trials and has been found to be safe for human use without any major side effects [43], this 

drug could be readily developed for the prevention of colon cancer.
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Fig. 1. 
Inhibition of AR prevents AOM-induced ACF formation in db/db mice. Mice were divided 

into three groups: (i) control; (ii) AOM (10 mg/kg body wt, weekly for 3 weeks) and (iii) 

received fidarestat (50 mg/kg body wt, in drinking water) throughout the study after 24 h of 

first AOM injection. Mice were euthanized 10 weeks after first AOM injection and colons 

were stained and examined for ACF formation. Data represent means ± SD (n = 6) from the 

various experimental groups. *P = 0.0026, AOM alone vs AOM + Fid. Con, control; AOM, 

azoxymethane; AOM + Fid, azoxymethane + fidarestat.
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Fig. 2. 
Inhibition of AR suppressed AOM-induced increase in cytokines and chemokines in sera of 

db/db mice. Milliplex MAG mouse cytokine/chemokine magnetic bead panel along with 

Luminex xMAP detection method was used to determine cytokines and chemokines. Results 

are expressed as the mean ± SD (n = 6); *P < 0.05, Con vs AOM alone; **P < 0.05, AOM 

alone vs AOM + Fid. Con, control; AOM, azoxymethane; AOM + Fid, azoxymethane + 

fidarestat.

Saxena et al. Page 12

Cancer Lett. Author manuscript; available in PMC 2016 February 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Inhibition of AR prevents expression of inflammatory markers in AOM-treated db/db mice. 

Ten weeks after first AOM injection, colons were removed and homogenized. Equal 

amounts of cell lysates were subjected to Western blot analysis using antibodies against AR, 

survivin, cyclin D1, COX-2, iNOS, β-catenin, PKC β2, phospho-AKT, total and phospho-

NF-κB and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The same blots were 

stripped and reprobed with GAPDH antibody to verify equal protein loading. Western blot 

analysis was performed using equal amounts of proteins from each group and representative 

blots are shown (n = 3). The fold-changes were calculated after densitometry and 

normalized with the loading control. *Con, control; AOM, azoxymethane; AOM + Fid, 

azoxymethane + fidarestat.
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Fig. 4. 
Inhibition of AR prevents the expression of inflammatory and preneoplastic markers in 

AOM-treated db/db mice. Colon sections (n = 6) were stained with antibodies against 

COX-2, iNOS, AR, cyclin D1, PCNA and phospho-NF-κB. Immunoreactivity of the 

antibody was assessed by quantifying the dark brown stain in the cells, whereas the non-

reactive areas displayed only the background color. Photomicrographs of the stained 

sections were acquired using an EPI-800 microscope (bright-field) connected to a Nikon 

camera (×400 magnification). Con, control; AOM, azoxymethane; AOM + Fid, 

azoxymethane + fidarestat. (For interpretation of the references to colour in this figure 

legend, the reader is referred to the web version of this article.)
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Fig. 5. 
(A) Inhibition of AR prevents the expression of inflammatory and preneoplastic markers in 

HG-induced HT29 human colon cancer cells. HT29 cells were growth-arrested in 0.1% FBS 

in the presence or absence of AR inhibitor, fidarestat (10 µM) for 24 h, followed by 

stimulation with HG for another 48 h. For HG stimulation, the medium was replaced with 

fresh medium containing 25 mM glucose (added 19.5 mM glucose to McCoy’s 5A medium 

that already contained 5.5 mM glucose) in the absence and presence of fidarestat. 

Expressions of XIAP, survivin, COX-2, iNOS, β-catenin, NF-κB and glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) were determined by using Western blot. Western blot 

analysis was performed using equal amounts of proteins from each group and representative 

blots are shown (n = 3). The fold-changes were calculated after densitometry and 

normalized with the loading control. (B) HAEC and HT29 cells were treated with fidarestat 

± HG for 24 and cell viability was determined by MTT assay. Data are mean ± SD (n = 6) 

*P < 0.001 vs control and #p < 0.001 Vs HG. Con, control; Fid, fidarestat; AOM, 

azoxymethane; AOM+ Fid, azoxymethane + fidarestat.
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