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Abstract

Purpose—We analyzed inflamed mucosal/submucosal layers of ulcerative colitis (UC=63) and

Crohn’s colitis (CC=50) and unexpectedly we unveiled a pool of free-hemoglobin-alpha (Hb-α)

chain. Patients with colitides have increased ROS, DNA-oxidation products, free-iron in mucosa,

in pre-neoplastic, and in colitis-cancers and increased risks of developing colorectal-cancer

(CRC). All IBD-related-CRC lesions are found in segments with colitis. Linking this information
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we investigated whether free-Hb-α is key transformational stepping that increases colitis-related-

CRC vulnerability.

Methods—UC/CC samples were profiled using MALDI-MS; protein identification was made by

LCM. Diverticulitis (DV) was used as control (Ctrl). The presence of Hb(n) (n=α, β and

hemin)/Hb was validated by Western blotting (WB) and immunohistochemistry (IHC). We tested

for DNA-damage (DNAD) by exposing normal colonic-epithelial-cell-line, NCM460, to 10μM

and 100μM of Hb(n)/Hb, individually for 2 h, 6 h, and 12 h. Quantification of Hb-α-staining was

done by Nikon Elements Advance Research Analysis software. ROS was measured by the

production of 8-OHdG. DNAD was assessed by Comet-assay. Colonic tissue homogenate

antioxidants Nrf2-, CAT-, SOD- and GPx-expressions was analyzed densitometrically/ normalized

by β-actin.

Results—IHC of CC/UC mucosal/submucosal-compartments stained strongly positive for Hb-α

and significantly higher vs. Ctrl. NCM460 exposed to Hb(n)/Hb exhibited steadily-increasing ROS

and subsequent DNAD. DNAD was higher in 10μM than 100μM in Hb-β/hemin the first 2 h then

plateaued followed by DNAD-repair. This may be likely due to apoptosis in the later

concentration. Nrf2 enzyme activities among UC, CC and UCAC were observed impaired in all

IBD subjects. Decreased levels of Nrf2 among UC vs. CC patients with active disease was

insignificant as well as vs. Ctrls but significantly lower in UCAC vs. Ctrl. SOD was decreased in

UC and UCAC and GPx in CC but statistically not significant. Comparing CC vs. UC, SOD was

significantly lower in CC (p< 0.05). CAT was observed increased among CC/UC/UCAC patients

and GPx in UC and UCAC vs. Ctrl, respectively, and significantly increased in CC vs. Ctrl (p<

0.01)

Conclusion—In the colitides mucosal/submucosal tissue microenvironments demonstrated pool

of free-Hb-α-chain. In vitro exposure of NCM460-cells to Hb(n)/Hb induced ROS and DNAD.

Toxic effect of free-Hb-α, in colonic epithelial cells is therefore through production of ROS-

formation modulated by impairment of antioxidant effects. Targeting reduction-oxidation-

sensitive pathways and transcription factors may offer options for IBD-management and colitis-

related-cancer prevention.
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Introduction

Unambiguous diagnosis of inflammatory bowel disease (IBD) encompassing ulcerative

colitis (UC) and Crohn’s colitis (CC), represent significant challenges in debuting stages of

the disease. We previously analyzed human colonic mucosal and submucosal surgical

pathology samples of 113 patients with IBD for proteomic patterns that delineated ulcerative

UC and CC, using matrix-assisted laser desorption/ionization (MALDI) profiling.1,2 While

looking for unique UC and CC phenotype specific biometric markers, we found a highly

abundant mass-to-charge ratio spectral peak at m/z 5045 that was more intense in inflamed

tissues of both colitides, than in adjacent non-inflamed tissues and in diverticulitis (DV)

(control, Ctrl). Liquid chromatography-mass spectrometry (LC-MS/MS) analysis identified
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this signal as a triply charged hemoglobin alpha (Hb-α) chain. The presence of an abundant

level of free Hb-α chain (a previously unrecognized tissue by-product of IBD), was

intriguing, because it could have a biopathophysiological role in this tissue

microenvironment. Organic iron is known to induce cellular DNA damage (DNAD) via the

production of reactive oxygen species (ROS) and to be carcinogenic in IBD.3 There are also

reports of significantly increased ROS, DNA oxidation products (8-hydroxy-

deoxyguanosine, 8-OHdG) and free iron levels in inflamed and in pre-neoplastic mucosal

IBD tissues compared to controls.4,5 In addition, immunoreactivity to major iron-binding

proteins (lactoferrin, transferrin, and ferritin) was also increased.4 Such changes could

trigger a self-perpetuating cycle, resulting in further tissue assault and damage and a trend

toward neoplastic transformation.6,7 Free Hb is known to increase the production of tumor

necrosis factor-α (TNF-α), interleukin-6 (IL-6) and interleukin-8 (IL-8), which are

proinflammatory cytokines.8,9 Patients with IBD are known to be vulnerable and have an

increased risk of developing colorectal cancer (CRC) than the general population.10,11 Our

experience12,13 and that of others11–15 indicated that all CRC lesions in IBD subjects were

found to co-occur in segments with evidence of colitis.11–15 Linking this information

coupled with our evidence-based finding confirming the presence of abundant pool of free

Hb-α chain in IBD surgical pathology samples, led us to investigate further, whether this

accumulation of free Hb and Hb-subunits (Hb(n)) (n = α, β and hemin), in the cellular

microenvironment is an initial key transformational step that increases the risk of CRC. Our

hypothesis was that prolonged and repeated exposure of colon epithelial cells to free Hb and

Hb(n), as a stepwise progression, induces cellular biochemical and morphological features

that increases the vulnerability and eventual risk of CRC transformation through ROS

overproduction, subsequent DNAD and carcinogenesis in susceptible patients with

irreparable DNAD.

To understand the carcinogenesis induced by IBD, the emphasis has previously been rested

on studies of epithelial cell behavior. However, over the last decade, the focus has shifted to

studying the stromal and epithelial cells microenvironment.16,17 Nonetheless, there has been

no report of inflammatory phenotype within pre-malignant human colonic carcinomas.

Assessing the microenvironment of mucosal and submucosal layers is central of this

laboratory to understand the mechanisms involved in the etiology of IBD and transition to

pre-transformative to transformative disease.1,2,18–21

Given the fact that IBD-related ROS contributes to the propagation and exacerbation of

disease activity,22 the contribution of enzymic antioxidants defense plays an important role

in the disease biopathophysiology pathways. We therefore analyzed concentration levels of

Nrf2, CAT, SOD and GPx, the major regulators of cytoprotective responses to oxidative

stress and the primary cellular defense against the cytotoxic effects of oxidative stress.23–27

Representative immunoblot and densitometric analysis data for Nrf2 and SOD in inflamed

UC and UCAC tissues compared to Ctrl showed impaired. The mean values for CAT and

GPx was enhanced in all IBD conditions except for the GPx in CC patients was impaired.

These observations corroborates with several other controversial studies previously reported

about antioxidants in active IBD.24,26 As scientists we need to have a clear understanding

that although the results in antioxidant levels among the studies is conflicting, the imperative
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point is the presence of an imbalance in antioxidant saturation, attesting the fact that vital

organs/systems in IBD patients are oxidative stressed.

Methods

Clinical samples

This study was approved by the Meharry Medical College (IRB#: 100916AM206) and

Vanderbilt University (IRB#s: 080898 and 100581) Institutional Ethical Review Board

Committees and conducted in accordance with the Second International Helsinki

Declaration.28 Informed consent was given, and participation in the study was voluntary.

The meta-analysis of patients with IBD that were used in the study is depicted in Table 1.

Mucosal and submucosal surgical samples of colon tissue compartments from 113 (n = 50,

CC) and (n = 63, UC) patients were analyzed using histology-directed profiling for MALDI

MS technology as previously described.1,2 All patients included in the study were adults

with a definitive diagnosis of CC or UC; cases with any ambiguity were excluded. All

samples were subjected to the same preprocessing and calibration parameters as previously

described.1,2

Identification of hemoglobin-alpha chain by MALDI-MS

The basic steps of the histology-directed tissue profiling for MALDI MS are outlined in Fig.

1A–I. Samples were sectioned, stained, and regions of interest were identified by a

pathologist. Protein identification was accomplished from extracted tissue samples and

intact protein LC-MS/MS analysis.29 Data dependent MS/MS acquisition was used to select

the top 5 most abundant MS signals for fragmentation by electron transfer dissociation

(ETD) and collision induced dissociation (CID). MS/MS spectra (Fig. 1H) were manually

interpreted and annotated with the assistance of ProteinProspector (http://

prospector.ucsf.edu/prospector/mshome.htm). Among these 5 signals was triply charged Hb-

α chain (Fig. 1I).

Chemicals and cell lines

Human Hb and Hb alpha and beta chains and hemin were purchased from Sigma-Aldrich

(St. Louis, MO, USA). The human NCM460 cell-line (normal colon epithleial cells) was

obtained from INCELL Corporation Inc. (San Antonio, TX, USA). Some studies also used a

human colon adenocarcinoma cell line (SW620) obtained from primary and secondary

tumors from a 51 years old Caucasian patient.30 Cells were grown in proprietary M3TH Base

complete medium supplemented with Fetal Bovine Serum (FBS) (Invitrogen, Grand Island,

NY). They were plated at a density of 1 × 105 cells/ml in 6-well dishes and allowed to grow

overnight. The media was then replaced with normal media (M3:BaseA (InCell Corp.)

+10% FBS (Atlanta Biologocals) +1% PenStrep (Life Technologies)) or normal media

containing different concentrations of test compounds for different period of times.

Western blotting

Full thickness frozen colon tissue samples were homogenized in ice-cold RIPA-buffer

(Thermo Scientific, Rockford IL), containing protease inhibitors followed by sonification

(500 watts using an Ultrasonic Processor – VCX Series) and centrifugation at 10,000 rpm at
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room temperature for 10 min. The protein concentration of the supernatant solution was

determined by the Pierce® BCA method (Thermo Scientific, Rockford IL). Equal amounts

of lysates were electrophoresed on a 4–20% precast gradient gel (Bio-Rad, Hercules, CA)

and transferred overnight to low fluorescent polyvinylidene difluoride membranes (Immun-

Blot® LF PVDF, Bio-Rad, Hercules, CA). Membranes were blocked with 5% milk, then

incubated with primary antibody, goat polyclonal anti-human Hb-α or mouse polyclonal

anti-human GAPDH (Santa Cruz Biotechnology, Inc.). For simultaneous two-color

detection with the Odyssey® infrared imaging system, blots were incubated with a

secondary antibody: donkey anti-mouse IRDye® 800CW or donkey anti-goat IRDye® 680

(all from Licor Biosciences, Lincoln NE). Membranes were scanned with an Odyssey®

infrared imaging system. Odyssey Application software v3.0.16 (Licor Biosciences, Lincoln

NE) was used to quantify bands. The results from three independent experiments per group

(UC, CC and DV) were analyzed.

In addition, Nrf2 proteins (constitutively expressed nucleo-cytoplasmic) were quantified in

colonic homogenates standard western blot (WB) analysis, as described in our previous

studies.31,32 Proteins were separated by SDS polyacrylamide gel electrophoresis. The

membrane was immunoblotted with polyclonal primary antibodies (Santacruz

Biotechnology, CA) and their respective secondary antibodies. Nrf2 protein expression was

normalized using β-actin.

Protein Lysate Collection for CAT, SOD and GPx proteins

Three samples from 4 different disease states (CC, UC, UC, UCAC), and DV were obtained

for CAT, SOD and GPx proteins analyses. Protein was extracted using T-PER (Thermo

Scientific). Before use, 100μL of Halt Protease Inhibitor EDTA-Free Cocktail (Thermo

Scientific) was added to 10mLs T-PER reagent. Samples were weighed, and 20μL T-PER +

Protease Inhibitors were added per milligram of tissue. Full thickness frozen colon tissue

samples were homogenized using a rotor-stator homogenizer, and spun at 10,000 × g for 5

minutes to pellet debris. Cleared supernatant was removed to a new 1.5mL tube, and

samples frozen at −80°C for later use. All steps above were performed on ice.

Bradford Assay

In order to determine protein concentration, a Bradford Assay was performed. 10μL of

sample was diluted two-fold in T-PER + protease inhibitors, then 5μL of each sample were

added to a 96 well plate, and 250μL of Quick Start Bradford Dye reagent (Bio-Rad) was

added. Samples were incubated at room temperature for 10 minutes, and then read using

Tecan plate reader Bradford Assay Protocol. In addition to samples, a Bovine Serum

Albumin (BSA) standard curve was also utilized, using concentrations of 0, 0.125mg/mL,

0.25mg/mL, 0.5mg/mL, 0.75mg/mL, 1mg/mL, 1.5mg/mL, and 2mg/mL.

SDS-PAGE

25μL of β-mercaptoethanol (BME) was added to 425μL Laemmli Buffer (Bio-Rad) to make

loading buffer for reducing conditions. 8μg of sample was added to equal amounts of

loading buffer and boiled at 100°C for 10 m to further reduce the samples. Samples were
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loaded onto a 4–20% tris-glycine gel (Bio-Rad) and ran on ice at 50 volts for 1 h. Voltage

was increased to 130 until dye front ran off gel.

Protein Transfers

PVDF membrane (Bio-Rad) was equilibrated in methanol and transfer buffer prior to use.

Gels were transferred to PVDF at 100 volts for 60 m on ice.

Western Blots – Catalase, GPx, SOD-1, and β-actin

Note: All incubations were performed at room temperature on a shaker.

Membranes were blocked in 3% milk for 1 h, and then washed twice in PBS-T for 5 m each

time. Primary antibody was incubated on the blots for 1 hour. Blots were washed twice in

PBS-T for 5 m each time, and then incubated with secondary antibody for 1 h. Finally, the

blots were washed three times in PBS-T for 5 m each time. Blots were developed with

Opti-4CN detection kit (Bio-Rad) according to manufacturer’s protocol and band intensity

analyzed using Bio-Rad ChemiDoc XRS+ imaging system and Image Lab software.

Assessment of ROS

ROS was detected using a 2′-7′-dichlorodihydrofluorescein diacetate (DCFDA) - cellular

ROS detection assay kit from Abcam (Cambridge, MA). Briefly, NCM460 and SW620 cells

(2.5 × 104/100 μl) were plated in Costar 96-well black solid-bottom culture plates (Corning,

Corning, NY) and incubated overnight at 37°C. Complete media was replaced with

starvation media (M3:BaseA (InCell Corp.) +FBS (0.5%), +PenSptrep (0.5%)) then the cells

were incubated overnight at 37°C. Cell were washed with 1 x PBS and incubated with 25

μM DCFDA for 45 m at 37°C. After incubation, 100 μl/well of the various test compounds

(Hb(n) or Hb) at various concentrations were added to the wells. Appropriate blanks (with,

without DCFDA) were used to correct for background autofluorescence of controls, and

cells treated with 50 μM tert-butyl hydroperoxide and DCFDA were used as positive

controls. Fluorescence was measured at 1 h intervals for up to 24 h (data shown represents 0

h, 2 h, 6 h, 12 h, and 24 h only) in a BioTek Synergy 2 plate reader (BioTek Instruments)

using excitation and emission wavelengths of 485 nm and 535 nm. Fluorescence is

presented as a percent of control values by the formula [Ftexp/Ftcontrol], where Ftexp =

fluorescence at any time after treatment in a given well and Ftcontrol = mean fluorescence

of the respective untreated control replicates.

Co-localization studies

We used double immunofluorescence staining for Hb-α and the macrophage specific marker

CD163 in paraffin-embedded sections from patients with UC and CC. Patients in both of

these groups included moderate to severe inflammatory disease activity (according to the

final surgical pathology report). The primary antibodies used were: anti-human hemoglobin-

α (Abcam, Cambridge) rabbit monoclonal antibody and anti-human CD163 mouse

monoclonal antibody (AbD Serotec, Raleigh NC). The secondary antibodies used were:

Alexa Fluor 488 goat anti-mouse IgG (H+L), and Alexa Fluor 549 goat anti-rabbit IgG (H

+L), (Invitrogen, Carlsbad, CA). Nuclei were counterstained with ProLong Gold anti-fade

reagent containing DAPI (Invitrogen).
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Comet and cell viability assays

We used the OxiSelect Comet™ Assay kit (Cell Biolabs, Inc.) to evaluate cellular DNA

damage. The resulting image that is obtained resembles a “comet” with a distinct head and

tail. The head is composed of intact DNA, while the tail consists of damaged (single-strand

or double-strand breaks) or broken pieces of DNA. The MTT (3-[4,5-dimethylthiazol-2-

yl]-2,5 diphenyl tetrazolium bromide) cell viability assay is a colorimetric assay based on

the conversion of MTT into formazan crystals by living cells, which determines

mitochondrial activity.33 Since for most cell populations, the total mitochondrial activity is

related to the number of viable cells, this assay is broadly used to measure the in vitro

cytotoxic effects of drugs. It is a yellow substrate that is cleaved by living cells to yield a

dark blue formazan product. The assay began by plating 20,000 cells/well into 96 well

plates. After an overnight incubation at 37°C, the cells were treated with Hb or Hb(n) or

media only. Cells were then incubated for 24 h. After the duration of exposure was complete

the media were aspirated and the cells washed twice with PBS. At this point 10 μl MTT was

added to each well followed by 4 h incubation at 37°C. At the end of this time, 100 μl of

isopropanol containing 0.04 N HCl was added to each well. Within an h, the absorbance was

measured on a plate reader with a test wavelength of 570 nm and a reference wavelength of

630 nm.

Statistical analysis

For MALDI-MS findings, a whole spectrum screen was performed to identify candidate m/z

peaks. We used the weighted flexible compound covariate method (WFCCM) of statistical

analysis that collectively includes the mutual information scoring (Info Score), Kolmogorov-

Smirnov test, weighted gene analysis (WGA), significance analysis of microarray (SAM),

and permutation t-test.34,35 Misclassification rate is assessed using Leave One-Out Cross-

Validated (LOOCV) class prediction. Floating search algorithm was applied to select the

optimal feature combination during cross-validation of a classifier development. LOOCV

and leave-N-out cross-validation (LNOCV) tests were performed. The k parameter was

assessed for optimal feature performance. Both the k parameter and the consistency of the k

parameter through the KNN tables were considered in designing the classifier. Using this

method, hemoglobin alpha chain was identified by its known m/z ratio of 5045.

For the remainder of the data, values are shown as mean ± S.E. Statistical significance was

determined by Turkey test after one-way ANOVA. Each maneuver was done three times,

each in replicate. Unless stated otherwise, calculated differences were regarded as

significant for a probability value of p< 0.05. Correlation of test results was accomplished

with linear regression calculations.

Results

Using MALDI MS technology, we analyzed surgical pathology biospecimens from 113

patients with IBD (CC, n = 50 and UC, n = 63). The meta-data information about these

subjects is depicted in Table 1. The age of patients with CC at the time of surgery was 48.5

± 13.2 and 47.8 ± 17.8 years for the UC group. A MALDI-TOF-MS signal at m/z 5045 (Fig.

1H) was abundantly more intense in inflamed areas of both inflammatory colitides tissues.

Myers et al. Page 7

Inflamm Bowel Dis. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



This fingerprint was identified as triply charged Hb-α chain (Fig. 1I). Validation of this

signal using protein extracts from full thickness colon samples and a commercially available

antibody for Hb-α protein confirmed the presence of Hb-α (Fig. 2A). Quantification of Hb-

α in UC vs. CC was higher in CC but showed no statistically difference. However, the level

of Hb-α chain was significantly higher in the colitides tissues than in samples from patients

with Ctrl; UC and CC vs. Ctrl (24.47 ± 5.03 and 31.88 ± 3.56 vs. 1.28 ± 0.33 (p< 0.006 and

p<0.0001, respectively) (Fig. 2B). Immunohistochemistry staining for Hb-α was greater in

the CC than in the UC samples but statistically not significant from each other in both the

mucosa and submucosa areas (Fig. 2C and 2D). In DV the staining was restricted to the

erythrocytes found only in the capillaries of the submucosa (Fig. 2C, lower panel). Staining

for Hb-β was negative in UC, CC and in Ctrl in both the mucosal and submucosal layers

(Fig. 2E). Antibodies were also used against spleen and liver controls.

DNA damage

We treated NCM460 cells with 150 μM of Hb for 4 h and used the comet assay to assess

DNAD. Comet slides were manually scored. In this assay, damaged DNA (containing

cleaved DNA and DNA with strand breaks) migrates further than intact DNA and produces

a “comet tail”. As shown in Fig. 3A, control cells show no tail fragments indicating intact

DNA, while cells exposed to Hb, showed tail fragments (Fig. 3B) indicating DNAD. Insets

in Fig. 3C show a representation of: a) undamaged cell, b) damaged cell, and c) severely

damaged cell. We found that the DNAD cell count was significantly higher in Hb-treated

cells (p< 0.00001) compared to controls when counted by a Nikon DS-Fi1 color CCD

camera on a TE2000E microscope. Quantification of the extent of DNAD between the two

groups is depicted in Fig. 3D. The mechanism leading to DNAD is thought to be through the

overproduction of ROS in the presence of Hb. To validate this assumption, we present the

experimental results of the effects of Hb(n) and Hb on ROS production in Table 2.

ROS-dependent cell formation, cell-induced DNA damage and cell viability

In the case of free Hb and Hb(n) mediated ROS-dependent cell formation we anticipated

that DNA may not be protected from oxidative assault and could be damaged. ROS

production was measured in NCM460 cells during incubations with various concentrations

(10 μM and 100 μM) of Hb(n) or Hb, and assayed at 2 h, 6 h, 12 h and 24 h compared to 0 h.

Cells treated with 10 μM, and 100 μM of Hb-α, hemin and Hb, showed increases of ROS

production at 2 h but those values were not significantly different from each other. Only Hb-

β demonstrated a significantly higher level of ROS at 100 μM compared to 10 μM

concentrations (p< 0.006). At analytical time point of 6 h, 12 h and 24 h, Hb(n) and Hb,

individually, induced a significant increase of ROS, (p< 0.0001, p< 0.0006, p< 0.001 and

p< 0.01), (except for hemin at 6 hour, p= 0.3910) respectively at the higher compared to the

lower concentration (Table 2). There were no ROS observed in cells treated with 0.001 μM,

0.01 μM and 0.1 μM of Hb(n) and Hb (data not shown) possibly because the concentrations

were too low. The rank order of ROS generation at 10 μM concentrations at 12 h and 24 h

was Hb-β ≈ Hb>Hb-α≫hemin. However, during these extended time periods, cells treated

with 100 μM compared to 10 μM concentrations demonstrated less ROS (Table 2, Fig. 4).

This may be likely due to an effect on cell integrity (Fig. 5). Hemin was particularly

destructive at both concentrations. While low concentrations of Hb-α chain, Hb-β chain and
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Hb significantly stimulated mitochondrial activity compared to controls, the higher

concentrations (100 μM) significantly blunted these effects. Thus it appears that the lower

production of ROS in Table 2 and Fig. 4 at the 100 μM concentrations, negatively altered

cell viability, and possibly led to apoptosis (Fig. 5).

A significant correlation was noted between ROS production and DNAD, Table 3 and Fig.

4. Cells that were incubated for 12 h appeared to have their DNAD partially recovered

despite the fact that ROS was steadily increasing with time up to 24 h, the period of follow-

up. This is likely due to metabolism of H2O2 to H2O and O2 and the effects of DNA repair

mechanisms and the activation of antioxidant enzymes. These observations confirm the

toxic effects of Hb(n) and Hb, based on the production of ROS, DNAD and even cell

viability.

Hb permeability of cultured colonic epithelial cells

To test whether hemoglobin could penetrate colonic normal epithelial (NCM460) and/ or

colon cancer (SW620) cell-lines, we incubated cells with Hb for up to 1 h. Cytosolic and

nuclear fractions were then blotted for Hb. The content of Hb in both fractions was identical.

In order to visualize the uptake of Hb, cells were grown on cover slips mounted onto a slide

cover incubated with 100 μM Hb for 1 h and then fixed. Nuclei were stained with DAPI and

the autofluorescence of Hb was used to detect its presence. Both cytosolic and nuclear cell

extracts expressed GAPDH at similar levels (Fig. 6A). The cytosolic protein extracts

showed presence of Hb-α at similar levels. Presence of Hb-α level in the nuclear extracts

increased over time. Longer exposure to Hb caused increased Hb-α expression. Fig. 6B,

experiment validates that the Hb-α, which is a part of heterotetrameric Hb complexes that

penetrated the cell, is likely could be the causal agent of ROS and subsequent DNAD.

Co-localization studies

To determine the source of free Hb-α as a product of macrophage erythrophagocytosis by

co-localizing macrophages, erythrocytes and free Hb-α, we used double

immunofluorescence staining for α-Hb and the macrophage marker CD163 in paraffin-

embedded sections from patients with UC and CC who had moderate disease activity. The

study validated macrophage phagocytosis of erythrocytes that were outside of the vascular

bed (Fig. 7). The analysis also show macrophages (Fig. 7, yellow arrow) actively engulfing/

phagocytizing the extravasated erythrocytes. The presence of extravasated macrophage

erythrophagocytosis in hemorrhagic tissues of UC and CC samples (Fig. 7A, red arrows

show erythrocytes; white arrows show macrophages) illustrates that the phagocytized

digested erythrocyte by macrophages (releases free Hb and Hb(n) into cellular

microenvironment). This provides evidence that the source of free Hb and Hb(n) is partly

from extravasated macrophage erythrophagocytosis. Fig. 7B shows colonic mucosa with

extravasated erythrocytes and macrophage in close vicinity to crypts.

Potential role of free Hb induced ROS production on antioxidants

To explain the differences in the amounts of ROS detected in the tissues, we speculate that

the colitis-tissues express lower levels of both the nuclear and cytosolic antioxidants. We
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therefore analyzed the nuceo-cytoplasmic Nrf2, and cytosolic-based CAT, SOD and GPx

enzyme/protein levels.

Nuclear factor erythroid-2-related factor 2 (Nrf2)

We tested Nrf2 by performed western blotting using colonic tissue cell homogenates from

UC, CC, and UCAC. This analysis showed that Nrf2 levels were lower in the inflamed

tissue in both UC/CC samples compared to Ctrls, although the effects were not significantly

different (Fig. 8A). There was however a significant difference between DV values and

those in UCAC samples. Nrf2 protein levels were twice as much in DV versus UCAC

samples (15 ± 7 vs. 32 ± 8, p< 0.043394), (Fig. 8B). Although western blots showed no

significant difference in Nrf2 expression levels between the colitides and colitides vs.

diverticulitis, notably because Nrf2 is essentially a constitutively expressed nucleo-

cytoplasmic protein that the T-PER protein extraction protocol used is not efficient at

extracting nuclear protein from cells. There was no correlation found between Nrf2 and 8-

OHdG. Further, in inflamed colonic tissue of UC and CC patient samples, representative

immunoblot and densitometric analysis data for the antioxidant protein Nrf2 showed a

significant decrease in Nrf2 compared to adjacent uninflamed tissue (control, NL) from the

same patients. The mean ± S.E for UC vs. NL-UC analyses was observed to be 1.48 ± 0.10

vs. 2.09 ± 0.17 (p< 0.05) and for CC vs. NL-CC was 1.43 ± 0.03 vs. 1.99 ± 0.08 (p< 0.05),

respectively, Fig. 9.

Further, we analyzed the cytoplasmic/cytosolic antioxidant enzymes i.e. Catalase (CAT),

superoxide dismutase (SOD) and Glutathione peroxidase (GPx). The results indicate that the

median levels in active IBD CAT was enhanced in all active disease colonic tissues and

significantly increase in CC compared to Ctrl (mean ± STDev, 2.61 ± 0.57 vs. 0.01 ± 0.12,

p< 0.01). Concentrations of GPx in UC was significantly enhanced compared to Ctrl (mean

± STDev, 2.74 ± 1.83 vs. 1.00 ± 0.23, p< 0.5). When comparing these antioxidants between

CC vs. UC, SOD was the only enzyme observed significantly depleted in UC than CC (mean

± STDev, 0.47 ± 0.27 vs. 0.97 ± 0.13, p< 0.05). Respective WB and quantification of CAT,

SOD and GPx calculated based on levels graphed as a percentage of β-actin are depicted in

Fig. 10A–B.

Discussion

The molecular mechanisms of colitis-associated carcinogenesis has been described as a

consequence of inflammatory infiltration (herein free Hb(n), not reported earlier) resulting

to increased production of ROS, impairment of antioxidant defenses leading in oxidative

stress (OS) following lipid peroxidation, DNA damage and genetic and epigenetic

alterations in transforming epithelial cells, eventually resulting in colorectal cancer. The

potential role of antioxidant defense is that oxidative damage occurs continually in vivo and

organism/cells have to constantly repair or replace the damaged biomolecules.36 Damaged

DNA is repaired and unrepaired DNA and damaged proteins are removed. Failures in these

repair and removal systems can contribute to pathology (e.g. cancer) and perhaps even to

process of aging.37–39
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The primary aim of this study was to assess the possible implications of the deposition of

free Hb-α chain pool abundantly found in inflamed colonic mucosal and submucosal

microenvironment of IBD surgical pathology samples compared to that seen in diverticulitis.

This coincidental finding co-localizes IBD-related CRC which also is found to co-occur in

segments with colitis.11,40–44 We observed levels of free Hb-α, ROS and Nrf2 to be

indifferent between the active colitides, as is the reported incidence and prevalence of CRC

in these patients. 13,37–41,45, The development of CRC in IBD patients therefore, may not be

influenced by disease activity and the extent or duration of disease alone, but by

hypersensitivity to ROS, which may partly explain the identical incidence and prevalence of

CRC complicating the two pathologies. 12,44,46,47 In reference to the published cumulative

risk data reported that patients with IBD who were followed and treated for a long time

period who developed CRC before or after colectomy surgery had the prior disease for not

less than 8–10 years.12,13,44–48 For that reason, even after prophylactic surgery

“proctocolectomy with mucosectomy”, the microscopic intact remnant anorectal mucosa

island residues, which are potential for cancer transformation, may be retained.12,13,49

In in-vitro analysis we observed an apparent Hb-ROS-DNAD sequence. In most cases

damaged DNA is repairable,50,51 however in IBD a damaged DNA base repair mechanism

has been reported in UC patients.52 In certain cases the repair of damaged DNA may fail

because the maintenance of genome integrity and fidelity, which is essential for the proper

function and survival of all organisms, is compromised.53,54 This task is particularly

daunting due to constant assault on the DNA by genotoxic agents (e.g. free Hb/Hb(n)),

nucleotide disincorporation during DNA replication, and the intrinsic biochemical instability

of the DNA itself.50–56 Failure to repair DNA lesions may result in blockages of

transcription and replication, mutagenesis, and/or cellular cytotoxicity.57,58 In humans,

DNAD has been shown to be involved in a variety of genetically inherited disorders and in

carcinogenesis.58–62

It is recognized that overproduction of ROS, which is evident in the mucosa of IBD

patients4,5 is a common feature affecting cell growth and apoptosis.63,64 The analysis in this

study showed that hemin significantly impacted cell viability after a 24 h incubation of cells

treated with either 10 μM and 100 μM concentrations. Hb at a 100 μM concentration also did

affect viability negatively but the effect was not significant.

Cumulative Hb-catalyzed oxidant damage to DNA damage might occur with Hb-α and

hemin overload, perhaps explaining the often lethal evolution of IBD associated conversion

to carcinogenesis. We now realize that, in IBD patient surgical pathology samples, free Hb-

α, ROS, DNAD (analyzed by a H2AX assay, a DNA double-strand breaks biomarker, not

presented here) and colitis-associated CRC are all co-found to co-localize/ co-occur in

segments with colitis.11–15,45,46,65–69 To the best of our knowledge, these studies upon

which this application is based represent the first reports using histology-directed, MALDI

MS, a cutting-edge technology, to investigate and determine disease-related proteomic

patterns that may improve the diagnostic accuracy in IBD patients. These studies could lead

to the early detection of CRC through a relatively non-invasive, easier, accurate, affordable,

and fast screening process to promote therapy and prevention.
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Further, we investigated if the stress response proteins Nrf2, CAT, SOD and GPx was

altered in IBD surgical pathology specimens compared to Ctrls. Systemic circulating

Plasma/serum levels of CAT, GPx and SOD have been investigated in IBD patients with

controversial results reported either identical, down- or upregulation of these enzymic

activities.70–73 To datethere is no agreement as to whether a drop or a rise of these feature

activities is linked to IBD.70 These controversies may as well depend on the sensitivity of

numerous techniques available, with varying precision to measure ROS or the reduction of

antioxidants. Because ROS have short biological half-lives, attempts to directly quantify

their levels are limited to electron spin resonance spectroscopy74,75 and

chemiluminescence,76 expensive techniques that are restricted in their application. Oxidative

stress is a potential etiological and/or triggering factors for IBD,4,73,77–82 The detrimental

effects of reactive oxygen molecules (ROM) have been well studied and established in the

inflammation sequence.83 However, the specific pathways leading to cellular damage are

not completely elucidated and remain poorly defined, noncomprehensive, and impractical in

clinical medicine and in therapeutic advancements.84

Nuclear factor erythroid-2-related factor 2 (Nrf2)

Nrfs is a basic leucine zipper transcription factor that is essential for cellular response to

oxidative stress.85–87 Under normal and unstressed conditions, Nrf2 is a highly unstable

protein with a very short half-life (t1/2 ~ 15–25 min)88,89 and is kept in the cytoplasm by a

cluster of proteins that degrade it quickly.88,93 However, under oxidative stress, such as in

active IBD, Nrf2 is not degraded, but instead travels to the nucleus where it binds to a DNA

promoter and initiates transcription of antioxidative genes and their proteins.90 Herein data

show that the expression of Nrf2 was identically reduced in both UC and CC samples while

in UCAC tissue it was two-fold lower compared to Ctrl. The results of Kalthoff et al.

suggest that Nrf2 is critical for protecting the GI tract against disease by regulating a

multifaceted cellular antioxidant defense.91 Other studies have also shown that Nrf2

regulated antioxidant enzymes SOD and GPx are reduced in IBD patients.16,41 Colonic

inflammation observed in UC and CC patients are known to impair enteric neurons and

smooth muscle mediated motility function.92–96 In addition, Winston et al. studies have

shown that a decrease in two myenteric neuron proteins, neuronal nitric oxide synthase

(nNOS) and ChAT, and an increase in H202 (a component of oxidative stress) in animal

models of colitis.93 Our recent studies97 have shown that the nitrergic (nNOS) mediated

gastric motility is impaired in Nrf2 knock-out mice known to show oxidant burden.97 The

above studies suggest that elevated inflammation and oxidative stress may impair nitrergic

mediated motility function and Nrf2-Phase II system may be critically involved in this path.

An in-depth mechanistic experiment is warranted in future to investigate the motility

abnormalities associated with colonic inflammation in IBD patients.

A study by D’Odorico et al.24 analysed the blood circulating antioxidant concentrations in

IBD patients and in Ctrl subjects. They found significantly reduced antioxidant saturation in

IBD patients, especially in those with active disease, compared to Ctrls (p< 0.0001). They

also found 8-OHdG concentrations (a measurement for ROS generation) were significantly

increased in IBD patients compared to controls, independent of disease activity (p< 0.05).

They also found no differences were detected between the colitides. No correlation was
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found between antioxidants and 8-OHdG concentrations. These observed are consistent with

our observations with regard to Nrf2 protein concentrations in IBD patients with inflamed

compared to adjacent uninflamed colon tissues and Ctrls. In inflamed colonic tissue of UC

and CC patient samples, representative immunoblot and densitometric analysis data for the

antioxidant protein Nrf2 show significant decrease compared to adjacent uninflamed tissue

(normal, NL). We should keep in mind that the depletion of systemic antioxidant levels

found in IBD patients,24 can depend on several other factors than different technology

technique mentioned earlier herein. Dietary intake may be one of the major causes. A

combination of other mechanisms could also be involved, e.g. malabsorption, insufficient

vitamin intake, impaired absorption, increased vitamin requirements and increased losses,

especially during active disease.24,98 In many instances, more than one of these factors

could be responsible for the resulting systemic depletion. Several agents that can interfere

with redox cell signaling pathways could collectively alter the cellular microenvironment

and be therapeutically leveraged. 99–101 Microenvironment is capable of normalizing

pathological cells, suggesting that re-education of cells may be effective strategy for

treatment and prevention of colitis related neoplasia. Nutraceuticals derived from fruits,

vegetables, spices, grains and cereals may play an important role.

Catalase (CAT)

CAT is a tetramer of four polypeptide heme (iron) chains common enzyme found in living

organisms and a very important enzyme in protecting the cell from oxidative damage by

ROS.102 It catalyzes the decomposition of hydrogen peroxide to water and oxygen.103,104

Likewise, CAT has one of the highest turnover numbers of all enzymes; one CAT molecule

can convert millions of molecules of hydrogen peroxide to water and oxygen each

second.102

Previous studies,22,70 on antioxidant CAT capacity in IBD focused on circulating

concentrations70 reported to increase70 or decreased22 in fulminant and/or active IBD. CAT

is a key antioxidant enzyme that is speculated to be actively released into the circulation as

part of inflammatory response 105 and is present in the peroxisome defense against oxidative

stress.105 Polymorphisms in this gene have been associated with decreases in catalase

activity. In our IBD-patient tissue studies we found out that the activities of antioxidant CAT

which is predominantly intracellular/cytosolic enzymes was enhanced in all active CC and

UC and significantly increased in CC compared to Ctrl. Despite the statistical indifference

shown between the inflammatory colitides, polymorphism within the human population as

well as the sample size (cohort, n=3 per group) must be considered in evaluating the data.

Discrepancies concerning results from a small number of enrolled patients in the majority of

studies, could lead to type II error.106,107 Since there was no difference in their results in the

enzyme activities between CAT and GPx Krzystek-Korpacka et al22 evaluated these

enzymes whether could serve as indicators of active disease. Patients from both cohort were

combined and the results of GPx level was comparable to that of C-reactive protein (CRP)

and erythrocyte sedimentation rate (ESR), whereas that of CAT was poor. GPx showed a

diagnostic accuracy of 73%, whereas CAT showed 63% as compared to 74% of CRP and

ESR.
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Glutathione (GPx)

GPx are important antioxidant enzymes that reduce H2O2 and other ROS by oxidizing

glutathione.3 In this study, GPx levels was not changed as compared to Ctrl except in

patients with active UC was significantly increased compared to Ctrl. In animal experiments

when members of the GPx-gene family were disrupted, they developed severe ileocolitis and

later, about 30% developed adenocarcinoma.108 It has been observed that the fall in GPx

activity is associated with the coexistence of the severity of IBD, reflected by the closest of

all enzyme relationships with inflammatory indices both on univeriate and multivariate

analyses.22 There is a speculation that the impact of the disease and/or inflammation severity

on GPx may be related to reduce glutathione, a vital intracellular antioxidant and GPx

substrate, depletion of which is considered a crucial event in colonic tissue damage during

IBD etiopathogenesis.109 Our previous experience has shown that most patients with active

IBD are homeostatic depleted110–112 because of loses with subsequent adaptive returns

following pouch surgery (restorative proctocolectomy and ileal pouch-anal

anastomosis)110–112 and a significant and stable composition was achieved after closure of a

diverting loop ileostomy.111–114 Accordingly, the direct relationship between GPx and

cholesterol, iron, transferrin, and albumin, may reflect a more general association with

nutritional status of IBD patients, impaired already at the time of disease diagnosis.22,115

GPx seems to be of special interest in the context of IBD etiopthogenesis. Studies on

animals showed that mice with concomitant disruption of genes coding for GPx1 and GPx2

enzymes developed UC and that their colonic inner lining (the mucosa) had elevated

activities of myeloperoxidase and the levels of lipid hydroperoxides, stressing the

importance of both isozymes for the prevention of intestinal inflammatory response.116

Superoxide dismutase (SOD)

Herein observations show statistically insignificant impairments’ of SOD in UC and in

UCAC subjects vs. Ctrls. When CC vs. UC was compared a significant depletion was noted

in UC than in CC. SOD is an unusually ubiquitous stable cytoplasmic enzyme although its

apoenzyme is very unstable117 that function to effectively catalyze the dismutation of

superoxide (O2 ) inions into oxygen and hydrogen peroxide. Hence, they are an important

antioxidant defense in nearly all cells exposed to oxygen. What role SOD play in both

normal and disease states is only slowly beginning to be understood. In case of ongoing

intestinal inflammation, like in active IBD, SOD leads to depletion of circulating

antioxidant, but the blood activity of SOD was reported to have remained either unaltered or

increased in the majority of studies.70,118

The Colitides

The IBD encompasses of UC and Crohn’s disease (CD),119 (and an indeterminate colitis

(IC) where a non-definitive evaluation cannot be made).120 CD of the colon is termed

Crohn’s colitis (CC). UC and CD are two chronic, relapsing and remitting diseases that

(when predominately colonic) remain as major diagnostic, therapeutic, and surgical

challenges, have no permanent drug cure and have the potential to causing significant long-

term morbidity.119,121 Despite extensive research work, to date, an integrated,

pathophysiologic model of the etiology and/or propagation of IBD have not emerged and is
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still obscure but considered to be multifactorial, including a genetic predisposition, the gut

flora and environmental agents.122–124 As a result of these multifactorial theories it is

generally hypothesized that IBD is caused by gastrointestinal tract immune dysregulation,

because the disease is accompanied by a considerable infiltration of inflammatory cells in

gut mucosa.125 There is no difference in IBD incidences by gender,126,127 although in up to

20% of patients the disease presents before the age of 18 years.128–131 UC affects only the

colon and is confined mostly to the mucosal and to a lesser degree, the submucosal layers. In

contrast, Crohn’s disease (CD) may involve any part in the GI tract from the mouth to the

anus and all layers (transmural) of the GI system;121 it may also involve other organs

outside the GI system through fistulization.132–136 Despite data supporting primary

chemoprevention with pharmacotherapy and secondary prevention with surveillance

endoscopy, CRC continues to constitute 10–15% of IBD-associated mortality.137,138 Within

this population however, there is a considerable variability in the cancer risk possibly due to

co-inheriting a risk of developing both IBD and CRC.40 This secondarily has been attributed

to a complex sequence of molecular and histologic derangements of colonocytes that are

initially and at least partly sustained by a long-standing, extensive, chronic, relapsing and

remitting inflammation.41,42,46,67

Conclusion

We found pool of Hb-α chain in the inflamed colonic mucosal and submucosal tissues of

IBD patients. The pool accumulated overtime as a result of Hb degradation and extravasated

erythrocyte macrophage erythrophagocytosis. More importantly, we observed and

demonstrated that free Hb-α is a mediator for ROS-dependent DNAD. DNAD may

potentially and independently increase risk vulnerability of transformation to CRC. The fact

that a level of Hb-α is identical between UC and CC may partially explain the indifference

of CRC incidence between the two pathologies since both are co-localized in segments with

evidence of colitis. Depletion of antioxidants is likely to be important in the

biopathophysiology of IBD and may partly be a primary phenomenon that severely

compromises the mucosa and therefore increases the susceptibility to oxidative tissue

damage. Despite the fact that a rigid basis for causality of IBD, it is likely that OS has an

etiologic triggering potential. However, whether the OS biometrics are vital to be useful in

monitoring disease activity or determining prognosis remains uncertain to date. This may

however, represent a risk factor for the disease and can partly be an additional argument for

the direct implication of free-Hb(n) induced OS in the pathogenesis of IBD and the

subsequent colitis related CRC. Therapeutic applicability of antioxidants must be elucidated,

randomized, clinical trials in future. Targeting Redox (reduction-oxidation)-sensitive

pathways and transcription factors as well as the use of high-dose potential antioxidants,

along follow-up period, and emphasis on active cases of the colitides may therefore offer

great promise options in the treatment and prevention of IBD and colitis associated CRC.
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Abbreviations

IBD inflammatory bowel disease

UC ulcerative colitis

CC Crohn’s colitis

DV diverticulosis

UCAC ulcerative colitis-associated colon cancer

DNAD Deoxyribonucleic acid damage

Hb hemoglobin

Hb(n) (n, α, β, and hemin)

IHC immunohistochemistry

CRC colorectal cancer

ROS reactive oxidative stress

MALDI MS matrix-assisted laser desorption/ionization mass spectrometry

m/z mass-to-charge ratio

LC-MS/MS liquid chromatography-mass spectrometry

ETD electron transfer dissociation

CID collision induced dissociation

Nrf2 Nuclear factor E2-related factor 2

CAT Catalase

GPx Glutathione peroxidase

SOD superoxide dismutase

CPR C-reactive protein

ESR erythrocyte sedimentation rate
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Fig. 1.
Workflow for histology-directed tissue profiling for MALDI MS. Digital photomicrographs

acquired from histology and MALDI sections were used to identify and designate sites of

interest for profiling. A) A 12 μm tissue section was placed on a gold-coated MALDI target.

B) A serial section was mounted on a slide for H and E staining. C) A pathologist marked

areas of interest on a picture of the H and E stained section. D) The H and E picture was

overlaid on a picture of the MALDI plate and coordinates were generated. E) Tissue was

spotted with matrix in the designated areas using a robotic spotter. F) Protein profiles were

determined by MALDI MS. G) Mass spectra were generated from the matrix spots

corresponding to different cell types. H) Spectral peak 5045 was generated from the matrix

spots and classifiers were evaluated using LOOCV and LNOCV cross validation. I) LC-

MS/MS analysis identified this signature as triply charged Hb-α chain.
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Fig. 2.
Western blots were used to determine the molecular weights of proteins and to measure

relative amounts of the protein present in tissue samples. A) Quantification of Hb-α staining

of UC, CC and. DV using Nikon Elements Advance Research Analysis software; a threshold

was established using the red channel for the Hb-α staining and the area fraction of the

staining was determined. B) Staining of Hb-α by IHC in colonic mucosal (left) and mucosa-

submucosal (right) layers at a 30× and 10 × magnifications, respectively. DV staining was

restricted to RBC found in submucosal capillaries. C) Quantification of Hb-α staining of

UC, CC and DV using Nikon Elements Advance Research Analysis software. D) Staining of

Hb-β by IHC in colonic mucosal (left) and mucosa-submucosal (right) layers at a 30 × and

10 × magnification, respectively. Colitides and DV staining of Hb-β were restricted to RBC

found in submucosal capillaries. E) Mean intensity of Hb-α chain was higher in the mucosa

(UC = 90AU, CC = 102AU and DV = 38AU) than submucosa (UC = 27AU, CC = 17AU

and DV = 4AU), respectively.
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Fig. 3.
Comet assays. A) Normal human colon cells (NCM 460) were fed with fresh complete

media alone, as a control or B) with 150 μM Hb for 4 h followed by a comet assay to assess

DNA damage (DNAD) using a denaturing electrophoresis. C (a) (b) and (c), show an

interpretation of the intensity of DNAD: a = undamaged cells, b = damaged cells and, c =

severely damaged cells. D) Quantification of DNAD.
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Fig. 4.
Comet assay of the effect of the dose and term of incubation with Hb-α, Hb-β, hemin and

Hb on DNAD and ROS generation in NCM460 cells. A) Two thousand NCM460 cells/well

were treated with 10 μM or 100 μM of Hb-α or hemim or Hb for 2h, 6h and 12h. DNA was

assessed by the comet assay. Damage in these experiments is expressed as the olive tail

moment (OTM). Values shown are the mean ± SEM of 2000 cells/ well (25 cells per slide)

p< 0.001 (One Way ANOVA) compared to controls. B) DNA damage in colonocytes

treated with 10 μM or 100 μM of Hb-α, Hb-β, hemin and Hb, as a function of time. C) Time

and dose dependent changes in ROS. Tertiary butyl hydroperoxide (TBHP was set as

control. Colonocytes were isolated, washed and treated with 50 μM concentrations TBHP or

10 μM or 100 μM of Hb-α, Hb-β, hemin and Hb and incubated at 37°C for the times shown.

Intracellular ROS was estimated spectrofluometrically by incubating washed colonocytes

Myers et al. Page 27

Inflamm Bowel Dis. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



with 10 μM of the fluorescent dye DCFDA (Cellular Reactive Oxygen Species Detection

Assay) for 30 min at 37°C in the dark. ROS production in colonocytes was assessed with

increase in time (0 hour, 2 hours, 6 hours, 12 hours and 24 hours). Each point indicates mean

± S.E. Data were analyzed by one-way ANOVA, with Student-Newman-Keuls post hoc

tests. Significant differences were attributed at p< 0.05.
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Fig. 5.
Cell viability, measured by MTT assays, relative to controls in NCM460 cells exposed to

Hb(n) or Hb (10 μM and 100 μM) for 24 h.

Myers et al. Page 29

Inflamm Bowel Dis. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 6.
Western blot and immunofluorescent detection of hemoglobin. A) Cytosolic and nuclear

extracts were prepared from normal NCM460 and cancerous (SW620) colon cells which had

been exposed to 150 μM hemoglobin for the times shown. The samples were subjected to

SDS-PAGE followed by immunoblotting. The membranes were probed using antibodies

against hemoglobin-α (red, 14kDa), GAPDH (green, 37 kDa) and simultaneous two-color

fluorescent secondary antibodies and analyzed on an Odyssey-infrared imaging system (LI-

COR®). Both cytosolic and nuclear cell extracts expressed GAPDH at similar levels. The

cytosolic protein extracts expressed Hb-α at similar levels while the nuclear extracts

expressed hemoglobin-α in a more time-dependent manner. B) Immunofluorescent staining

of normal cells incubated for 4 h in complete media without or with 100 μM Hb. The cells

were treated with Prolong® Gold antifade reagent with DAPI for visualization of the

nucleus using a blue filter while the autofluorescent properties of Hb were visualized using a

red filter. Both frames show nuclear and cytosolic images superimposed at a 30 ×

magnification; Hb uptake into both the cytosol and nucleus is shown.

Myers et al. Page 30

Inflamm Bowel Dis. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 7.
Double immunofluorescent staining for hemoglobin-α (red) and the macrophage marker

CD163 (green) in paraffin-embedded sections from a patient with UC. Nuclei were

counterstained with DAPI (blue): red arrows indicate extravasated erythrocytes and white

arrows indicate macrophages. Pictures were taken at 60× (A) and 20× (B) magnification. A)
Depicts macrophage erythrophagocytosis: a macrophage (yellow arrow) engulfed three red

blood cells from extravasated erythrocytes (red arrow). B) Colonic mucosa with

extravasated erythrocytes and macrophages in close vicinity to crypts.
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Fig. 8.
Western blots for Nrf2. A) Shows Nrf2 (57kDa) and β-actin (43kDa); levels are graphed as a

percentage of β-actin. All blots were performed on the same PVDF membranes, and all

incubations were performed at room temperature on a shaker. Membranes were blocked in

3% milk for 1 h, and then washed twice in PBS-T for 5 min each time. The primary

antibody was incubated on the blots for 1 h. Blots were washed twice in PBS-T for 5 min

each time, and then incubated with secondary antibody for 1 h. Finally, the blots were

washed three times in PBS-T for 5 min each time. B) Quantification of Nrf2 was calculated

based on levels graphed as a percentage of β-actin. Abbreviations: DV = Diverticulosis; CC

= Crohn’s colitis, UC = ulcerative colitis, and UCAC = ulcerative colitis associated colon

cancer.
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Fig. 9.
Expression of Nrf2 protein, in ulcerative colitis and Crohn’s colitis (CC), inflamed vs.

uninflamed colonic muscular tissues from same patients. A) Representative immunoblot and

densitometric analysis data for colonic Nrf2 proteins in UC and CC subjects as well as

values in adjacent normal tissue from the same two patients (NL-UC; NL-CC). The bands

show a significant decrease in Nrf2 saturation in both inflamed UC and CC colonic

specimens compared to adjacent uninflamed tissues specimens. B) The lower panel

(histogram) represents the data for n= 4 UC and N=4 CC, plus their adjacent normal (NL)

tissue controls. Statistical significance was determined by Turkey test after one way

ANOVA. *p < 0.05 compared with respective control (NL) group.
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Fig. 10.
Cytosolic antioxidant CAT, SOD and GPx levels in the tissue of patients with Diverticulitis

(DV) Crohn’s colitis (CC), ulcerative colitis (UC) and ulcerative colitis associated colon

cancer (UCAC). A) Show CAT, SOD, GPx and β-actin; levels are graphed as a percentage

of β-actin. Note: All incubations were performed at room temperature on a shaker.

Membranes were blocked in 3% milk for 1 hour, and then washed twice in PBS-T for 5

minutes each time. Primary antibody was incubated on the blots for 1 hour. Blots were

washed twice in PBS-T for 5 minutes each time, and then incubated with secondary

antibody for 1 hour. Finally, the blots were washed three times in PBS-T for 5 minutes each

time. Blots were developed with Opti-4CN detection kit (Bio-Rad) according to

manufacturer’s protocol and band intensity analyzed using Bio-Rad ChemiDoc XRS+

imaging system and Image Lab software. B) Quantification of CAT, SOD and GPx was

calculated based on levels graphed as a percentage of β-actin.
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