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Abstract
Background—Reactive oxygen species are
implicated in the aetiology of a range of
human diseases and there is increasing
interest in their role in the development of
cancer.
Aim—To develop a suitable method for the
detection of reactive oxygen species pro-
duced by the faecal matrix.
Methods—A refined high performance
liquid chromatography system for the
detection of reactive oxygen species is
described.
Results—The method allows baseline sepa-
ration of the products of hydroxyl radical
attack on salicylic acid in the hypoxanthine/
xanthine oxidase system, namely
2,5-dihydroxybenzoic acid, 2,3-dihy-
droxybenzoic acid, and catechol. The in-
creased eYciency and precision of the
method has allowed a detailed evaluation of
the dynamics of reactive oxygen species
generation in the faecal matrix. The data
show that the faecal matrix is capable of
generating reactive oxygen species in abun-
dance. This ability cannot be attributed to
the bacteria present, but rather to a soluble
component within the matrix. As yet, the
nature of this soluble factor is not entirely
clear but is likely to be a reducing agent.
Conclusions—The soluble nature of the
promoting factor renders it amenable to
absorption, and circumstances may exist
in which either it comes into contact with
either free or chelated iron in the colono-
cyte, leading to direct attack on cellular
DNA, or else it initiates lipid peroxidation
processes whereby membrane polyun-
saturated fatty acids are attacked by reac-
tive oxygen species propagating chain
reactions leading to the generation of pro-
mutagenic lesions such as etheno based
DNA adducts.
(Gut 2000;46:225–232)

Keywords: colorectal cancer; faecal matrix;
hypoxanthine; phytic acid; reactive oxygen species;
xanthine oxidase

There is growing support for the concept that
reactive oxygen species, which are already impli-
cated in a range of diseases,1–8 may be important
progenitors in the aetiology of a number of
cancers9 not least colorectal cancer.7 8 The most
important reactive oxygen species in this respect
is deemed to be the highly reactive hydroxyl
radical (HOv), although ferryl radicals and Fe2+-
O2-Fe3+ complexes may also be involved. The
mechanism of reactive oxygen species involve-
ment in the genesis of colorectal cancer is prob-
ably mediated either by a direct attack on DNA

itself or else through lipid peroxidation, a
reaction initiated by hydrogen abstraction from
polyunsaturated fatty acids by HOv leading to a
chain of events, resulting in the formation of
4-hydroxynonenal, which after epoxidation can
lead to production of promutagenic DNA
adducts—for example, etheno bridged
adducts—and if misrepaired may be an early
event in carcinogenesis.10

That free radicals generated within the
intestinal lumen may have a role to play in
colorectal carcinogenesis was first brought to
our attention by the data of Graf and Eaton,11

who suggested that the protective eVects of
dietary fibre12 were in part mediated by the
hexaphosphorylated sugar phytic acid, and this
hypothesis has received support from several
experimental13–15 and animal16–19 studies. The
ameliorative mechanism is thought to function
by chelation of iron by phytic acid in the large
bowel preventing its involvement in Fenton
chemistry and thereby the generation of reactive
oxygen species, a contention that has also
received support in animal model studies20–22 on
the interactive eVects of phytic acid and iron in
relation to colorectal cancer. The strong interac-
tion between phytic acid and iron in the faecal
matrix has been confirmed by Owen et al.23

To date there is not a great deal of direct evi-
dence implicating the above mechanism in the
initiation of colorectal cancer in humans, the
data of Simmonds and colleagues4 and Keshe-
varzian and colleagues7 8 apart, but it is possible
that the faecal stream may exacerbate the proc-
ess, either through the indigenous bacteria or
by an as yet unknown component within the
intestinal lumen.

The only reports of the faecal matrix being
involved in the generation of reactive oxygen
species are those of Babbs24 and Erhardt et al,25

who put forward the hypothesis that this
phenomenon may be important in the genesis
of colorectal cancer, and Owen and
colleagues26 27 Babbs24 showed using dimethyl
sulphoxide as a probe that 1:100 dilutions of
rat faeces generated abundant amounts of
reactive oxygen species (1700 nmol/g) and
concluded that, because autoclaved faeces were
ineVective, this was the end product of
bacterial metabolism. Erhardt and colleagues25

showed that the generation of HOv by human
faeces was 13 times greater in subjects
consuming a high fat/low fibre diet than in those
consuming a low fat/high fibre diet. These were
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very interesting discoveries, but the method28

used to detect reactive oxygen species—that is,
production of methylsulphinic acid from dime-
thyl sulphoxide and reaction of this with fast
blue and subsequent colorimetric determina-
tion, is rather laborious. Furthermore, although
the method works reasonably well in a standard-
ised in vitro system, in our hands this was not the
case when working with the faecal matrix. To
overcome these problems, we developed26 27 a
high performance liquid chromatography
(HPLC) method for the detection of reactive
oxygen species in biological matrices, and our
data for human faeces support some of the
observations of Babbs.24 In this communication
we describe a refined HPLC method which has
enabled a detailed analysis of the dynamics of
the system within the faecal matrix.

Materials and methods
REAGENTS

Ascorbic acid, ATP, xanthine, hypoxanthine,
xanthine oxidase, ethanol, dimethyl sulphox-
ide, Tris and ethylenediaminetetraacetic acid
(EDTA) were obtained from Merck (Darm-
stadt, Germany). Brain heart infusion broth,
K2HPO4, and KH2PO4 were obtained from
Serva (Heidelberg, Germany). Catechol, uric
acid, salicylic acid, 2,5-dihydroxybenzoic acid
(2,5-DHBA), 2,3-dihydroxybenzoic acid (2,3-
DHBA), á-D-glucose, phytic acid (40% in
water), butanol, and FeCl3.6H2O were ob-
tained from Aldrich Chemie (Steinheim, Ger-
many). Catalase (EC 1.11.1.6), bilirubin, hae-
min, and biliverdin were obtained from Sigma
Chemie (Deisenhofen, Germany). Sterile
pyrogen-free disposable filter (0.2 µm) holders
were obtained from Schleicher and Schuell
(Dassel, Germany). All solutions were made up
in Millipore grade water.

FAECAL SAMPLES

Faecal samples were drawn from a long term
placebo controlled calcium intervention study as
described elsewhere.29 Samples were defecated
into plastic bowls and placed immediately on
solid carbon dioxide before transportation to the
laboratory. They were stored at −80°C until
analysis. Samples were thawed overnight at 4°C,
pooled, and homogenised (room temperature)
at 600 rpm for five minutes in a rotating homog-
eniser. Aliquots of 40 g were freeze-dried,
reweighed, and ground to a fine homogeneous
powder with a mortar and pestle before analysis.
The freeze-dried and remaining wet aliquots
were refrozen at −80°C.

HYPOXANTHINE/XANTHINE OXIDASE MODEL HO
v

GENERATING SYSTEM

This was constructed as depicted in fig 1. A
detailed description is given in Owen et al.26 27

In the current studies, Tris (50 mM) and phos-
phate (100 mM) buVers were compared,
because it has been reported that Tris is an
eYcient scavenger of reactive oxygen species30

and attenuates the signals produced during
HPLC by HOv attack on salicylic acid. For pH
studies, Tris buVer was altered as required by
the addition of concentrated HCl, and phos-
phate buVers were made up according to
standard procedures. The eVect of various
constituents in the buVer systems on genera-
tion of reactive oxygen species was studied by
either addition or omission, but for scavenger
and enzyme inhibition studies the requisite
amount of complete buVer system was re-
placed by a relevant volume of test material.
Experiments were conducted in duplicate.

Figure 1 Reaction sequence for the analysis of reactive oxygen species in the hypoxanthine/xanthine oxidase and faecal
systems.
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FAECAL GENERATION OF REACTIVE OXYGEN SPECIES

In a previous study,27 a basic screen of faecal
samples (58) drawn from a long term placebo
controlled calcium intervention trial as de-
scribed elsewhere29 to support Fenton chemis-
try was conducted. The assays were conducted
in Tris buVer, which, as already mentioned, is
unlikely to give a true reflection of their ability
to generate reactive oxygen species. In the cur-
rent study, analyses were conducted in phos-
phate buVer, and four faecal specimens were
studied in detail. The basal medium, either Tris
(50 mM) or phosphate buVer (100 mM), con-
tained EDTA (500 µM), FeCl3.6H2O (50 µM
with respect to elemental iron), and salicylic
acid (2 mM) suspended in Millipore grade
water, final pH 6.5. Duplicate Erhlenmeyer
flasks (100 ml) containing 10 ml medium,
inoculated with 100 mg faeces (wet, filter steri-
lised after thorough homogenisation in the
buVer for one hour at 4°C, or freeze-dried
(1:100 dilution)) were incubated at 37°C in an
orbital shaker (Grant Instruments, Cambridge,
UK) at 200 strokes/min for 18 hours. After
incubation followed by centrifugation and
filtration, the cultures (20 µl) were injected
directly on to the HPLC column or else
acidified with 50 µl concentrated HCl, ex-
tracted with 2 × 10 ml diethyl ether, centrifuged
(5000 rpm for 30 minutes), and the solvent
removed by aspiration. Ethereal extracts were
dried over anhydrous MgSO4, the solvent was
removed under a stream of N2, and the extracts
were resuspended in 2 ml mobile phase. After
filtration, they (20 µl) were analysed by HPLC.

GENERATION OF REACTIVE OXYGEN SPECIES BY

BACTERIA

To elucidate whether or not microorganisms
within the faecal samples were responsible for
the generation of reactive oxygen species, the
indigenous bacteria were cultured in brain heart
infusion broth. For the culture of aerobic organ-
isms the medium (100 ml in 250 ml Erhlen-
meyer flasks) was inoculated with 100 mg wet
faeces and incubated at 37°C for 18 hours on a
shaking water bath (Grant Instruments) at 200
strokes/min. For the culture of anaerobic organ-
isms, the medium (100 ml in 100 ml Duran
bottle) was supplemented with reducing agents
(30 mg/l sodium formaldehyde sulphoxylate and
50 mg/l L-cysteine hydrochloride) and preincu-
bated in an anaerobic churn in an atmosphere of
hydrogen (90%) and CO2 (10%) before inocu-
lation with faeces (1 g) and re-incubation at
37°C for 48 hours. After incubation, the cultures
were centrifuged at 5000 rpm for 30 minutes;
the cell pellets were harvested, washed twice in
fresh phosphate buVer (containing reducing
agents for the anaerobic organisms), and used
immediately for the assay of reactive oxygen
species. The cell pellets were serially diluted in
the range 101–103 directly in the faecal assay
buVer and incubated at 37°C for 18 hours. After
incubation, aliquots of the assay mixtures were
either, after filter sterilisation, injected (20 µl)
directly on to the HPLC column or, after acidi-
fication, extracted twice with diethyl ether and
concentrated before analysis as described for the
faecal samples.

TIME COURSE STUDIES

Time course studies were conducted directly
by HPLC at room temperature. For the
hypoxanthine/xanthine oxidase system, com-
plete phosphate buVer (2.0 ml) was added to
an HPLC vial and the reaction started by addi-
tion of xanthine oxidase. Faecal samples (100
mg wet weight) were thoroughly homogenised
and filter sterilised before HPLC. The HPLC
system was programmed to inject every 30
minutes, with a 10 minute reconditioning
period. The approximate time point between
each assay run was 40 minutes.

HIGH PERFORMANCE LIQUID CHROMATOGRAPHY

Analytical HPLC was conducted on a Hewlett-
Packard HP 1090 liquid chromatograph fitted
with a C-18 (Latex, Eppelheim, Germany)
reverse phase 25 cm (5 µm) column (internal
diameter, 4.5 mm). Salicylic acid and its dihy-
droxy derivatives were detected with a UV
photodiode spectrophotometer set at 325 nm
and for catechol at 278 nm at room tempera-
ture. The amount of diphenol produced was
calculated from standard curves of both
2,5-DHBA and 2,3-DHBA constructed from
chromatograms run at 325 nm in the range 0–1
mM. A similar standard curve was generated
for catechol at 278 nm.

For the separation of individual compounds,
the mobile phase consisted of 2% acetic acid in
water (solvent A) and methanol (solvent B)
using the following gradient over a total run time
of 45 minutes: 95% A/5% B for two minutes,
75% A/25% B for eight minutes, 60% A/40% B
for 10 minutes, 50% A/50% B for 10 minutes,
and 0% A/100% B until completion of the run.

Incubates were either (after filtration) injected
directly or, after acidification and extraction,
dissolved in mobile phase (2 ml) before injection
(20 µl) on to the HPLC column. The optimal
flow rate of the mobile phase was 1 ml/min.
Instrument control and data handling were per-
formed with an HP Chemstation operating in
the Microsoft Windows software environment.
Concentrations causing 50% inhibition (IC50)
were calculated using Tablecurve (Jandel Scien-
tific, Chicago, Illinois, USA).

Results
HIGH PERFORMANCE LIQUID CHROMATOGRAPHY

In a previous communication,26 we described
the detection of dihydroxybenzoic acids by an
HPLC method based on ion-pair chromatog-
raphy. The separation of the two major
products of HOv attack on salicylic acid,
2,5-DHBA and 2,3-DHBA, although adequate
was not optimal. Replacing Tris with phos-
phate buVer had a detrimental eVect on this
separation and also caused peak broadening.
Therefore a diVerent solvent system was
devised using acetate buVer and methanol.
Formulation of the gradient described in
Materials and methods resulted in optimal
separation of 2,5-DHBA (10.75 minutes) and
2,3-DHBA (13.72 minutes) as shown in fig 2A,
and, with the use of diode array detection, a
minor metabolite, namely catechol (8.98 min-
utes), was also detected (fig 2B) and can be

Reactive oxygen species and the faecal matrix 227
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quantified if deemed necessary. This HPLC
method was used for all of the subsequent
results reported here.

COMPARISON OF THE TRIS AND PHOSPHATE

METHODS IN THE HYPOXANTHINE/XANTHINE

OXIDASE SYSTEM

A basic comparison of the two buVer systems
used to support Fenton chemistry was con-
ducted. Although many previous studies3 12 33 34

using the hypoxanthine/xanthine oxidase system
report the use of pH 7.4, the optimum pH was
found to be 6.5 in both the Tris and phosphate
buVer systems. The data show (fig 3) that phos-
phate buVer at pH 6.5 enables optimal detection
of the products of HOv attack on salicylic acid.
The detection of these products (Tris buVer,
16.5 µM; phosphate buVer, 299 µM) was about
18 times greater in the phosphate system, show-
ing that, as previously suggested,30 Tris is an eY-
cient scavenger (94%) of reactive oxygen
species, the hydroxyl radical especially. Hydroxy-
lation of salicylic acid was inhibited in a dose
dependent manner (fig 4) by the classic scaven-
gers of HOv, dimethyl sulphoxide (IC50 = 1.77
mM), butanol (IC50 = 5.05 mM), and ethanol
(IC50 = 10.17 mM), and by the iron binding
component (fig 5) of cereals, nuts, and pulses,
phytic acid (IC50 = 275 µM). Further compari-
sons (fig 3) show that, as in the Tris system, gen-
eration of reactive oxygen species is severely cur-
tailed on the omission of EDTA (−83%) and
iron (−91%). Replacement of EDTA with other
potential chelating agents such as bilirubin,
biliverdin, and ATP as well as haemin (a source
of redox active iron) were not shown to enhance
free radical generation above that in the absence
of EDTA.

Addition of ascorbic acid (fig 6), however,
caused a dose dependent increase in the
generation of reactive oxygen species either (at
ascorbic acid concentration 500 µM) in the
absence (110%) or presence (239%) of EDTA

Figure 2 (A) High performance liquid chromatogram of salicylic acid (3) and its
hydroxylated products 2,5-dihydroxybenzoic acid (1) and 2,3-dihydroxybenzoic acid (2)
with diode array detector set at 325 nm. (B) High performance liquid chromatogram of
salicylic acid (4) and its decarboxylated product, catechol (1), and the hydroxylated
products, 2,5-dihydroxybenzoic acid (2) and 2,3-dihydroxybenzoic acid (3), with the diode
array detector set at 278 nm and 325 nm.
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(fig 7) consistent with other in vitro
findings,31 32 showing that the Udenfriend
system comprising ascorbic acid, EDTA
chelated iron, and hydrogen peroxide results in
an approximate 15% conversion of the DNA
base 2-deoxyguanosine to form the adduct
8-hydroxy-2-deoxyguanosine. Ascorbic acid is
a strong reducing agent, and here it probably
enhances reduction of iron(III) to iron(II) by
superoxide, allowing reaction with hydrogen
peroxide which is also formed by the spontane-
ous dismutation of superoxide. These reactions
appear to be enhanced when the iron is
chelated, as judged by the substantial increase
in dihydroxybenzoic acids produced in the
presence of EDTA as opposed to in its absence.

INTERACTIVE EFFECTS OF EDTA, ASCORBIC ACID,
AND PHYTATE ON GENERATION OF REACTIVE

OXYGEN SPECIES

Because phytic acid, in an EDTA deplete
hypoxanthine/xanthine oxidase system inhibits
generation of reactive oxygen species in a dose
dependent manner (IC50 = 275 µM) and given
that addition of phytic acid (see below) to the
faecal systems had no demonstrable eVects on
reactive oxygen species generation, it was of
interest to elucidate whether chelators such as
EDTA would interfere with the eVects of
phytate. The results (fig 8) of co-incubation
experiments with phytic acid bound iron show
that iron can be scavenged by the stronger che-
lator EDTA, at low concentrations especially.
Scavenging of iron was maximal at an EDTA

concentration of 50 µM representing a ratio of
phytate to EDTA of 10:1. At higher concentra-
tions of EDTA, this eVect, although significant,
was less pronounced.

Although a chelator such as EDTA is not
present in faeces, the data show that the
phytate-iron complex can be compromised by
the presence of competing species, which also
aYliate with iron. To test this hypothesis further,
experiments were conducted with ascorbic acid,
which, although not a chelator of iron, is a pow-
erful reducing agent, to assess its eVect on
phytate induced inhibition of free radical gen-
eration in the hypoxanthine/xanthine oxidase
assay. Addition of ascorbic acid to phytate
bound iron assays showed (fig 9) a significant
dose dependent subversion of the inhibitory
capacity of phytate on reactive oxygen species
generation. At a concentration of ascorbic acid
of 1 mM, the inhibitory eVect was 100%.

FAECAL GENERATION OF REACTIVE OXYGEN SPECIES

In previous communications,26 27 we have
reported that the faecal matrix is capable of
producing reactive oxygen species in abun-
dance, as evinced from samples obtained
during a calcium intervention trial. These data
were generated using Tris buVer as the
supporting medium, but the dynamics of the
process were not studied. In view of this, and
the fact that phosphate, as shown in this study,
is superior to Tris buVer, we have examined
and verified in detail the ability of the faecal
matrix to support the generation of reactive
oxygen species. For these studies, four samples
were selected and subjected to a range of assays
to confirm at least the involvement of free
radicals in these processes.

Generation of reactive oxygen species in
phosphate buVer by the faecal matrix, as for the

Figure 6 Promotion of the generation of reactive oxygen
species by ascorbic acid in the complete phosphate buVer
system.
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hypoxanthine/xanthine oxidase system, was far
more eYcient than in Tris buVer (fig 10).
Hydroxylation of salicylic acid by the faecal
sample incubates was inhibited in a dose
dependent manner (fig 11) by the classic scav-
engers of HOv, dimethyl sulphoxide (IC50 =
3.20 mM), butanol (IC50 = 3.89 mM), and
ethanol (IC50 = 8.31 mM). This was also the
case with catalase (IC50 = 13.2 units), confirm-
ing the generation of HOv by the faecal matrix.

Inclusion of hypoxanthine (+7%) in the
buVer (fig 10) had no significant eVect on the
generation of reactive oxygen species, showing
that the samples did not contain viable
xanthine oxidase, which obviously may have
been a confounding factor. However, the
sequential omission (fig 10) of iron (−75%),
EDTA (−97%), and iron and EDTA in combi-
nation (−100%) caused significant attenuation
of the HPLC signals and confirm findings in
the hypoxanthine/xanthine oxidase model sys-
tem. The diVerent eVects of iron depletion in
the hypoxanthine/xanthine oxidase system
(−91%) and the faecal system (−75%) prob-
ably reflect the ability of EDTA to scavenge
iron from phytic acid in the faecal matrix, as
shown in the hypoxanthine/xanthine oxidase
assay. Addition of glucose to the phosphate
buVer system, which was a component of the
Tris buVer used by us26 27 previously, and by
Babbs,24 caused appreciable attenuation of the
signals produced by the faecal matrix. This
confirms previous reports35 that glucose, like
other sugars, is a scavenger of free radicals.

When phytic acid was added to faecal samples
in either complete phosphate buVer or EDTA
deficient buVer, no significant change in reactive
oxygen species generation occurred. These data
are consistent with the hypoxanthine/xanthine
oxidase system in the presence of EDTA, but are

at odds with observations in the absence of
EDTA in which phytic acid causes a dose
dependent decrease in the generation of reactive
oxygen species. This is attributed to the strong
iron chelating eVect of phytate. Previous data23

showed a very strong correlation between faecal
phytate and iron and on average a twofold excess
of phytate, indicating that very little free iron, if
any at all, exists in the faecal matrix. Addition of
further phytate would therefore not be expected
to reduce generation of reactive oxygen species.

Addition of ascorbic acid (500 µM) to the
faecal samples (fig 12) as in the hypoxanthine/
xanthine oxidase system had a similar promot-
ing eVect on the generation of reactive oxygen
species. In the presence of EDTA (+598%), the
increase was about five times greater than in
the hypoxanthine/xanthine oxidase assay. In
the absence of EDTA, the increase was far less
pronounced in both the absence (+53%) and
presence (+121%) of iron. The reasons for
these diVerences are not immediately clear.

GENERATION OF REACTIVE OXYGEN SPECIES BY

FAECAL BACTERIA

Babbs24 attributed the generation of reactive
oxygen species by faecal samples to the bacte-
ria present, because, in his studies with
autoclaved faeces, free radicals could not be
detected. To clarify this situation, we cultured
both the aerobic and anaerobic bacteria
present in faeces in artificial media, and, after
harvesting, examined a range of dilutions for
their ability to produce reactive oxygen species.
The results show conclusively that, in these
samples, bacteria were not responsible for the
generation of reactive oxygen species.

GENERATION OF REACTIVE OXYGEN SPECIES IN

BACTERIAL FREE SYSTEMS

As the indigenous bacteria are not responsible
for the generation of reactive oxygen species
within the faecal matrix, what other component
of the stool could be responsible? To attain some
insights, we conducted experiments with filter
sterilised and freeze dried faeces.

After addition to the complete buVer and
thorough homogenisation, the faecal extracts
were filter sterilised and incubated at 37°C for
18 hours. The results (table 1) show that, on
average, the sterile samples were capable of sup-
porting the generation of reactive oxygen species
to an even greater extent than raw faeces. This
enabled time course experiments (albeit at room
temperature) to be conducted by HPLC for
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comparison with the hypoxanthine/xanthine
oxidase system. The curves for reactive oxygen
species generation by both systems follow a
similar cumulative pattern with time (fig 13).
These data substantiated our results with faecal
bacteria and further indicated that the ability of
the faecal matrix to support Fenton chemistry
cannot be attributed to the bacteria present. To
support these observations, we compared faecal
samples in both the wet and dry state. The freeze
dried and wet faecal samples generated reactive
oxygen species to a similar extent (table 1), con-
firming that the ability of the faecal matrix to
support Fenton chemistry is due to a soluble
factor.

Discussion
In this communication, we describe the refine-
ment of an HPLC method26 27 for the detection
of reactive oxygen species generated in experi-
mental systems. Substitution of Tris with
phosphate buVer led to a substantial increase in
the detection of free radicals, as measured
using salicylic acid as an aromatic probe. Many
previous studies3 12 33 34 have used pH 7.4 as the
optimum value for the hypoxanthine/xanthine
oxidase system. In our studies, the pH
optimum was found to be 6.5, and this value
was used for all the data reported.

Substitution of Tris with phosphate buVer
aVorded an 18-fold increase in the production
and detection of hydroxylated products of

salicylic acid in the hypoxanthine/xanthine
oxidase system. With the faecal matrix, this was
less pronounced in that only a fourfold increase
was evident. These data, however, confirm that
phosphate buVer is far more eVective as a basal
medium for the in vitro detection of reactive
oxygen species. Why Tris buVer scavenges more
reactive oxygen species in the hypoxanthine/
xanthine oxidase system is unclear.

Studies with the hypoxanthine/xanthine oxi-
dase system using phosphate as the basal
medium give clear signals in the HPLC for the
two major hydroxylated products of salicylic
acid, namely 2,5-DHBA (41%) and 2,3-
DHBA (48%), and the minor decarboxylated
metabolite, catechol (11%). These data are in
excellent agreement with previous reports.7 35

Also the dynamics of the hypoxanthine/
xanthine oxidase system, although giving rise
to far stronger signals, were identical in behav-
iour with those of the Tris buVer system. The
increase in HPLC signals greatly enhanced the
accuracy of the data generated for the detection
of reactive oxygen species produced by faecal
samples. In the Tris buVer system, it was
necessary to extract the samples with diethyl
ether and concentrate them 10-fold to detect
the signals. Using phosphate buVer and the
vastly improved HPLC method, free radicals
generated by faecal samples can be analysed
and quantified, after filtration, by direct
injection on to the HPLC column. This not
only decreases the analysis time but also greatly
increases the precision of the method.

This has enabled elucidation of some of the
dynamics of the system operating in the faecal
matrix in which xanthine oxidase is simply
replaced with raw, filter sterilised extracts, or
freeze dried faeces. These data show that the
ability of the faecal matrix to support Fenton
chemistry in the complete phosphate system is
influenced largely by the presence of EDTA
chelated iron in the medium. The generation of
reactive oxygen species in the hypoxanthine/
xanthine oxidase system is dependent (fig 1) on
the formation of superoxide by xanthine
oxidase as a byproduct of the hydroxylation of
hypoxanthine via xanthine to uric acid. Super-
oxide so produced reduces the EDTA-Fe(III)
chelate to EDTA-Fe(II), which readily reacts
with hydrogen peroxide produced from the
spontaneous dismutation of superoxide. The
interaction of the EDTA-Fe(II) complex with
hydrogen peroxide gives rise to HOv, as
previously reported.35 The HOv radical in turn
reacts with salicylic acid producing the hy-
droxylated products 2,5-DHBA and 2,3-
DHBA along with catechol. The mechanism of
reactive oxygen species generation by the faecal
matrix, however, is not exactly clear. Obviously
the participation of xanthine oxidase can be
ruled out because when hypoxanthine is
included in the buVer it remains unmetabo-
lised. Therefore the generation of reactive oxy-
gen species by the faecal matrix operates
through a diVerent mechanism. It is possible
that faeces contain a reducing agent somewhat
similar to ascorbic acid, which reduces EDTA-
Fe(III) to EDTA-Fe(II), and the reduced com-
plex reacts with hydrogen peroxide produced

Table 1 Generation of reactive oxygen species by diVerent faecal preparations

Sample
2,5-DHBA
(µM)

2,3-DHBA
(µM)

Catechol
(µM) Total (µM)

HX/XO 122 (0.7)* 143 (2.0)* 35 (0)* 299 (3)*
Faeces, wet (100 mg)* 39 (14) 47 (16) – 87 (30)
Faeces, wet (100 mg)† 9.6 (3.5) 12.9 (4.9) – 22.4 (8.4)
Faeces, wet (100 mg)‡ 47 (49) 58 (65) – 105 (114)
Faeces, freeze dried (25 mg)§ 27 (9) 34 (15) – 61 (24)

Experiments were conducted at 37°C as described in Materials and methods. Values are mean (SD)
*Phosphate buVer, pH = 6.50.
†Tris buVer, pH = 6.50.
‡Phosphate buVer, pH = 6.50. Filter-sterilised as described in Materials and methods.
§Phosphate buVer, pH = 6.50. Representing on average the equivalent wet weight.
HX/XO, Hypoxanthine/xanthine oxidase; 2,5-DHBA, 2,5-dihydroxybenzoic acid; 2,3-DHBA,
2,3-dihydroxybenzoic acid.

Figure 13 Time course of the generation of reactive oxygen species (ROS) in the complete
phosphate hypoxanthine/xanthine oxidase system compared with that of faecal samples
(inset). Note: The experiments were conducted at room temperature (25°C) and the results
are therefore not directly comparable with the data in table 1 (conducted at 37°C).
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by the spontaneous dismutation of superoxide
in the buVer. The presence in faecal systems of
chelated iron is obviously as important as in the
hypoxanthine/xanthine oxidase system be-
cause, in EDTA depleted buVer, the generation
of reactive oxygen species is reduced by 97%.
In the absence of iron, this reduction was less
pronounced (−75%) and probably reflects the
ability of EDTA to scavenge iron from phytic
acid in the faecal matrix. In the absence of both
iron and EDTA, the generation of reactive oxy-
gen species could not be detected.

With regard to the faecal matrix, the follow-
ing conclusions can be drawn. In the presence
of suitably chelated iron the faecal matrix is
capable of generating reactive oxygen species in
abundance. However, in its absence, genera-
tion of reactive oxygen species is reduced by
97%, indicating that, although factors that
readily support Fenton chemistry exist in the
matrix (in vitro), in the presence of suitably
chelated iron it appears that, only if such a che-
lator exists in the intestine would oxidative
stress be relevant in the large bowel. Further-
more, even if such conditions were to prevail,
the generation of reactive oxygen species in the
lumen must be regarded as innocuous because
of the high reactivity of free radicals with other
biomolecules. Nevertheless the generation of
reactive oxygen species in or on the mucosal
surface may be a result of a steep redox
gradient where the reduced gut contents come
into contact with the highly aerobic mucosa.

However, our data show, in contrast with
previous beliefs, that reactive oxygen species
are produced by a soluble factor within the
faecal stream rather than by the indigenous
bacteria. To date, the nature of this faecal com-
ponent remains unknown but is likely to be a
reducing agent. The soluble nature of the pro-
moting factor renders it amenable to absorp-
tion, and circumstances may exist in which it
comes into contact with either free or chelated
iron in the colonocyte, leading to a direct attack
on cellular DNA, or else initiates lipid
peroxidation processes whereby membrane
polyunsaturated fatty acids are attacked by
HOv, propagating chain reactions leading to the
generation of promutagenic lesions such as
etheno based DNA adducts.10

Alternatively, generation of reactive oxygen
species at the mucosal surface where the faecal
water comes into contact with oxygen may
cause damage to the protective mucus, leading
to susceptibility to carcinogen exposure.

Studies are in progress to elucidate the
nature of this soluble factor, and general
screens in the framework of population and
case-control studies are being carried out to
establish whether or not Fenton chemistry can
be supported by the faecal matrix in oxygen
limiting atmospheres and whether these proc-
esses can be modulated by diet.
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