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The dietary phenolic compound, salicylic acid, decreases oxidative stress and pro-inflam-
matory and potentially neo-plastic prostaglandins with a concomitant increase in glu-
tathione peroxidase activity. Salicylic acid, a dietary plant-based phenolic compound and
also the main metabolite of aspirin, may contribute to the colon protective effects of plant-
based diets. Oxidative stress is a characteristic of pre-cancerous and cancerous colon and
inflammatory bowel diseases (IBD) that increase colon cancer risk. The mechanism(s)
whereby salicylic acid modulates potentially pro-cancerous activity associated with oxida-
tive stress is further investigated here using a proteomic approach. A rat model of oxidative
stress was supplemented with salicylic acid (1mg/kg diet, mean plasma levels
310 + 32 pmol/l). Soluble colon protein extracts were subjected to 2D PAGE. Salicylic acid
modulated proteins, identified using MALDI-TOF and LC/MS/MS, are involved in protein
folding, transport, redox, energy metabolism and cytoskeletal regulation. A partial least
squares (PLS) analysis approach was used to assist biological interpretation of the altered
protein profiles via their associations between previously published biochemical measure-
ments of oxidative stress, prostaglandin levels and increased glutathione peroxidase
activity. Early detection of altered homeostasis in colon may assist in identifying pre-
pathological features preceding colon tumorigenesis and contribute to an understanding
of epidemiological evidence supporting a protective effect of plant-based diets.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Oxidative stress occurs as a consequence of excessive
production and, or inadequate elimination of reactive
oxygen species (ROS) in a biological system. The imbalance
may be a consequence of reduced antioxidant capacity
caused by disturbances in dietary intake, production and
distribution of antioxidants, or an overabundance of
ROS from an environmental or behavioural stressor,
including tissue pathology. Improper regulation can lead
to an excess of ROS and subsequent damage to cellular
lipids, proteins or DNA and inhibition of normal cellular
functions. Oxidative stress has thus been implicated in
a growing list of human diseases, including colon patho-
logies, such as cancer, inflammatory bowel diseases
(IBD) and diverticular disease [1-3]. Oxidative stress is
also a characteristic of inflammation, with epidemiological
studies suggesting a positive association of colorectal
(CRC) incidence in patients with IBD [4-7].
It is well established that tissues undergoing chronic
inflammation are at an increased risk of undergoing
malignant changes. Many cancers arise from sites of
infection and chronic irritation as well as inflammation
[8].

Pharmacological suppression of inflammation lessens
the risk of CRC [9]. In subjects without IBD regular
consumption of non-steroidal anti-inflammatory drugs
(NSAIDs) (e.g. aspirin, suldinac and celecoxib) reduces
CRC risk [10-14]. Aspirin is metabolised to salicylic acid.
Many plants of dietary significance contain salicylic acid,
where it is employed as a phenol hormone mediator in the
resistance of pathogenic attack and environmental stress
[15]. Hence, salicylic acid is found in significant quantities in
a plant-based diet. Since salicylic acid is common to both
aspirin and fruits, vegetables and spices and both are known
to protect against colon pathologies, including cancer, it is
possible that this phenolic acid may be responsible for some
of the beneficial effects of a plant-based diet on colon health
[16-19].

Previous studies in our lab have shown that the dietary
phenolic compound, salicylic acid, decreases oxidative
stress and the synthesis of pro-inflammatory and potentially
neo-plastic prostaglandins with a concomitant increase in
cytosolic glutathione peroxidase (cyGpx) activity [20].
Altered cyGpx activity measured in this study was not
associated with parallel changes in expression of the two
cytosolic glutathione peroxidase gene transcripts, Gpx1 and
Gpx2, in the colon [21]. Other studies in our lab using targeted
gene arrays (Clontech Rat Stress gene array, 207 genes;
http://www.ncbi.nlm.nih.gov/geo/, Accession no. GSE1063)
also revealed a lack of significant gene changes in colon
tissue in response to oxidative stress associated with
elevations in indices of lipid peroxidation, a loss of
membrane integrity and microanatomical colon tissue
changes [22]. Since gene expression may not reflect altera-
tions in protein profiles and activity, a proteomic approach
was adopted in this study to elucidate salicylate modulation
of oxidative stress in rat colon using protein extracts
prepared from colon segments procured from the study
reported previously [20].

cancer

2. Materials and methods
2.1. Animals and diets

The colons were procured from weanling male rats of the
Rowett Hooded Lister strain offered a semi-synthetic diet as
described in the previously reported study [20]. Briefly, the diets,
offered 12 weeks ad libitum, were either sufficientin Vitamin E,
1000 mgVitamin E/kg diet (as dla-tocopherol acetate, Sigma) (+E
diet), deficient in Vitamin E, less than 0.5 mg Vitamin E/kg (—E
diet), or deficient in Vitamin E (less than 0.5 mg Vitamin E), but
supplemented with 1000 mg salicylic acid/kg (—E + SA diet).
After 12 weeks on the diet the rats were anaesthetised with
isofluorane and plasma and colons were collected as described
in the study reported previously [20].

2.2. Plasma salicylate measurement

Concentrations of salicylates in plasma (n = 8) were measured
by HPLC with electrochemical detection using 4-methylsalicylic
acid as an internal standard as previously described [23]. In
brief, following adjustment of pH to 2.0 with hydrochloric acid
(1mol/1), the organic material was extracted twice with
ethylacetate (2ml), evaporated to dryness at 70°C under
nitrogen and reconstituted in 0.5ml of the mobile phase
containing 30 mmol/l citrate (pH 3.8) in 5% methanol containing
5.5ul of EDTA (10mM). Reconstituted extracts (50 ul) were
eluted with a ternary gradient programme to give maximum
peak resolution substances being detected electrochemically at
an oxidation potential of +1.1V. The limits of detection for
plasma salicylic acid was 5nmol/l. The identities of the
compounds being measured were confirmed by gas-chromato-
graphy mass spectrometry as described in Blacklock et al. [23].

2.3.  Proteomic analysis

The distal colon was selected for proteomic analysis since thisis
the predominant location of pre-cancerous lesions and tumour
formation in human sporadic colon cancers and in rats treated
with colonotropic chemical carcinogens. Protein was extracted
from 0.5 cm colon segments (n=6 biological replicates per
treatment group) by freeze milling frozen colon segments,
followed by homogenisation with a hand held homogeniser in
tris buffer (20 mM Tris-HC], pH 7.4), 150 mM NacCl, 5 mM EDTA,
0.1 mM Na3VOy, leupeptin (4 pg/ml), toluene sulphonyl fluoride
(60 pg/ml) and Triton X-100 (0.1%, v/v). The homogenate was
centrifuged initially at 14,000 rpm and aliquots were extracted
to assess prostaglandins in the study reported previously [20].
The homogenates were then subject to further purification by
high-speed spin at 55,000 rpm. The resulting soluble proteins in
the supernatant were decanted for estimation of protein
concentration using a BioRad Bradford protein assay kit and
y-globulin as standard prior to 2D PAGE. Adjacent colon
segments were used in the study reported previously to assess
TBARS and cyGpx activity [20].

2.4. 2D PAGE and analysis

Protocols for 2D PAGE of rat colon protein extracts have been
optimised in previous studies [24]. The extracted protein
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fractions (300 pg) were concentrated to a volume of 35 pl
(concentration 8.57 pg/pl) using Vivaspin 0.5 ml concentrator
devices (Vivascience, Germany) centrifuged at 12,000 x g at
4°C. Each sample was then loaded onto a BioRad IPG strip
(17 cm, pH 3-10) in 340 pl of 7M urea, 2M thiourea, 4% Chaps
and 2% biolyte (BioRad) 3% DTT buffer to separate the proteins
in the first dimension. A second dimension SDS-PAGE step was
run on an 18 cm x 18 cm linear SDS polyacrylamide gradient
as described previously [24]. The gels were then stained with
colloidal Coomassie Blue staining as described by Anderson
[25]. Gels (n =6 representing six biological replicates of each
protein extract per treatment group) were then rinsed in
deionised water and brushed to remove particulate Coomassie
Blue and imaged on a BioRad GS710 flat bed imager followed by
image analysis using BioRad PD Quest Version 7.1. The gel with
highest spot number and quality was selected as the match set
standard. The PDQuest statistical analysis (t-test) were
performed on a log transformed matched set data by pair
wise comparisons of the Vitamin E deficient group with either
the Vitamin E sufficient or Vitamin E deficient supplemented
with salicylic acid groups at 95% confidence interval. SPSS
version 13 was also used to assess differential signal intensity
by one-way ANOVA.

2.5.  MALDI-TOF mass spectrometric analysis

An Applied Biosystems Voyager-DE PRO mass spectrometer
in reflectron mode was used to perform MALDI-TOF mass
spectrometry of trypsin-digested proteins purified from 2D
gels. Spectra were obtained using 500 shots of the appropriate
laser power, and where appropriate spectra were accumu-
lated and filed. Baseline corrections and de-isotoping of
peptide mass peaks were made using a macro. The resulting
peptide mass list was automatically generated from the most
intense peaks. The peptide profiles were analysed using the
Matrix Science (http://www.matrixscience.com/search_-
form_select.html) server-side tool. Mascot was used to match
the mass spectra of peptide maps generated above against
protein sequence databases (MSDB) setting the search criteria
as follows: allowance of 0 or 1 missed cleavages; carbami-
domethyl modification of cysteine; oxidation partial mod-
ification of methionine; a charged state of MH"; and positive
identities of at least 20% matched peptides covering at least
10% of the protein sequence. After visual examination of
peptide matches with corresponding Mr and pI calculated
from the 2D gels some gel purified proteins were selected for
further confirmation of ID using LC/MS/MS if the Mr and pI
differed markedly or if the significance scores assigned by
MASCOT were low, but the other criteria were satisfactory.
Mascot scores >55 were selected as significant identifications
(p < 0.05).

2.6.  Protein identification by nano LC/MS/MS

Samples from 2D PAGE gels were analysed using a nano LC
system (LC Packings, Camberly, Surrey, UK) consisting of an
‘Ultimate’ nano LC system, pumping at 0.187 ml/min with a 625
splitter giving a column flow rate of 0.3 pl/min, a ‘Famos’
autosampler set to an injection volume of 5 pl and a ‘Switchos’
microcolumn switching device. The nanocolumn was a C18

PepMap 100, 15 cm x 75 pmi.d., 3 wm, 100 A (LC Packings). HPLC
grade solvents were used, 2% acetonitrile and 0.1% formic acid
(A) and 80% acetonitrile and 0.08% formic acid (B). The gradient
started at 5% B, going to 50% B over 30 min, then ramping to 80%
B over a further 2 min, and holding for 10 min. The system was
equilibrated at 95% A for 9 min prior to injection of subsequent
samples. The solvent used by the ‘Switchos’ is 0.1% formic acid.
The switching device was switched on after 3 min and off after
58 min. The flow rate of the Switchos was 0.03 ml/min. Mass
spectrometry was then performed using a Q-Trap (Applied
Biosystems/MDS Sciex, Warrington, UK) triple quadrupole
fitted with a nanospray ion source using parameters described
previously [24]. Individual ion scores >28 indicate identity or
extensive homology (p < 0.05).

2.7. Partial least squares regression analysis

The burgeoning application and experience of the complexities
of proteomic analysis has revealed issues with regard to
verification and biological significance of the observed altered
protein profiles. The use of Western blots to assess protein
levels in an analogous fashion to the application of quantitative
PCR to verify micoarrays is often not applicable [26]. Multiple
protein expression forms resolved using isolectric focusing and
gradient gels reveal altered protein profiles and spot patterns
that cannot be replicated in a one-dimensional Western blot
format. Western blot analysis also lacks the desired quantita-
tive sensitivity, particularly if multiple bands are visible with
the attendant possibility that these may be attributed to
multiple protein expression forms or non-specific immunode-
tection. Proteomic analysis may be more readily applicable to
analysis of altered protein profiles or patterns and less
applicable to a purely or solely quantitative analysis. Thus
alternative approaches are essential to assistinterpretation and
biological significance of altered protein profiles in proteomic
experiments. One potential approach examined here is to
determine overall significantly altered protein profiles
(assessed here by a combination of ANOVA and t-test) and
assess their relationship to biochemical measurements in the
biological system being investigated as part of a systems
approach. Thus biochemical data available from the prior study
of the biochemical effects of salicylate on the oxidatively
stressed rats used for proteomic analysis here was incorporated
into a partial least squares (PLS) regression analysis. This
approach permits reduction of the large number of variables
involved and correlates significantly altered protein profiles and
patterns with biochemical effects and associated dietary
treatments. It is thus easier to interpret whether the observed
cumulative altered protein profiles (albeit sometimes involving
small quantitative shifts) make biological sense. Partial least
squares analysis was applied using SIMCA-P + 10.5 Umetrics
software to assess soluble colon protein profiles associated with
indices of oxidative stress (plasma and colon TBARS), prosta-
glandin levels and cyGpx activity data and modulation by
salicylic acid gathered from the previous study of the rats used
for proteomics analysis [20]. PLS is a statistical technique,
related to principal component analysis, which aims to find
linear combinations of the variables within two sets of variables
that best represent the associations between the two sets. In
order to assess the significance of the correlation between the
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Fig. 1 - Schematic image of master 2D gel and location of 55
spots excised for MALDI-TOF and LC/MS/MS.

components obtained for the two sets of variables (proteomic
and biochemical data) a randomisation test was carried out. For
each of 1000 repetitions, the order of the biochemical data
observations was randomised, the PLS analysis repeated and
the correlation between the first components of each set of
variables was recorded. This provided an empirical estimate of
the distribution of the correlation under the null hypothesis of
no association, against which the observed correlation could be
compared. This was done for both the whole set of spot
variables, and with only those selected for cutting (the
significantly altered proteins identified by ANOVA and t-test).
In this latter case, since the spot selection was based on the
statistical significance of diet group differences, and the
biochemical measurements were also significantly different
between groups, this selection could lead to a significant
correlation. The randomisation test was therefore repeated
using the within-group residuals.

3. Results
3.1.  Plasma salicylates

Rats fed the Vitamin E deficient diet supplemented with
1000 mg salicylic acid/kg had plasma salicylate levels of
310 + 32 pmol/l (mean + S.E.M.). Plasma salicylate levels were
below detectable limits for rats not supplemented with
salicylic acid.

3.2.  Proteomic analysis

One thousand and thirty-nine spots were resolved from the
soluble protein fractions extracted from the freeze milled

distal colons (Fig. 1). Combinations of statistical approaches
were then used to select resolved proteins showing altered
expression patterns after normalisation of the spot densities.
PDQuest proteomic analysis software was used to conduct
pair-wise comparisons (t-test) of the Vitamin E sufficient and
Vitamin E deficient supplemented with salicylic acid rats
against those that were Vitamin E deficient. Three-way
comparisons were then conducted using ANOVA. The com-
bined statistical analysis yielded a total of 124 spots with
significant altered expression (Fig. 2A). Spots jointly identified
by t-test comparison and ANOVA as being significantly altered
(Fig. 2A) were then subject to visual inspection to ensure the
spot was present on replicate gels (at least three) and to
eliminate those of insufficient quantity for downstream
analysis (Fig. 2B). Additional spots significantly altered in
either t-test comparisons or ANOVA were added after visual
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Fig. 2 - Statistical analysis and selection of significantly
altered protein expression. Statistical analysis of 2D gels
yielded 55 spots (A and B) that were significantly altered in
response to the dietary treatments. Principal component
analysis (C) confirms that the excised spots are
significantly different in response to the different dietary
treatments. Treatment 1 (¢) Vitamin E sufficient,
treatment 2 (@) Vitamin E deficient, supplemented with
salicylic acid and treatment 3 (+) Vitamin E depleted. Each
label indicates the 2D gel source of the excised spots
prepared from soluble colon extracts from individual
biological replicates (n = 6, designated A-F).
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inspection on the basis described (Fig. 2B). This resulted in the
final selection of a subset of 55 spots (p < 0.05) ranging in pl
from 4.3 to 9.3 with a size range from 8.8 to 106.9 kDa that were
excised and subject to MALDI-TOF-MS and LC/MS/MS analysis
(see below). Principal component analysis was applied to the
selected sub-set to confirm that they clustered into distinct
groups further supporting selection of groups that are
statistically distinct (Fig. 2C). Rat @2D (Fig. 2C) from the
minus E plus salicylic acid treatment group was further
assessed since the spot patterns on this gel appeared to be
more consistent with those of the Vitamin E sufficient group
(#, treatment 1). However, analysis of the data revealed that
the association was not significant. Our previous report
identified an alleviation of oxidative stress on supplementa-
tion with salicylic acid. It is therefore not surprising that
protein profiles from salicylic acid supplementation generate
protein profiles that may be more closely aligned to Vitamin E
sufficient as opposed to the Vitamin E deficient rats (+,
treatment 3) (Fig. 2C).

Sixteen spots (Table 1) were positively identified solely
from MALDI-TOF-MS spectra using the criteria specified above
(2.4 MALDI-TOF-MS analysis). Further analysis and identifica-
tion of a further 39 spots necessitated nanospray LC/MS/MS
(Table 1). Together with LC/MS/MS a total of 55 of the selected
proteins were identified, yielding 35 different proteins that
were categorised into the following functional groups—redox
signalling, cytoskeletal regulation, metabolism, protein fold-
ing and transport, cell adhesion and extracellular matrix and
plasma proteins (Table 1). The fact that the 55 spots represent
only 35 different proteins confirmed the presence of multiple
protein expression forms. Altered profiles of the identified
proteins are presented (Fig. 3). The identified proteins and
functional significance in the rat colon model are discussed in
further detail below.

3.3.  Partial least squares analysis of protein profiles and
biochemical data

Partial least squares analysis was performed to identify
associations between the proteins identified as being statis-
tically significantly altered in response to oxidative stress and
salicylic acid supplementation and the biochemical data [20]
that was measured in plasma and colon. This was viewed as
an approach to address interpretation and biological signifi-
cance of the altered protein profiles since Western blotting
approaches are often not applicable to verify altered protein
profiles and patterns obtained by 2D PAGE. PLS showed a
positive relationship between the protein data from the spots
selected as being significantly altered (see Fig. 1) in response to
dietary treatment with the biochemical data. This relationship
was explored further using coefficient plots of weights (w'c
plot) on the selected proteins and biochemical data (Fig. 4).
Fig. 4 shows PLS weights of selected protein data (Y-axis) and
biochemical data (X-axis), for the first two components.

The correlation between the first PLS components of the
protein spot (whole set) and biochemical variables was 0.91.
However, about 13% of the 1000 replicates of the randomisation
test were as great or greater. When the protein spots were
restricted to those cut for identification (see Fig. 1), the
correlation increased to 0.93, and only five of the 1000

randomisation replicates exceeded this. This demonstrates
statistical significance of the association when performing PLS
on those protein spots identified as exhibiting significantly
altered profiles, but not when non-significantly altered protein
spots are included. When residuals from group means was
used, the correlation was 0.94 and only two of 1000 randomisa-
tion replicates exceeded this. The biological significance of the
relationships derived by PLS between the altered protein
profiles and biochemical changes measured in response to
salicylate modulation of oxidative stress are discussed below.

4, Discussion

Biological interpretation of proteomic data is a challenging
exercise considering the complexity of protein expression
forms. Multiple products were detected for a single protein in
this and other studies [24,26]. It would be expected also that
the altered redox environment investigated by 2D PAGE in this
study potentially represent a multitude of post-translational
and altered protein forms either a consequence of functional
responses or oxidative damage. This effectively excludes a
one-dimensional approach to verify proteomic data. Thus
alternative methods must be utilised to assist biological
interpretation of proteomic data. Since biochemical data
was available from the rats used here [20] for colon proteomic
analysis, this study provided an opportunity for comparative
examination of colon protein profiles with biochemical data
using partial least squares analysis. Thus, changes in protein
profiles in response to salicylic acid and oxidative stress were
compared with respect to biochemical assays of the colon and
plasma from the same rats. This approach permitted
identification of potential mechanisms whereby dietary
supplementation with salicylic acid modulates oxidative
stress in the colon. The implications of the altered protein
profiles observed in response to dietary treatments and their
potential to influence colon pathology can be considered with
regard to the altered biochemistry and the functional roles of
the identified proteins. A moderate correlation between PG
(prostaglandin levels), pTBARS (plasma TBARS) and TBARS
(colon TBARS) is supported by the PLS analysis (Fig. 4).
Likewise, there is also a moderate correlation between Gpx
(cytosolic gluthathione peroxidase activity) and SA (plasma
salicylates) (Fig. 4). This conclusion from interpretation of the
PLS analysis is supported by our previous biochemical analysis
of this group of rats in response to the dietary treatments [20].
The previous study indicated that oxidatively stressed rats
(induced by Vitamin E deficiency) have elevated TBARS (a
marker of oxidative stress) and prostaglandin levels in the
colon. Conversely, salicylic acid supplementation of oxida-
tively stressed rats lead to a reduction in the markers of
oxidative stress and prostaglandins and was associated with
an elevation of colon cyGpx activity. Further interpretation of
PLS analysis with regard to the selected proteins (see Fig. 4) can
also be predicted. For example, PLS associates spots 317
(mitochondrial import stimulation factor S1), 1603 (lumican
secretory interstitial proteoglycan precursor), 1609 (ATPase
beta F1) and 7703 (M2 pyruvate kinase) with PG levels (see
Fig. 4), indicating that an increase in the level of these proteins
would be expected to be associated with an increase in PG



Table 1 - Proteins identified by MASCOT search of MALDI-TOF and LC/MS/MS spectra

Spot no. Functional group Mascot ID Matched Coverage Mass of Mass of pI of pl of
score’ (%) (%) ID (kDa) spot (kDa) ID spot
0008 Redox regulation 247 Thioredoxin (TRX-1) N/A N/A 11.88 12.56 4.9 5.1
0313 Cytoskeletal regulation 474 Tropomyosin 5b N/A N/A 28.68 28.5 4.8 49
0317 Protein folding and transport 279 Mitochondrial import N/A N/A 27.92 52.4 4.7 5.3
stimulation factor S1 chain
0410 Cytoskeletal regulation 63 Tropomyosin 33 46 28.60 35.17 4.7 4.8
0505 Metabolism 373 Ribonuclease inhibitor N/A N/A 51.58 394 4.6 4.9
0506 Metabolism 470 Ribonuclease inhibitor N/A N/A 51.58 41.11 4.6 4.9
0508 Metabolism 464 Ribonuclease inhibitor N/A N/A 51.58 38.76 4.6 5.0
0602 Protein folding and transport 239 Calreticulin precursor N/A N/A 48.14 51.10 4.3 4.5
0612 Redox regulation Protein 151 protein disulfide 80 37 57.23 52.08 4.8 5.1
folding and transport isomerase (PDI)
0621 Protein folding and transport 120 Calreticulin precursor N/A N/A 4814 52.60 4.3 4.5
0705 Protein folding and transport 90 Calreticulin precursor N/A N/A 48.14 54.62 4.3 4.4
0809" Plasma proteins 88 Alpha-1 proteinase N/A N/A 166.59 105.2 5.68 4.8
inhibitor III, variant 1 precursor
0811 Cell adhesion and 102 Cadherin 1 N/A N/A 99.17 84.2 4.7 4.3
extracellular matrix
0910° Plasma proteins 279 Alpha-1 proteinase N/A N/A 165.04 145.7 5.7 5.1
inhibitor III precursor
1209° Redox regulation 195 Thioredoxin peroxidase 1 N/A N/A 21.94 20.58 5.4 5.3
1217° Redox regulation 138 Thioredoxin peroxidase 1 N/A N/A 21.94 21.6 5.3 5.5
1220° Redox regulation 212 Thioredoxin peroxidase 1 N/A N/A 21.94 21.23 5.4 5.5
1312° Metabolism 352 Cathepsin b N/A N/A 28.36 26.9 5.1 5.5
1410° Protein folding 554 Annexin A6 N/A N/A 75.98 32.9 5.4 5.4
and transport
1603 Cell adhesion 139 Lumican secretory N/A N/A 38.65 52.36 6.0 5.2
and extracellular matrix interstitial proteoglycan
precursor
1609 Metabolism 57 ATPase Beta F1 38 32 50.74 45.46 5.0 53
1704 Cytoskeletal regulation 70 Scinderin N/A N/A 80.61 54.37 5.6 5.3
1808 Protein folding and transport 166 Heat shock protein 70, 83 37 72.47 71.97 5.1 5.3
78 kDa glucose regulated
4721 Plasma proteins 100 Serum albumin precursor 51 41 70.67 65.72 6.1 6.5
4729 Plasma proteins 73 Serum albumin precursor 46 34 70.67 74.21 6.1 6.3
2421 Cytoskeletal regulation 79 Scinderin 80.61 37.27 5.6 5.8
2605 Redox regulation 125 Glutathione synthase (GSS) N/A N/A 51.03 49.12 5.9 5.7
2820° Plasma proteins Hemopexin precursor N/A N/A 52.00 71.7 7.6 5.9
3411 Metabolism 560 NAD+ specific isocitrate- N/A N/A 40.04 37.73 6.5 6.2
dehydrogenase a-subunit
3415 Metabolism 93 Cytosolic malate N/A N/A 36.63 37.73 5.9 6.2
dehydrogenase
3504 Metabolism 604 Bisphosphate 3’ nucleotidase 1 N/A N/A 33.50 37.77 5.6 6.1
4729 Plasma proteins 73 Serum albumin precursor 46 34 70.67 74.21 6.1 6.3
5732 Plasma proteins 142 Serum albumin precursor 82 34 70.67 66.35 6.1 7.0
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Spot no. Functional group Mascot ID Matched Coverage Mass of Mass of p! of pl of
score’ (%) (%) ID (kDa) spot (kDa) ID spot
5514 Metabolism 697 Acyl-CoA dehydrogenase, N/A N/A 45.02 38.69 8.5 7.0
short-chain specific,
mitochondrial precursor (SCAD)
6105 Cytoskeletal regulation 68 Transgelin 43 52 22.51 17.89 8.9 7.2
6117 Cytoskeletal regulation 65 Transgelin 38 61 22.51 17.61 8.9 7.6
6317 Metabolism 308 Carbonic anydrase II N/A N/A 29.14 27.54 6.9 7.6
6617 Metabolism 234 Beta Enolase N/A N/A 47.14 45.34 7.7 7.5
6618 Metabolism 245 Carbonic anhydrase 11 N/A N/A 29.14 51.3 6.9 7.5
6622" Metabolism 232 Carbonic anhydrase II N/A N/A 29.14 53.04 6.9 7.5
6726 Plasma proteins 1214 Serum albumin precursor N/A N/A 70.67 65.7 6.1 7.4
6812 Metabolism 62 Aconitate hydrate I 49 21 98.75 96.26 6.7 7.5
6813 Metabolism 258 Mitochondrial aconitase precursor N/A N/A 86.16 84.57 7.9 7.5
6814° Metabolism 295 Carbonic anhydrase II N/A N/A 29.14 106.9 6.9 7.5
7007 Plasma proteins 137 Haemoglobin Beta 1 N/A N/A 15.94 8.8 8.0 8.0
7013 Plasma proteins 86 Hemoglobin alpha-1 and alpha-2 chains N/A N/A 15.36 10.2 7.9 8.1
7102° Metabolism 377 Creatine kinase N/A N/A 42.97 17.9 5.3 7.8
7122 Cytoskeletal regulation 412 Destrin N/A N/A 18.66 16.60 7.8 8.6
7123 Plasma proteins 106 Haemoglobin Beta 1 91 46 15.94 13.53 8.0 8.6
7303 Metabolism 111 Alcohol dehydrogenase A chain N/A N/A 40.40 30.46 8.3 7.7
7309 Redox regulation 669 Glutathione S-transferase yb-2 (GST) N/A N/A 25.73 26.02 7.3 7.9
7702 Metabolism 125 UDP dehydrogenase 79 40 55.54 55.89 7.5 7.8
7703 Metabolism 76 M2 Pyruvate kinase (PKM2) 59 29 58.31 58.49 7.2 7.8
7706 Metabolism 76 M2 Pyruvate kinase (PKM2) 59 29 58.31 58.30 7.2 8.1
8110 Cytoskeletal regulation 59 Profilin 1 48 55 15.15 14.52 8.5 8.9
8214 Cytoskeletal regulation 94 Transgelin 55 74 22.65 22.66 8.9 9.3

Mascot score, identification (ID) and percentage matched peptides of significantly altered spots are shown. A minimum of 20% matched peptides and 10% sequence coverage were the parameters used
for protein identification. N/A = not applicable. Mass/pI of ID is the mass/pl of the identified protein specified in MSDB and Mass/pl of spot is that estimated from the 2D gel. Mascot scores >55 indicate
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Fig. 3 - Histograms showing spot density measurements of the colon proteins significantly altered relative to the Vitamin E
sufficient group. (OJ) Vitamin E sufficient; (l) Vitamin E deficient, supplemented with salicylic acid; (") Vitamin E deficient.

Spot IDs and significant differences () are shown (p < 0.05).
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Fig. 3. (Continued).

levels. Interestingly, plasma pyruvate kinase activity was
previously observed to be elevated in oxidatively stressed rats
(Vitamin E deficient group) when colon prostaglandin levels
were increased. Conversely, salicylic acid supplementation
reduced plasma pyruvate activity with a corresponding
decrease in colon prostaglandins [20] as also supported by
the biochemical variable SA that is negatively associated with
spot 7703 (Fig. 4). Prostaglandins and mitochondria are both
sensitive to oxidative stress. Notably three of the four proteins
are associated with mitochondria (spots 317, 1609 and 7703).

The PLS w c plot can thus be used to predict relationships
between x and y variables (Fig. 4). An arrow directed through
the origin towards the biochemical variable (x variable) of
interest, e.g. PG, permits identification of the y variables that
are related to the biochemical variable of interest. Hence, for
example, spot 410 (tropomysosin), is negatively correlated
with prostaglandin levels. A previous study in pre-cancerous

rat colon tissue indicated altered patterns and profiles of
tropomyosin isomers associated with elevated prostaglandin
levels [24]. Conversely, proteins 2820 (hemopexin precursor)
and 4721 (serum albumin precursor) would not be predicted to
influence prostaglandin levels because they meet the arrow
close to the origin. Distance from the origin reflects a
corresponding increase in the quantitative relationship
between x and y variables. It is not surprising to learn that
these are both plasma proteins that are potentially influenced
by salicylic acid supplementation (see further discussion on
these proteins below). This would also be predicted from the
w c plot by aligning an arrow through the origin towards SA.
4.1.  Salicylic acid modulation of redox signalling

Comparison of Vitamin E sufficient rats with Vitamin E
deficient or Vitamin E deficient supplemented with salicylic



BIOCHEMICAL PHARMACOLOGY 72 (2006) 204-216 213

A )( = Y
«1609
APG u7703 3 721 ”
0.20 #31721603 15514 .9&?@ =2 Sﬁ% 910 =661F
apTBARS w1308 «8214 -
0.00 w7702:65
’ Py {3 -
ATBAF\’.S :;gg_ﬂ 6105 7013
) =63 .
%‘ -0.20 -%18 .Bﬁ%féﬁs 5732 410
g «508 *1228704 _12”-5'53m
nP421  .a3801
-0.40 7120
=7309 =514605
1312 1202 | 5
6726 511 AGPX
-0.60
-0.80 aSA

-0.70  -060 -0.50 -0.40 -0.30 -0.20 -0.10 0.00 0.10 020 0.30 0.40

w*c[1]

Fig. 4 - Partial least squares (PLS) analysis coefficients of weights (w ¢ plot) of selected protein data () (the 55 spots selected
as being significantly altered in response to the dietary treatments) and biochemical data (X) for the first two components.
The w'c plot indicates a moderate correlation between prostaglandins (PG) and TBARS (plasma TBARS = pTBARS and colon
tissue TBARS = TBARS); a moderate correlation between salicylic acid (SA) and Gpx activity. Adjacent spots indicate those

proteins most strongly correlated with the biochemical parameter. Furthermore, the w ¢ plot suggests that protein(s)
diagonally opposite the biochemical marker via a line directed through and at a distance from the origin is negatively

correlated with that biochemical marker.

acid shows parallel and opposing changes in regulation of
redox signalling proteins in the colon (Fig. 3). This implies that
salicylic acid can regulate redox signalling via similar path-
ways to Vitamin E, but may do this indirectly through
modulation of interactive components of the redox signalling
system. The changes observed provide evidence that salicylic
acid may alter regulation of the redox environment to alleviate
the oxidative imbalance caused by Vitamin E depletion. Seven
of the identified proteins are involved in the two major redox
pathways of thioredoxin and glutathione (Table 1). These
proteins are involved in numerous functions required for
maintenance of the redox environment.

Thioredoxins are low molecular weight (10-12 kDa) pro-
teins with oxidoreductase activity. Their numerous functions
include activation of redox sensitive transcription factors such
as NF(B, p53 and AP-1 [27-29], peroxiredoxin electron donor
[30], reduction of protein disulphide targets [31] (see also
Section 4.3 below) and regulation of apoptosis. Reduced
thioredoxin can inhibit redox sensitive apoptosis by complex-
ing apoptosis signal regulating kinase-1 (ASK-1). Thioredoxin
oxidised by ROS dissociates from ASK-1 and activates
apoptotic signal transduction [32].

Thioredoxin peroxidase 1 (peroxiredoxin 2) reduces per-
oxides and is reduced back to its active form via the
thioredoxin-thioredoxin reductase system. It is thought to
participate in the signalling cascades of growth factors and
TNF-a by regulating the intracellular concentrations of
hydrogen peroxide. The spot density of this protein was
reduced relative to Vitamin E sufficient rats. Oxidative stress
inactivates this enzyme by over oxidising its cysteine groups
[33]. Thioredoxin peroxidase 1 is thus thought to be a highly

sensitive indicator of oxidative stress [34] and its recovery
from oxidative stress has been found to be the fastest of all the
peroxiredoxins [35]. Its elevation relative to Vitamin E deficient
rats supports salicylic acid modulation of oxidative stress [25].

Glutathione is an important antioxidant present in the
majority of living cells and is the most abundant intracellular
thiol [36]. Glutathione protects against oxidative damage,
facilitates formation of DNA, reacts with toxic compounds and
participates as a co-enzyme to glyoxylase, glutathione
peroxidase, glutathione S-transferase yb-2 and glutathione-
dependent formaldehyde dehydrogenase [37]. Oxidative stress
causes a decrease in glutathione levels as a consequence of
participation in reduction of peroxides with glutathione
peroxidase [38]. Glutathione synthase catalyses the produc-
tion of more glutathione via a negative feedback mechanism
[39] and was elevated in the Vitamin E deficient rat colon.
Glutatione S-transferase Yb-2 may be a protective mechanism
to alleviate oxidative stress and is correspondingly elevated in
the Vitamin E deficient and Vitamin E deficient supplemented
with salicylic acid rat colon (Fig. 3).

4.2. Salicylic acid modulation of cytoskeletal proteins

A number of actin binding proteins involved in regulation of
the cytoskeleton showed altered regulation (Table 1). The actin
cytoskeleton is an important target of oxidative stress that
leads to accumulation of oxidised actin and inappropriate
disulphide bond formation. The actin skeleton is central to a
number of cell functions, such as cell growth and differentia-
tion, cell signalling and gene expression and is thus intimately
linked to human disease.
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Vitamin E deficiency appears to alter tropomysosin isomers.
Altered tropomyosin isomer expression was observed in a
previous study in colon from rats treated with the alkylating
agent, dimethylhydrazine [24] and altered tropomysosin
profiles are associated with colon pathology [40,41]. Salicylic
acid supplementation of Vitamin E deficient rats appears to
regulate some of the identified actin-binding proteins in colon
(schinderin, profilin-1) in a similar way to rats sufficient in
Vitamin E, with opposing effects on expression levelsin Vitamin
E deficient rats. This would appear to indicate that oxidative
stress has an adverse effect on proteins involved in regulating
the actin skeleton directly and that salicylic acid modulation of
oxidative stress helps to maintain regulation of the actin
skeleton. A number of the actin binding proteins were
characterised by altered profiles perhaps indicating changes
in modification of these proteins. A number of these proteins
are prone to gluthionylation [42], which occurs after oxidative
stress and in addition to altered isomer expression or truncated
proteins may contribute to the multiple IDs (generated by
varying Mr and, or pl) resolved on the 2D gels. Salicylic acid
potentially opposes modifications generated by oxidative
stress, supported by the opposing effects on the density of
the multiple spots observed for these proteins.

4.3.  Salicylic acid modulation of protein folding

It is well recognised that oxidative stress invokes heat shock
proteins and chaperones to deal with aberrant folding and
damaged proteins generated in the cytosol. Oxidative stress
appears to resultin elevation of HSP70 (1808) (Fig. 3) and one of
the three detected calreticulin spots (0705) (Fig. 3) in Vitamin E
deficient rats. Salicylic acid appears to reduce elevation of
these particular spot densities (0705 and 1808) in Vitamin E
deficient rats. This may be an indication of a reduced
requirement of these proteins to deal with aberrant folding
or damaged proteins generated in the cytosol of Vitamin E
deficient rats supplemented with salicylic acid. Alternative
calreticulin spots with altered spot densities in response to
salicylic acid and multiple locations (0602 and 0621), may be
related to activation of calreticulin by post-translational
modifications.

The redox environment must be maintained to ensure
optimal formation of disulphide bond formation and
responses to protein misfolding. A large number of disulphide
bonded proteins are involved in molecular chaperoning,
glycolysis, cell growth, cytoskeletal structure and signal
transduction [43]. Disulphide regulation is a major player in
protein folding and protein disulphide isomerase (PDI) and
thioredoxin are key players in this process [31,43]. Vitamin E
depletion (with/without salicylic acid supplementation)
appears to result in elevation of PDI (a redox enzyme).
However, the concomitant up-regulation of TRX with salicylic
acid supplementation may provide opportunities for further
interaction of these proteins in regulating redox signalling and
protein folding processes.

4.4.  Salicylic acid modulation of energy metabolism

A number of enzymes involved in regulating energy metabo-
lism showed altered protein profiles in response to Vitamin E

depletion and salicylic acid modulation (Table 1; Fig. 3). Many
are involved in mitochondrial metabolism indicating the
importance of regulation of redox balance to ensure optimal
mitochondrial function. It was noted that mitochondrial
transport may also be influenced, as a mitochondrial import
stimulation factor was elevated in Vitamin E depleted colon.
As observed for altered levels of proteins involved in redox
signalling, comparison of Vitamin E sufficient rats and
Vitamin E deficient supplemented with salicylic acid show
both parallel and opposing changes in regulation of energy
metabolising proteins in the colon (Table 1). A number of these
enzymes are regulated by thiol reduction and require an
optimal redox environment to ensure activity. ATPases are
damaged by oxidative stress as are mitochondria and are
notably depressed in carcinomas [44,45]. It is therefore not
surprising to find that Vitamin E deficient rats have elevated
levels of ATPase FI sub-unit that is transported to mitochon-
dria where it functions in ATP synthesis coupled proton
transport [46]. Similarly, increased levels of NAD + specific
isocitrate dehydrogenase a-subunit in Vitamin E deficient rats
may be linked to replenishment of thioredoxin in mitochon-
dria [47]. Pyruvate kinase, a marker of oxidative stress is higher
in Vitamin E deficient rats compared to those supplemented
with salicylic acid. Salicylic acid appears to reduce elevation of
a number of these proteins involved in energy metabolism
relative to Vitamin E depleted rats, alternatively salicylic acid
produces the opposite effect perhaps indicating effects
involved in alleviating the oxidative stress caused by Vitamin
E depletion.

4.5.  Salicylic acid modulation of plasma proteins

The presence of blood plasma proteins may simply represent
contamination of the colon extracts with traces of blood or
may indicate altered profiles in plasma in response to salicylic
acid. There was evidence of altered profiles of serum proteins
with several proteins in close vicinity being identified as
serum albumin precursor (Fig. 1; Table 1). The altered profile of
the resolved proteins in response to dietary treatment may
indicate underlying changes in the systemic circulation in
response to salicylic acid absorption from the gastrointestinal
tract.

5. Concluding remarks

Salicylic acid modulates oxidative stress and associated
potentially pro-cancerous activity in the colon. This may be
via mechanisms linked to redox signalling. The changes
observed may assist in identification of pre-pathological
features preceding colon tumorigenesis and contribute to an
understanding of epidemiological evidence supporting a
protective effect of plant-based diets.
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