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Abstract

Using terephthalic acid as a water-soluble trap, we characterized hydroxyl radicals (HO®) formation by liver microsomal enzymes from
isoniazid-treated rats. We found that HO® formation was entirely dependent on intact microsomal enzymes, the presence of NADPH, and
iron complexed with EDTA. In contrast to the other radical traps, we found no evidence that terephthalate is a substrate for cytochrome
P450. Cumene hydroperoxide, an artificial supporter of cytochrome P450-catalyzed oxidation, failed to maintain HO® formation. HO®
formation in liver microsomes was inhibited by the HO® radical scavengers: dimethyl sulfoxide (DMSO), mannitol, and citrulline. It was
abolished by catalase, but not superoxide dismutase (SOD), indicating that hydrogen peroxide was the sole precursor of the HO®.
Therefore, the generation of hydroxyl radicals by microsomal enzymes appears to be dependent on two processes: (1) the rate of hydrogen
peroxide production; and (2) the availability of iron ions or other transition metals for Fenton type reactions.

© 2004 Elsevier Inc. All rights reserved.
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It is a widely accepted hypothesis, that generation of
reactive oxygen species (ROS) by various intracellular
enzymes is an important factor in the onset of numerous
pathologies including cancer, diabetes, liver injury,
ischemic or traumatic brain injuries and several others
[1,2]. While ROS such as hydrogen peroxide and super-
oxide anion possess weak toxicity [3], their reactions with
transition metal complexes lead to the formation of the
highly reactive hydroxyl radicals (HO®) [4-7].

Direct measurement of the hydroxyl radical is practi-
cally impossible due to its very short lifetime and extreme
reactivity. Several indirect methods using chemical traps
have been suggested and are used widely to detect the
formation of hydroxyl radicals in biological systems,
including cytochrome P450-associated enzyme systems
[8-11]. However, there are problems associated with the
use of chemical traps in biological systems. Several of the
currently employed assays are of questionable specificity
[12-14]. For example, it was shown recently that adreno-
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chrome formation from epinephrine cannot be employed as
an indication of superoxide radicals formation by micro-
somal enzymes because of complex interaction of adre-
nochrome and epinephrine as substrates and inhibitors of
cytochrome P450 [15]. Salicylate metabolism used as in
vivo and in vitro marker of HO® generation reflects not
only oxidative stress but, to a large extent is metabolized by
cytochrome P450 enzymes [16]. Also, many of the assays
are technically difficult to perform, requiring chemicals not
available commercially and as well as expensive equip-
ment [17-19]. These issues have been discussed in detail in
reports and reviews [20,21].

Regarding the cytochrome P450 monooxygenase sys-
tem, there are two major problems in the determination of
ROS generation sites. First of all, it is well known that
NADPH-cytochrome P450 reductase is capable of produ-
cing superoxide radicals [22,23]. These oxidative species
might react with chemical probes thought to be specific for
HO?®. Another problem consists in discriminating whether
a chemical trap is the substrate for a monooxygenase
reaction or the target for attack of ROS or some of both
[21].

Here we present data showing that one of the previously
studied HO® traps, terephthalic acid, is not a substrate of
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cytochrome P450. Moreover this trap is water-soluble and
thus avoids the additional complication that many organic
solvents used to add compounds to microsomal enzymes
are themselves HO® traps and/or substrates and inhibitors
for cytochrome P450, e.g. dimethyl sulfoxide (DMSO),
ethanol and methanol.

Terephthalic acid reacts with hydroxyl radicals to form
the highly fluorescent monohydroxylated product, 2-OH
terephthalate [17,24-26]. The reaction has been studied
with generation of HO® by physical or chemical means and
the accumulation of 2-OH terephthalate was shown to be a
specific and sensitive marker of HO® formation when
compared with other chemical probes [25,27]. Therefore,
we hypothesized that terephthalate transformation to 2-OH
terephthalate in the presence of microsomal enzymes
serves as a specific and sensitive indicator of HO® gen-
eration and avoids the complication of being a substrate for
cytochrome P450-dependent monooxygenase reactions.

1. Materials and methods
1.1. Reagents

All chemicals obtained commercially were of the high-
est purity grade and were used without additional purifica-
tion. Pure 2-OH terephthalate was kindly provided by Prof.
Lewis Kirschenbaum (University of Rhode Island, King-
ston, RI). Potassium phosphate monohydrate, DMSO,
water and organic solvents, all HPLC grade, were pur-
chased from Fisher Scientific (Fairlawn, NJ). Terephthalate
was obtained from Aldrich (Milwaukee, WI). Superoxide
dismutase (SOD), catalase, EDTA (sodium salt), isoniazid,
cumene hydroperoxide, and mannitol were purchased from
Sigma—Aldrich (St. Louis, MO). NADPH, anhydrous ferric
chloride, and tertrabutylammonium bromide were pur-
chased from Fluka (Milwaukee, WI). HPLC column, Luna
C18(2), 3 pm, 150 mm x 2.0 mm and C18 guard column
were supplied by Phenomenex (Torrans, CA). A Shimadzu
HPLC system (pumps, controller, autosampler, spectro-
fluorometric detector, Shimadzu Scientific Instruments,
Columbia, MD), and UV detector, 1000S (Applied Bios-
ciences, Ramsey, NJ) were used.

1.2. Animal treatment

Three female Sprague-Dawley rats (200 g body weight,
from Taconic Inc., Germantown, NY) were pretreated with
isoniazid (300 mg/kg, I.P. once a day for 4 consecutive
days, except that on day 1 the dose was divided equally
between two injections given 8 h apart). Microsomes pre-
pared individually from the livers of isoniazid-treated rats
were selected because of the relative high concentration of
CYP2EI results from this treatment [28]. The protein
concentration of microsomal suspensions was determined
by BCA assay using BSA as standard (PIERCE kit) [29].

1.3. HPLC analysis

HPLC was carried out using a Luna C18(2), 3 um,
150 mm x 2.0 mm and C18 guard column. Chromatogra-
phy was performed isocratically at a flow rate of 0.2 ml/
min using water:methanol:acetic acid (70:25:5) containing
2.0 mM tetrabutylammonium bromide as a mobile phase.
The final pH was 2.5-2.6. The elution of 2-OH terephtha-
late was monitored fluorometrically (excitation 315 nm,
emission 425 nm). In initial HPLC experiments the elution
of terephthalate was also monitored by a UV detector at
254 nm (connected in tandem with spectrofluorometric
detector). The signals from the detectors were recorded
and analyzed by the use of CLASS-VP software (Shi-
madzu Scientific Instruments, Columbia, MD). The lowest
limit of peak quantification was accepted at five-fold above
noise level.

1.4. Terephthalate hydroxylation by microsomal enzymes

The microsomal fraction of the livers from female SD
rats (n =3) pretreated with isoniazid [28] was used during
method design. Stock solutions of terephthalate, NADPH
and cumene hydroperoxide were prepared daily in 20 mM
potassium phosphate buffer, pH 7.4. Fe*"/EDTA (1:1.1,
molar ratio) was prepared just before experiments by
dissolving anhydrous ferric chloride in 0.01N HCI, fol-
lowed by addition of EDTA stock solution (0.2 M) to the
appropriate concentration. The Fe*"/EDTA solution, when
added (10 ul of Fe*"/EDTA solution to 0.19 ml of the
incubation sample), did not change the pH of the incuba-
tion media. All other components used in this study were
diluted in 20 mM potassium phosphate buffer, pH 7.4.

Prepared on ice, the reaction mixtures consisted of
20 mM potassium phosphate buffer, pH 7.4, microsomal
enzymes (at desired quantity of protein), 1.0 mM ter-
ephthalate, and 1.0 mM NADPH. In experiments with
cumene hydroperoxide, this agent was at 0.1 mM concen-
trations. Various inhibitors were added at this stage of the
mixture preparation. The samples were preincubated at
37 °C for 3 min in a water bath. The reaction was initiated
by addition of 10 pl Fe**/EDTA complex solution to give a
final concentration of 0.1 mM of Fe*". The final volume of
the incubation mixture was 0.2 ml. After 15 min of incu-
bation (unless another time was indicated) the reaction was
terminated by the addition of 0.2 ml ice-cold methanol and
samples were placed on ice. The supernatant obtained by
centrifugation (at 12,000 x g for 5 min), was used for
HPLC analysis. Aliquots of 10 pl were injected directly on
the column from autosampler vials.

1.5. Calibration curve
Solid 2-OH terephthalate was dissolved in water as a

stock solution and kept in the dark at room temperature.
When needed, aliquots of the 2-OH terephthalate stock
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solution were diluted in 20 mM potassium phosphate
buffer, pH 7.4 to prepare working standard solutions. A
set of samples was prepared such that each sample (in
triplicate) with a particular concentration of 2-OH ter-
ephthalate (taken from a working standard solution) con-
tained all components used for enzymatic reaction
including the inactivated microsomal protein (5 min in
boiling water bath) in the final volume of 0.2 ml. Calibra-
tion samples were incubated at 37 °C for 15 min and after
that 0.2 ml of ice-cold methanol was added. The denatu-
rated proteins were sedimented by centrifugation and
aliquots of the supernatant (10 pl of each sample) were
injected for HPLC analysis. The 2-OH terephthalate peak
areas were plotted against the known 2-OH terephthalate
concentration. No internal standard was used since no
extraction steps were used.

Fluorescence measurements of 2-OH terephthalate
using disposable rectangular cuvettes were conducted as
described [26]. Briefly, the mixtures for terephthalate
hydroxylation were prepared exactly as described above
but the final volume of incubation samples was 2.0 ml. The
reaction was started by the addition of Fe>"/EDTA com-
plex. After 15 min of incubation at 37 °C the reaction
media was transferred into the cuvette and fluorescence
was recorded (excitation at 315 nm and emission at
425 nm). The background fluorescence was determined
with addition of all components but with inactivated
microsomal proteins. For these experiments a Perkin—
Elmer LS-5B spectrofluorometer was used.

2. Results and discussion

Fluorescence methods have been developed to deter-
mine, in real time, the 2-OH terephthalate formation
directly in a cuvette [26,27]. In our initial experiments
the calibration curve obtained with the 2-OH terephthalate
standard (added to pure 20 mM potassium phosphate
buffer, pH 7.4) demonstrates high sensitivity i.e. lower
limit of 1.0 nM 2-OH terephthalate. However, background
fluorescence increased significantly after the addition of
components required for microsomal-supported reactions,
including microsomal protein, NADPH or NADPH-regen-
erating system, and Fe’'/EDTA complex. To obtain a
fluorescence emission intensity of more than 20% of initial
background values, at least 0.5 mg/ml of microsomal
protein was required at the typical conditions of incubation
(15 min at 37 °C). We found in subsequent experiments
that these protein concentrations are too high for the linear
dependence of the reaction rate with time. Also, to study 2-
OH terephthalate formation by commercially available
cytochrome P450 preparations we had to use large amounts
of expensive materials. Finally, we were not able to detect
with satisfactory accuracy the ‘““iron-independent” forma-
tion of 2-OH terephtalate (see below) with the use of the
direct measurement in cuvettes.

To avoid the problems described above and to obtain
high levels of sensitivity and accuracy we developed an
HPLC-based method of 2-OH terephthalate determination
using a fluorescence detector. Fig. 1A shows chromato-
grams obtained during the development of this assay.
Terephthalate at concentrations as high as 10.0 mM did
not yield any significant fluorescence at 315 nm excitation
and 425 nm emission wavelengths. To monitor the ter-
ephthalate elution we used UV detection at 254 nm. The
retention times of 2-OH terephthalate and terephthalate
were practically identical (9.1 and 8.84, respectively) with
water:methanol:acetic acid (70:25:5) as the mobile
phase (not shown). The addition of the ion-pairing
reagent, tetrabutylammonium bromide, in the mobile
phase (2.0 mM final concentration) resulted in sharper
peak of 2-OH terephthalate and slightly increased the
retention time for 2-OH terephthalate (11.6 min) while
not changing the retention time for terephthalate. This
mobile phase composition was used in subsequent experi-
ments. We directly injected the supernatant aliquots after
protein precipitation with an equal volume of methanol
followed by centrifugation.

The recovery for 2-OH terephthalate was estimated by
comparing the peak height of the calibration samples after
protein precipitation with those of directly injected similar
amounts of the standard added in the 0.4 ml of mobile
phase. We found that recovery efficiency ranged from 93 to
99% over the concentrations used for the standard curve.
Therefore no internal standard was needed to obtain satis-
factory accuracy. No interference peaks were noted using
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Fig. 1. HPLC analysis of terephthalate and 2-OH terephthalate and their
detection in liver microsomes. The upper lines indicate UV detection; the
bottom lines indicate fluorometric detection. (A) Chromatogram of
terephthalate (TPT, 8.54 min) and 2-hydroxyterephthalate (2-OH TPT, as
a standard, 11.6 min). Ten picomol of 2-OH TPT and 0.2 mmol of TPT
were added in 0.4 pl of mobile phase and 10 pl of this mixture was injected
and eluted as described in Section 1. (B) Representative HPLC traces of
terephthalate after incubation with the complete system containing liver
microsomes from isoniazid-treated female rats as described in Section 1.
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Table 1
The essential cofactors in transformation of terephthalate into 2-OH
terephthalate by microsomal enzymes

Conditions and cofactors Reaction rate (nmol), %
2-OH terephthalate/min/mg
protein

Complete system 17.43 100

Inactivated microsomes 0.52 3

(boiled, 3 min)

NADPH omitted 1.74 10

NADPH omitted, plus cumene 0.053 0.3

hydroperoxide added

Fe*"/EDTA complex omitted 0.87 5

Fe** ions omitted (EDTA included) 0.87 5

EDTA omitted (Fe>" ions included) 1.31 7.5

The rates were determined in the linear phase of reaction for the quantity
of protein used (15 min). The conditions for complete system and HPLC
analysis are described in details in Section 1. The reactions were started by
the addition of Fe’*/EDTA complex, in a volume of 10 pl. (When tested
separately, FeCl; or EDTA were dissolved and added at the concentrations,
0.1 and 0.11 mM, respectively). The values are mean from three
experiments performed on different days.

this method for sample preparation and 15 min chromato-
graphy cycles.

A calibration curve was obtained for 2-OH terephthalate
by plotting the compound peak areas against the concen-
trations used; 1.0-1000 ng of 2-OH terephthalate standard
were added to incubation mixtures containing denatured
microsomal proteins and other reaction components in a
final volume of 0.4 ml. With the injection of 10 pl of
supernatant, the linear dependence of detector response
was found (#* =0.995 and above in several calibration
sets). We accepted the lower limit of calculation as 5.0 ng
of 2-OH terephthalate formed (final volume for the enzy-
matic reaction was 0.2 ml; the final volume of incubation
media after the addition of stop solution was 0.4 ml; the
injection volume of supernatant was 10 pl). Inter-day
variability at 5 ng standard sample (n=35) was 7.3%
and less than 6.0% at 200 ng standard sample (n = 5).

Separate experiments were performed to examine
whether 2-OH terephthalate is further metabolized. For
this, we incubated 2-OH terephthalate (50 and 200 ng per
sample) with microsomal enzymes for 30 min in the pre-
sence of NADPH and Fe*"/EDTA. HPLC analysis of these
samples indicated that the 2-OH terephthalate peaks area
values were not different than those of the samples used for
calibration experiments e.g. without microsomal proteins.
Therefore, we concluded that 2-OH terephthalate is the
probable end product of terephthalate hydroxylation under
the experimental conditions.

Fig. 1B presents chromatographic traces obtained after
the incubation of terephthalate with microsomes. Cataly-
tically active microsomal enzymes produce the component
(11.0-11.5 min) that we identified as 2-OH terephthalate
because the chromatographic retention time was identical
to the 2-OH terephthalate standard as well the dramatic
difference between fluorometric (lower trace) and UV

properties (upper trace) that is typical for 2-OH terephtha-
late (Fig. 1A).

Table 1 lists the essential cofactors and conditions for the
transformation of terephthalate into 2-OH terephthalate by
liver microsomes from isoniazid-treated female rats. The
inactivation of microsomal proteins in boiling water bath
or addition of methanol at the beginning of incubation
practically eliminated the 2-OH terephthalate peak forma-
tion. Omitting NADPH from incubation samples corre-
sponded with a dramatic decrease of 2-OH terephthalate
production. The use of cumene hydroperoxide instead of
NADPH as an artificial supporter of cytochrome P450-
catalyzed oxidation [30,31] yielded very little 2-hydroxy-
terephthalate. The incubation of native microsomal pro-
teins with terephthalate and NADPH, but without Fe3*t/
EDTA, corresponded with the formation of little but easily
detectable quantity of 2-OH terephthalate. The addition of
iron ions or EDTA as individual components into incuba-
tion media also did not substitute for Fe*"/EDTA com-
plexes and the reaction rates were low.

Fig. 2 presents the time course of the 2-OH terephthalate
production at several microsomal protein concentrations
with a mixture of the components that we designed as a
“complete system” (see Table 1). These data showed that
production of 2-OH terephthalate increased linearly during
incubation times up to 15 min with concentrations of
microsomal protein up to 0.2 mg/ml. Increased incubation
time longer than 15 min and increased protein concentra-
tions both lead to deviation from the proportionality and
therefore to underestimation of the absolute rates of the
reaction (expressed as nmoles 2-OH terephthalate formed
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Fig. 2. Time course and protein dependence for 2-OH terephthalate
formation with liver microsomes from isoniazid-treated female rats. The
reaction mixtures contained, in a final volume of 0.2 ml, 20 mM potassium
phosphate buffer, pH 7.4, microsomal proteins as described in the key,
1.0 mM terephthalate, 1.0 mM NADPH and 0.1 mM Fe3"/EDTA complex
to start the reaction. After incubation for 5, 10, 15, 20 and 30 min, the
reactions were terminated by addition of ice-cold 0.2 ml methanol. After
centrifugation, the samples were analyzed by HPLC as described in
Section 1. The values of the reaction rates (Y-axis) are expressed as nmole
2-OH terephthalate formed per minute per milligram of microsomal
protein.
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Fig. 3. The effect of various components on 2-OH terephthalate formation rate from terephthalate by liver microsomal enzymes from isoniazid-treated SD
female rats. The concentrations of the components in the incubation mixtures were 30 mM DMSO, 50 mM mannitol, 50 mM citrulline, 1000 U catalase,
100 U SOD and 0.1 mM tannic acid. The complete incubation mixtures and the order of additions of components are described in detail in Section 1. The bars
shown are the percentage of control rate (“‘complete system’) of 2-OH terephthalate formation per minute per milligram of microsomal protein and
represents calculated means £+ S.D. using microsomal preparations from three individual female isoniazid-treated rats.

per milligram protein per minute). Based on this finding we
selected 0.1 mg of microsomal protein per millilitre and
incubation time of 15 min as the experimental conditions
for routine use.

In order to evaluate the participation of different ROS in
the transformation of terephthalate to 2-OH terephthalate,
we measured the rate of 2-OH terephthalate formation in
the presence of various compounds that have been shown
to react selectively with oxygen-derived free radicals. As
depicted in Fig. 3, DMSO (30 mM), mannitol (50 mM),
and citrulline (50 mM)), all of them HO* radical scavengers
[17,32,33], effectively inhibited 2-OH terephthalate for-
mation. Inclusion of catalase (1000 U/ml) in the incubation
media also significantly inhibited 2-OH terephthalate for-
mation. In contrast, the addition of superoxide dismutase at
100 U/ml had no effect on the rate of the 2-OH terephtha-
late formation. Tannic acid (0.1 mM), used as a potent
chelator of iron ions [34], remarkably inhibited the reaction.

The present report describes the required components,
the basic conditions for incubation, and an HPLC techni-
que to determine 2-OH terephthalate generated by micro-
somal proteins during the oxidation of terephthalate. We
found that 2-OH terephthalate generation is strictly depen-
dent on the intactness of microsomal proteins. Also, the
significant dependence of the rate of 2-OH terephthalate
generation on NADPH presence indicated that the electron
flow in microsomal electron transport chain is required for
this reaction. Cumene hydroperoxide interacts with cyto-
chrome P450 enzymes and effectively supports the cyto-
chrome P450-dependent oxidation of many substrates in
the absence of NADPH [30,31]. In our case with terephtha-
late, cumene hydroperoxide was not effective in the trans-
formation of terephthalate to 2-OH terephthalate. Such
dependence strongly indicates that terephthalate is not a
traditional substrate for the typical, cytochrome P450-
monooxygenase reaction. Whereas the method easily
detects very low rate of 2-OH terephthalate formation
without exogenously added Fe*/EDTA complex, this
component profoundly stimulated the formation of 2-
OH terephthalate by microsomal enzymes. Also, this

finding points to the involvement of Fenton chemistry in
terephthalate transformation by microsomal enzymes. In
support of this conclusion, we found that tannic acid is a
rather effective inhibitor of 2-OH terephthalate formation
in both systems, with or without added Fe>*/EDTA. It was
recently demonstrated [34] that tannic acid forms com-
plexes with iron ions that are unable to participate in
Fenton reactions.

The 2-OH terephthalate formation is remarkably sensi-
tive to established HO® scavengers, e.g. DMSO, mannitol
[17,32], and citrulline [33]. The DMSO inhibitory effect is
not necessarily unequivocal, since DMSO is also a very
effective inhibitor of CYP2El-specific monooxygenase
reactions [35]. However, two other HO® scavengers, man-
nitol and citrulline, also inhibited 2-OH terephthalate
formation and these are not substrates for cytochromes
P450. The pronounced inhibitory effect of catalase sug-
gests that hydrogen peroxide is a sole precursor of the HO®
formed by the microsomal enzymes in our system. There-
fore, we think that the generation of toxic HO® by micro-
somal enzymes is completely dependent on two factors: (a)
rate of hydrogen peroxide production, and (b) availability
of iron ions for the Fenton reaction.

There is considerable interest at present in the compara-
tive evaluation of various intracellular organelles and
whole cells as potential sources of ROS production espe-
cially as the chemical environment surrounding these cells
changes [2,4]. From this point of view the method
described here using terephthalate as an iron-dependent
specific trap for HO®* may be useful in studies of cell
derived oxygen activation associated with free radical
formation.
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