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In order to explore the mechanism of myoglobinuric renal toxicity, detection and
identification of free radicals was performed for the reaction mixtures of bovine
kidney microsomes. EPR measurements showed prominent signals for the control
reaction mixture containing 2.0mg protein/ml bovine kidney microsomes, 5mM
NADPH, 0.1M 4-POBN and 29 mM phosphate buffer (pH 7.4). Addition of myoglobin
(Mb) to the control reaction mixture resulted in increase of EPR peak height. The
result indicates that Mb enhances the radical formation. An HPLC-EPR measure-
ment showed three peaks with retention times of 29.4min (P;), 32.4min (P;) and
46.6 min (P3). HPLC-EPR-MS analyses of P; and P, gave ions at m/z 282. The results
show that 4-POBN/hydroxypentyl radical adducts form in the reaction mixture. An
HPLC-EPR-MS analysis of P3; gave ions at m/z 266, indicating that 4-POBN/pentyl
radical adduct forms in the reaction mixture.

Key words: electron spin resonance, kidney, lipid peroxidation, microsomes,
myoglobin.

Abbreviations: EPR, electron paramagnetic resonance; 4-POBN, o-(4-pyridyl-1-oxide)-N-tert-butylnitrone;
HPLC, high performance liquid chromatography; MS, mass spectrometry; Mb, myoglobin; ROS, reactive
oxygen species; NTA, nitrilotriacetic acid; EDTA, ethylenediaminetetraacetic acid; DTPA, diethylenetria-

minepentaacetic acid; DFO, deferoxamine; 13-HPODE, 13-hydroperoxy-9,11-octadecadienoic acid.

It is well known that excessive muscle activity or over-
exertion, such as excessive bodybuilding, may cause
rhabdomyolysis, the release of myoglobin (Mb) from skel-
etal muscle (7). Rhabdomyolysis has been implicated as a
significant cause of acute renal failure and may be attrib-
utable for up to 7-10% of cases of acute renal failure.

Several experimental models have been used to explore
the mechanism of myoglobinuric renal toxicity (2—4).
There is now considerable evidence that lipid peroxida-
tion occurs in rhabdomyolysis (5, 6). The current litera-
ture supports the hypothesis of free radical involvement
in Mb-induced renal toxicity. Mb, heme and free iron ion
have all been suggested as the chemical forms responsi-
ble for renal toxicity (7-9). There are multiple sources of
reactive oxygen species (ROS), including mitochondrial
electron transport, cyclooxygenases, lipoxygenases, and
mixed-function oxidases of the endoplasmic reticulum,
xanthine oxidase system and tubule cell plasma mem-
brane NADPH oxidase (10, 11). We have focused on the
effects of Mb on the ROS generation in mixed-function
oxidases of the endoplasmic reticulum in this article (12),
because the proximal tubule is especially rich in cyto-
chrome P450 and the principal target of celluar damage
in myoglobinuric acute renal failure.

In spite of the intensive EPR studies, many radical
species have not been identified. In this study,
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identification of the free radicals has been performed
for the reaction mixture containing bovine kidney micro-
somes, NADPH, ADP, FeCl; and phosphate buffer
(pH 7.4) using high performance liquid chromatogra-
phy—electron paramagnetic resonance spectrometry
(HPLC-EPR) and high performance liquid chromatogra-
phy—electron paramagnetic resonance—mass spectrome-
try (HPLC-EPR-MS) (13).

MATERIALS AND METHODS

Materials—o-(4-Pyridyl-1-oxide)-N-tert-butylnitrone
(4-POBN: spin-trapping reagent) and nitrilotriacetic acid
disodium salt (NTA) were purchased from Tokyo Kasei
Kogyo, Ltd. (Tokyo, Japan). Ferrous ammonium sulfate
and 1-pentanol were obtained from Kishida Chem. Co.
(Osaka, Japan). Ethylenediaminetetraacetic acid diso-
dium salt (EDTA), ferric chloride, ADP and NADPH
were from Wako Pure Chemical Industries, Ltd.
(Osaka, dJapan). Diethylenetriaminepentaacetic acid
(DTPA) was obtained from Nakarai Chemicals Ltd.
(Kyoto, Japan). Horse skeletal muscle Mb and deferoxa-
mine mesylate salt (DFO) were purchased from
Sigma-Aldrich Co. (St Louis, MO, USA). Sep-pak Cig
was from Waters Associates (Milford, MA, USA).
Pentylhydrazine oxalate was synthesized according to
the method of Gever and Hayes (14). Water used in
these experiments was purified by passing through
Milli-Q Jr (Nihon Millipore Kogyo K.K., Yonezawa,
Japan) after distillation. All other chemicals used were
of analytical grade.
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Preparation of 13-Hydroperoxy-9,11-Octadecadienoic
acid (13-HPODE)—Preparation of 13-HPODE was
performed as described in the previous paper (15).

Preparation of Bovine Kidney Microsomes—A bovine
kidney microsomes were used in the experiments. The
bovine kidney was removed immediately after a bovine
was sacrificed and followed by exsanguination. The
kidney was homogenized in 9 volumes of 0.25M sucrose.
The kidney homogenate was centrifuged at 16000g for
30 min at 4°C. The supernatant fraction was then centri-
fuged at 120000 g for 30 min at 4°C. The pallet was sus-
pended in 0.15M KCI and then centrifuged twice again
at 120000g. The pallet was suspended in 0.15M KCI.
Protein concentration of the suspension was 15.7 mg/ml.
It was kept at —80°C before use.

Preparation of 4-POBN/Pentyl Radical Adduct—
4-POBN/pentyl radical adduct was synthesized through
the decomposition of pentylhydrazine (16). The reaction
mixture contained 0.1M 4-POBN, 2.5mg/ml pentylhy-
drazine oxalate, 0.2mM CuCl, and 44mM carbonate
buffer (pH 10.0). After nitrogen gas was bubbled through
the reaction mixture without CuCly for 5min, the reac-
tion was started by adding CuCls. The reaction was
performed for 2h at 25°C.

Reaction of 1-Pentanol with Fenton Reaction System—
4-POBN/hydroxypentyl radical adducts were synthesized
through the reaction of 1-pentanol with Fenton reaction
system. The reaction mixture of 1-pentanol with Fenton
reaction system contained 0.1M 4-POBN, 0.5% (v/v)
1-pentanol, 0.1 mM Hy0,, 0.1mM FeSO4(INNH4)>SO, and
39mM phosphate buffer (pH 7.4). The reaction was
started by adding FeSO4(NH4)>SO4. The reaction was
performed for 2min at 25°C.

The Control Reaction Mixture—The control reaction
mixture contained 2.0mgprotein/ml bovine kidney
microsomes, 5mM NADPH, 0.1M 4-POBN and 29 mM
phosphate buffer (pH 7.4). The reaction was started by
adding NADPH. The reaction was performed for 60 min
at 37°C.

Complete Reaction Mixture of 13-HPODE with Mb—
The complete reaction mixture of 13-HPODE with Mb
contained 0.14 mM 13-HPODE, 5 mM NADPH, 5uM Mb,
0.1M 4-POBN and 40mM phosphate buffer (pH 7.4).
The reaction was started by adding 13-HPODE. The reac-
tion was performed for 2min at 25°C.

Complete Reaction Mixture of 13-HPODE with FeCls—
The complete reaction mixture of 13-HPODE with FeCls
contained 0.14mM 13-HPODE, 5mM NADPH, 10uM
FeCl;, 0.1M 4-POBN and 25mM phosphate buffer
(pH 7.4). The reaction was started by adding 13-HPODE.
The reaction was performed for 2 min at 25°C.

Visible Absorption Spectroscopy—The visible absorp-
tion spectra of the samples were taken using UV-160A
UV-Visible Recording Spectrophotometer (Shimadzu,
Ltd, Kyoto, Japan). The sample contained 96.7 uM Mb
(or 96.7 uM Mb with 96.7 uM EDTA) in 50 mM phosphate
buffer (pH 7.4).

EPR Measurements—The EPR spectra were obtained
using a model JES-FR30 Free Radical Monitor (JEOL
Ltd, Tokyo, Japan). Aqueous samples were aspirated
into a Teflon tube centered in a microwave cavity.
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Operating conditions of the EPR spectrometer were:
power, 4mW; modulation width, 0.1 mT; center of mag-
netic field, 337.000mT; sweep time, 4 min; sweep width,
10mT; and time constant, 0.3 s. Magnetic fields were cal-
culated by the splitting of MnO (AH3-4=8.69mT).

HPLC-EPR Chromatography—An HPLC used in the
HPLC-EPR consisted of a model 7125 injector
(Reodyne, Cotati, CA, USA), a model 655A-11 pump
with a model L-5000 LC controller (Hitachi Ltd,
Ibaragi, Japan). A semi-preparative column (300 mm
long x 10mm i.d.) packed with TSKgel ODS-120T
(Tosoh Co., Tokyo, Japan) was used. Flow rate was
2.0ml/min throughout the HPLC-EPR experiments. For
the HPLC-EPR, two solvents were used: solvent A,
50 mM ammonium acetate; and solvent B, 50 mM ammo-
nium acetate/acetonitrile (36: 64, v/v). A following combi-
nation of isocratic and linear gradient was used:
0—40min, 100% A to 0% A (linear gradient); 40—-60 min,
100% B (isocratic). The eluent was introduced into a
model JES-FR30 Free Radical Monitor (JEOL Ltd,
Tokyo, Japan). The EPR spectrometer was connected to
the HPLC with a Teflon tube, which passed through the
center of the EPR cavity. The operating conditions of the
EPR spectrometer were: power, 4 mW; modulation width,
0.2mT; and time constant, 1s. The magnetic field was
fixed at the third peak in the doublet-triplet EPR spec-
trum (0N=1.58mT and o"p=0.26mT) of the 4-POBN
radical adduct (Fig. 1).

HPLC-EPR-MS Chromatography—HPLC and EPR
conditions were as described in the HPLC-EPR. The
operating conditions of the mass spectrometer were:
nebulizer, 180°C; aperture 1, 120°C; Ny controller pres-
sure, 19.6 N/cm?; drift voltage, 70V; multiplier voltage

2mT
-
MnO ¢ MnO

P A Control P
P B + Mb r
’\ c + Mb, — Microsomes P
r\ D + Mb, — NADPH ‘\]\’
P E + Mb, Boiled microsomes r
P F + Mb, + EDTA F

Fig. 1. EPR spectra of the control reaction mixtures. The
reaction and EPR conditions were as described under MATERIALS
AND METHODS section. (A) Control reaction mixture. (B) Same as
in (A) except that 5 uM Mb was added. (C) Same as in (B) except
that bovine kidney microsomes were omitted. (D) Same as in (B)
except that NADPH was omitted. (E) Same as in (B) except that
bovine kidney microsomes were boiled for 3 min and used for the
reaction. (F) Same as in (B) except that 0.1mM EDTA was
added.

Peak height (arbitrary scale)
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1800V; needle voltage, 3000V; polarity, positive; and
resolution, 48.

The mass spectra were obtained by introducing the
eluent from the EPR detector into the LC-MS system
just before the respective peaks were eluted. The flow
rate was kept at 50 pl/min while the eluent was intro-
duced into the mass spectrometer.

RESULTS

EPR Measurements of the Control Reaction Mixture—
EPR spectra of the control reaction mixtures were mea-
sured (Fig. 1). A prominent EPR spectrum (¢~ =1.58 mT
and o' =0.26 mT) was observed for the control reaction
mixture (Fig. 1A). On addition of Mb to the control reac-
tion mixture, the EPR peak height increased to 133 +9%
of the control reaction mixture (Fig. 1B). In the absence
of bovine kidney microsomes (or NADPH), the EPR spec-
trum was hardly observed for the control reaction mix-
ture with Mb (Fig. 1C and D). For the control reaction
mixture of boiled microsomes with Mb, the EPR signals
disappeared (Fig. 1E). On addition of EDTA to the con-
trol reaction mixture with Mb, the EPR signals were
scarcely observed (Fig. 1F).

Effects of Several Iron Chelators on the Reaction—In
order to know whether EDTA interacts with the iron ion
in Mb, visible spectrum of Mb (or Mb with EDTA) was
measured (Fig. 2). The two visible spectra were quite
identical. The results indicate that EDTA does not inter-
act with the iron ion in Mb.

The effects of several iron chelators (EDTA, NTA,
DTPA and DFO) on the reaction were examined
(Fig. 3). On addition of EDTA (or DTPA, or DFO) to
the control reaction mixture, the EPR signals were
hardly observed. On the other hand, addition of NTA
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Fig. 2. Visible absorption spectrum of Mb (or Mb with
EDTA). Conditions of the samples and measurements were as
described under MATERIALS AND METHODS section. Dotted lines,
96.7uM Mb in 50mM phosphate buffer (pH 7.4); and solid
line, 96.7uM Mb with 96.7uM EDTA in 50mM phosphate
buffer (pH 7.4).
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resulted in the increment of EPR peak height (135 +2%
of control reaction mixture).

Effects of ADP and its derivatives on the reaction
were examined for the control reaction mixture with
FeCl; (Fig. 4). Addition of adenosine (or AMP) showed

2mT
MnO < > MnO

A Control
B + EDTA

c +NTA
D + DTPA
P E +DFO P

Fig. 3. EPR analyses of the control reaction mixtures
with several iron chelators. The reaction and EPR conditions
were as described under MATERIALS AND METHODS section.
(A) Control reaction mixture. (B) Same as in (A) except that
0.1mM EDTA was added. (C) Same as in (A) except that
0.1mM NTA was added. (D) Same as in (A) except
that 0.1mM DTPA was added. (E) Same as in (A) except that
0.1mM DFO was added.

Peak height (arbitrary scale)
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Fig. 4. Effects of ADP derivatives on the radical forma-
tion in the control reaction mixtures with FeCls. The reac-
tion and EPR conditions were as described under MATERIALS AND
METHODS section. (A) Control reaction mixture with 0.17 mM
FeCl;. (B) Same as in (A) except that 10mM adenosine was
added. (C) Same as in (A) except that 10mM AMP was added.
(D) Same as in (A) except that 10 mM ADP was added. (E) Same
as in (A) except that 10mM ATP was added.
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no effect (adenosine, 89 + 6% of control reaction mixture
with Fe®*; and AMP, 110 +17% of control reaction mix-
ture with FeCl3). On addition of ADP (or ATP), the EPR
peak height increased to 562 +63% of control reaction
mixture with FeCls (or 533 + 34% of control reaction mix-
ture with FeClsz). On the other hand, addition of ADP to
the control reaction mixture resulted in a little increase
of EPR peak height (126 +12% of the control) (data not
shown). These results indicate that a complex of ADP
(or ATP) with iron ion accelerates the radical formation.

Effects of Several Metal Ions on the Reaction—The
effects of several metal ions such as Fe?*, Fe®*, Ca2*,
Mg?*, Cu®* and Zn?" on the reaction were examined
(Fig. 5, Table 1). On addition of Fe?* to the control reac-
tion mixture, the EPR peak height slightly increased.
Addition of Fe3* (or Ca®* or Mg?*) to the control reaction
mixture showed no effect on the EPR peak height.

MnO 2mT MnO

A Control

Peak height (arbitrary scale)

B +2ZnCl,

Fig. 5. Effect of ZnCl; on the radical formation in the con-
trol reaction mixture. The EPR and reaction conditions were
as described in the MATERIALS AND METHODS section. (A) Control
reaction mixture. (B) Same as in (A) except that 0.1 mM ZnCl,
was added.

Table 1. Effects of several metal ions on EPR peak height
in the control reaction mixtures.

Metal ions added (100 uM)

Relative EPR peak
height (%) £SD

Control 100

FESO4(NH4)QSO4 121+11
FeCl; 87+ 17
CaCl, 95+10
MgCl, 90 +28
CuCly 48+10
ZnCl, 47+13

The reaction and EPR conditions were as described under MATERIALS
AND METHODS section. EPR measurements were performed for the
control reaction mixture with FeSO4NH4),SO4 (or FeCls, or
CaCl,, or MgCl,, or CuCl, or ZnCly) (0.1 mM). The data presented
are mean + SD of three independent experiments.

K. Kumamoto et al.

Addition of Cu®* (or Zn?*) resulted in decrease of the
EPR peak height.

EPR Analyses of the Complete Reaction Mixture of
13-HPODE with Mb—To clarify whether Mb catalyzes
the radical formation in the reaction mixture containing
hydroperoxides, EPR analysis was performed for the
complete reaction mixture containing 13-HPODE
and Mb (Fig. 6). This analysis showed prominent signals
(Fig. 6A). On the other hand, the EPR signal was hardly
observed for the complete reaction mixture without
Mb (Fig. 6B). The result indicates that Mb catalyzes
the radical formation in the complete reaction mixture
of 13-HPODE with Mb. No EPR signal was observed
for the complete reaction mixture without 13-HPODE
(Fig. 6D), suggesting that the radicals are derived from
13-HPODE. On addition of EDTA, the EPR peak height
remained unchanged (107 £6% of the complete reaction
mixture) (Fig. 6C).

EPR Analyses of the Complete Reaction Mixture of
13-HPODE with FeCl3—To know whether FeCl; cata-
lyzes the radical formation in the reaction mixture
containing hydroperoxides, EPR analysis was performed
for the complete reaction mixture of 13-HPODE with
FeCl; (data not shown). The complete reaction mixture
of 13-HPODE with FeCl;s contained 0.14 mM 13-HPODE,
5mM NADPH, 10uM FeClz, 0.1M 4-POBN and 25 mM
phosphate buffer (pH 7.4). EPR analysis of the complete
reaction mixture showed prominent signals (data not
shown). On the other hand, a small EPR signal was
observed for the complete reaction mixture without

2mT
g
MnO MnO
P A r‘ q n Complete P
- Mb

B

P c -13-HPODE P
'\ D q’ M AN+ EPTA P

Fig. 6. EPR analyses of the complete reaction mixtures of
13-HPODE with Mb. The EPR conditions were as described
under MATERIALS AND METHODS section. The complete reaction mix-
ture contained 0.14mM 13-HPODE, 5uM Mb, 0.1M 4-POBN
and 40 mM phosphate buffer (pH 7.4). The reaction was started
by adding 13-HPODE. The reaction was performed for 2min at
25°C. (A) Complete reaction mixture of 13-HPODE with Mb.
(B) Same as in (A) except that Mb was omitted. (C) Same as
in (A) except that 13-HPODE was omitted. (D) Same as in (A)
except that 0.1 mM EDTA was added.

Peak height (arbitrary scale)
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13-HPODE (26 +13% of the complete reaction mixture),
suggesting that the radicals are predominantly derived
from 13-HPODE. The EPR peak height decreased for
the complete reaction mixture without FeCl; (64 + 14%
of the complete reaction mixture). The result indicates
that FeCls catalyzes the radical formation in the com-
plete reaction mixture of 13-HPODE with FeCls. The
EPR peak height did not changed for the complete reac-
tion mixture without NADPH (85 +16% of the complete
reaction mixture). On addition of EDTA, the EPR peak
height remained unchanged (100 +28% of the complete
reaction mixture). Above results showed that neither
NADPH nor EDTA affects the radical formation in the
complete reaction mixture of 13-HPODE with FeCls.

HPLC-EPR and HPLC-EPR-MS Analyses of the
Control Reaction Mixture with ADP and FeCl;—To
identify the radicals formed in the control reaction
mixture with ADP and FeCl;, HPLC-EPR analyses
were performed. Three prominent peaks (P;, P, and P3)
were separated on the HPLC-EPR elution profile of the
control reaction mixture with ADP and FeCl; (Fig. 7).
The retention times of the three peaks were as follows:
P4, 29.4min; Py, 32.4 min; P3, 46.6 min.

To determine the chemical structure of P;, an HPLC—
EPR-MS analysis was performed for P;. The HPLC-
EPR-MS analysis of P, gave ions at m/z 282 (Fig. 8A).
The ions at m/z 282 correspond to the protonated mole-
cules of 4-POBN/hydroxypentyl radical adduct, [M +H]J".
HPLC-EPR-MS analysis of P, also gave ions at m/z
282 (Fig. 8B). It may be a diastereoisomer of 4-POBN/
hydroxypentyl radical adducts. An HPLC-EPR-MS

Arbitrary scale

| | | | | |
0 10 20 30 40 50 60 70

Retention time (min)

Fig. 7. HPLC-EPR analysis of the control reaction mix-
tures with ADP and FeCl;. The HPLC-EPR conditions were
as described under MATERIALS AND METHODS section. The reaction
mixture contained 2.0 mg protein/ml bovine kidney microsomes,
5mM NADPH, 10mM ADP, 0.17mM FeCls, 0.1 M 4-POBN and
29 mM phosphate buffer (pH 7.4) in the total volume of 3.85ml.
The reaction was performed for 60 min at 37°C.
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Fig. 8. HPLC-EPR-MS analyses of the control reaction
mixtures with ADP and FeCl;. The HPLC-EPR-MS condi-
tions were as described under MATERIALS AND METHODS section.
The reaction mixture contained 2.0mgprotein/ml bovine
kidney microsomes, 5mM NADPH, 10mM ADP, 0.17mM
FeCls, 0.1M 4-POBN and 29 mM phosphate buffer (pH 7.4) in
the total volume of 11.5ml. The reaction was performed for
60 min at 37°C. (A) A mass spectrum of P;. (B) A mass spectrum
of Py. (C) A mass spectrum of Ps.

2T0Z ‘8z Joquieides uo A1seAlun pezy olues| e /Hiosfeulnolpio)xosqly/:dny wouy pspeojumoq


http://jb.oxfordjournals.org/

576
P
P
,  Control 2 Ps
K
3
Pentylradical
O - X 0.05 Gain k
s
E Control +
< c Pentylradical
| | | | |

0 10 20 30 40 50 60

Retention time (min)

Fig. 9. Identification of P3. The reaction and HPLC-EPR
conditions were as described in MATERIALS AND METHODS section.
(A) An HPLC-EPR analysis of the control reaction mixture with
0.17mM FeClz and 10mM ADP (3.85ml). (B) An HPLC-EPR
analysis of the 4-POBN/pentyl radical adduct (10 pul). (C) The
4-POBN/pentyl radical adduct (1pl) was added to the control
reaction mixture with 0.17mM FeCl3; and 10mM ADP
(3.85ml). An HPLC-EPR analysis of the mixture was
performed.

analysis of P3 gave ions at m/z 266 (Fig. 8C). The ions at
m/z 266 correspond to the protonated molecules of
4-POBN/pentyl radical adduct, [M+H]*.

In order to confirm the chemical structure of Pg,
HPLC-EPR analyses were performed for the reaction
mixture of pentylhydrazine with Cu®*. It is well known
that pentyl radical forms in the reaction mixture of pen-
tylhydrazine with Cu®* (16). An HPLC-EPR analysis of
the reaction mixture of pentylhydrazine with Cu?* gave
a peak with almost the same retention time as Pj3
(Fig. 9B). When the peak fraction in the reaction mixture
of pentylhydrazine with Cu?* was mixed with the control
reaction mixture with ADP and FeCls, the peak height of
P; increased (Fig. 9C), suggesting that P; and 4-POBN/
pentyl radical adduct are identical.

To confirm the chemical structure of P; and Ps,
an HPLC-EPR analysis of the reaction mixture of
1-pentanol with Fenton reaction system was performed.
Five prominent peaks (P,, Py, P., P4 and P.) were
observed on the HPLC-EPR elution profile of the reac-
tion mixture of 1-pentanol with Fenton reaction system
at the retention times of 28.5, 30.2, 31.4, 35.6 and
38.6 min, respectively (Fig. 10). HPLC-EPR-MS analyses
showed ions at 282m/z for all the five peaks. The results
indicate that the five peaks are isomers of 4-POBN/
hydroxypentyl radical adducts. Based on the retention
times of the HPLC-EPR, P, and P, seem to be identical
to P; and Py, respectively. Furthermore, when the peak
fraction of P, (or P.) was mixed with the control reaction

K. Kumamoto et al.

Peak height (arbitrary scale)

i

I I I I I
0 10 20 30 40 50 60

Retention time (min)

Fig. 10. An HPLC-EPR analysis of the reaction mixture
of 1-pentanol with Fenton reaction system. The reaction
and HPLC-EPR conditions were as described in MATERIALS
AND METHODS section. Total volume of the reaction mixture of
1-pentanol with Fenton reaction system was 5.0 ml.

mixture with ADP and FeCls, the peak height of P,
(or Py) increased (Fig. 11), indicating that P; (or Ps) is
an isomer of hydroxypentyl radicals.

DISCUSSION

In this study, the control reaction mixture of
bovine kidney microsomes with NADPH was analyzed
using EPR in combination with spin trapping technique
(Fig. 1). A prominent EPR spectrum (¢ =1.58 mT and
o =0.26 mT) was observed in the control reaction mix-
ture. The EPR spectrum was hardly observed for the
control reaction mixture without bovine kidney micro-
somes. The radicals could be derived from microsomal
components. For the control reaction mixture with
boiled microsomes, the EPR signals disappeared, sug-
gesting that enzymes such as cytochrome P450 partici-
pate in the reaction.

On addition of an iron ion chelator EDTA (or DTPA, or
DFO), the EPR signals disappeared (Fig. 3). On the other
hand, addition of NTA (or ADP, or ATP) resulted in the
increase of EPR peak height (Figs 3 and 4). These results
indicate that chelator—iron ion complexes seem to play an
important role in this reaction. Chelatate compounds
seem to affect the radical formation to a great extent.
Addition of Zn®* (or Cu®*) resulted in decrease of EPR
peak height (Fig. 5, Table 1). The displacement of iron
ion by Zn?* (or Cu®*) in the active chelator—iron ion com-
plexes may cause the inhibitory effects. In addition to the
above possible mechanism, Cu?* may inhibit the radical
formation by changing the redox state of the reaction.
In the case of Ca®* and Mg?", no effect was observed
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Fig. 11. Identification of P; and Ps. The reaction and HPLC-
EPR conditions were as described in MATERIALS AND METHODS sec-
tion. (A) An HPLC-EPR analysis of the control reaction mixture
with 0.17mM FeClz and 10mM ADP (3.85ml). (B) An HPLC-
EPR analysis of P, in reaction mixture of 1-pentanol with
Fenton reaction system (160ul). (C) P, (55ul) was added to
the control reaction mixture with 0.17mM FeCl; and 10 mM
ADP (3.85ml). An HPLC-EPR analysis of the mixture was per-
formed. (D) An HPLC-EPR analysis of P, in reaction mixture of
1-pentanol with Fenton reaction system (0.25ml). (E) P, (46 pl)
was added to the control reaction mixture with 0.17mM FeCls
and 10mM ADP (3.85ml). An HPLC-EPR analysis of the mix-
ture was performed.

for the radical formation. The competitions between Ca*
(or Mg®") and iron ions may not occur in this reaction.
On addition of FeSO4(NH,)>SO, (or FeCls), the EPR peak
height hardly changed. Chelate compounds may not be
enough for FeSO4(NH,)2SO, (or FeCly).

Addition of Mb to the control reaction mixture resulted
in increase of EPR peak height, suggesting that Mb
catalyzes the radical formation at a step during the con-
trol reaction (Fig. 1B). Indeed, Mb enhanced the radical
formation in the complete reaction mixture of 13-HPODE
with Mb (Fig. 6). These results indicate that Mb acceler-
ates the radical-formation step from hydroperoxides
(LOOH) in the control reaction (Scheme 1). Since iron
ions also enhanced the radical formation in the complete
reaction mixture of 13-HPODE with Fe3*, iron ions seem
to catalyze the radical-formation step from hydroperox-
ides (Scheme 1). Addition of EDTA completely inhibited
the radical formation in the control reaction mixture
(Fig. 3B), but did not inhibited the one in the complete
reaction mixture of 13-HPODE with Mb (or FeCls)
(Fig. 6C). These results suggest that EDTA inhibits
the LOOH-generation step in the control reaction
(Scheme 1). On the other hand, Mb seems to catalyze
the radical-formation step from the LOOH, but not
the LOOH-generation step in the control reaction
(Scheme 1), because EDTA did not interact with iron
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Microsomes/NADPH/Fe3*/Mb Reaction System
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Scheme 1. Iron ions catalyze two steps from microsomal
lipid to hydroperoxides and from hydroperoxides to radi-
cals, and Mb catalyzes the step from hydroperoxides to
radicals.

ion in Mb. EDTA may inhibit the LOOH-generation
step by forming EDTA-Fe complex.

HPLC-EPR and HPLC-EPR-MS analyses showed
that 4-POBN/hydroxypentyl radical and 4-POBN/pentyl
radical adducts form in the control reaction mixture
with ADP and Fe3". A possible reaction path for the
formation of the radicals (hydroxypentyl and pentyl
radicals) are shown as follows (Scheme 2). Reaction of
NADPH/microsomes with unsaturated fatty acids LH
such as linoleic acid and arachidonic acid results in
allyl radical L (Scheme 2). Peroxyl radical LOO* possibly
forms through the reaction of the allyl radical L° with
molecular oxygen Os (Scheme 2). The peroxyl radicals
LOO® turn to hydroperoxides LOOH by removing
H* from surrounding molecules (Scheme 2). Mb
[Mb-Fe(III)] catalyzed homolytic scission of the hydroper-
oxide LOOH (Fig. 6). Rota et al. reported that cytochrome
P450 also catalyzes homolytic scission of hydroperoxides
LOOH (17). This reaction yields radical intermediates
LO® (18) (Scheme 2). B-Scission of the LO° possibly
results in the generation of pentyl radical. Thus, oxida-
tion of w6 series of unsaturated fatty acids could form the
pentyl radical (Scheme 2).

Reaction of the pentyl radical with molecular oxygen
Oy may form 1-hydroperoxypentane through the path
described in Scheme 2. 1-Pentoxyl radical forms via a
reaction of 1-hydroperoxypentane with hemoproteins
such as [Mb-Fe(IIl)] and cytochrome P450 (or ferrous
ions). 1-Methyl-4-hydroxybutyl radical may form from
the 1-pentoxyl radical by 1,5-hydrogen shifts via six-
membered ring transition state. Intraradical six-
membered activated complex has been demonstrated on
frequent isomerization of alkoxyl radicals (19, 20).
Indeed, isomerization of the 2-pentoxyl radical by
1,5-hydrogen shifts via a low-strain six-membered ring
transition state has the activation energy 40 kdJ/mol and
a relatively high frequency factor of the order 10''sec™*
(21). Two HPLC-EPR peaks (P; and P3) were observed
(Fig. 7). Because two asymmetric carbon atoms (*) exist
in the 4-POBN/1-methyl-4-hydroxybutyl radical adducts
(Fig. 12), P; and P, appear to be the two diastereoi-
somers of the 4-POBN/1-methyl-4-hydroxybutyl radical
adducts.

Five prominent peaks (P,, Py, P., P4 and P.) were
observed for the reaction mixture of 1-pentanol with
Fenton reaction system. Based on mass spectra data,

2T0Z ‘8z Joquieides uo A1seAlun pezy olues| e /Hio'sfeulnolpio)xosqly/:dny woly pspeojumoq


http://jb.oxfordjournals.org/

578

CH3(CH2)4CH=CH-CH2-CH=CH-CH2-
@6 Series of unsaturated fatty acid

U

lNADPH/microsomes

CH3(CH2)4CH=CH-(.:H-CH=CH-CH2-

CHy(CH;)4CH-CH=CH-CH=CH-CH,-

k02+H.

CH3(CH2)4?H-CH=CH-CH=CH-CH2-
OOH

Vo0

l( Myoglobin-Fe(lll)
Myoglobin-Fe(IV)=0 + H*

U

CH3(0H2)4$H'CH=CH'CH=CH'CHz'

o
°
CHg-CHy-CHp-CHy-CH,  + %H-CH:CH-CH:CH-CHZ-Q
o

Pentyl radical

r02+Ho

CH3-CH2-CH2-CH2-(I:H2
OOH
1-Hydroperoxypentane
Myoglobin-Fe(lll)
KMyoglobin-Fe(lV):O +H*
CH3-CH2-CH2-CH2-(I>H2

Qe
1-Pentoxyl radical

CH3-9H-CH2-CH2-(I':H2
OH
1-Methyl-4-hydroxybutyl radical
Scheme 2. A possible path for the formation of pentyl and
1-methyl-4-hydroxybutyl radicals from -6 series of unsa-

turated fatty acid in kidney microsomes/NADPH/Fe3*/Mb
reaction system.
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Fig. 12. Chemical structure of 4-POBN/1-methyl-4-
hydroxybutyl radical adduct. Asymmetric carbon atoms are
indicated by asterisk marks.
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H
CH3-CH,-CH,-CH,-CH,
lOOH (Fenton reaction)
?H
CH3-CH2-CH2-CH2-(.3H
1-Hydroxypentyl radical
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Scheme 3. A possible path for the formation of 1-hydroxy-
pentyl, 5-hydroxypentyl and 1-methyl-4-hydroxybutyl
radicals in the reaction of 1-pentanol with Fenton reac-
tion system.

all of the five peaks appear to be isomers of 4-POBN/
hydroxypentyl radical adducts. HPLC-EPR analyses
showed that P, and P, are identical with P; and P,
respectively. The results also indicated that P; and
P, are two diastereoisomers of 4-POBN/1-methyl-4-
hydroxybutyl radical adducts. Radical rearrangements of
carbon-centered radicals were discussed for 1,4-hydrogen
shifts, 1,5-hydrogen shifts and 1,6-hydrogen shifts,
respectively (22, 23). 1,5-Hydrogen shifts preferentially
occur. 1,6-Hydrogen shifts and longer shifts have also
been found. The possibility of 1,3-hydrogen shifts has
been much investigated, but it is not certain if any actu-
ally occur. 1,4-Hydrogen shifts are definitely known, but
are still not very common. 1-Hydroxypentyl radical pos-
sibly forms in the reaction mixture of 1-pentanol with
Fenton reaction system because elimination of o proton
in pentanol readily occurs (24, 25). The 1-hydroxypentyl
radical is convertible into 5-hydroxypentyl radical
through 1,5-hydrogen shifts. 1-Methyl-4-hydroxybutyl
radical also possibly forms from 1-hydroxypentyl radical
through 1,4-hydrogen shifts. Thus, the five peaks (P,, Py,
P., P4 and P.) on the HPLC-EPR elution profile of the
reaction mixture of 1-pentanol with Fenton reaction
system are tentatively assigned as follows: P, and P,
two diastereoisomers of 4-POBN/1-methyl-4-hydroxy-
butyl radical adducts; P},, 4-POBN/5-hydroxypentyl radi-
cal adduct; P4 and P, two diastereoisomers of 4-POBN/
1-hydroxypentyl radical adduct.

We focused on the effects of Mb on the radical gener-
ation in mixed-function oxidases of the endoplasmic
reticulum in this article. Mb stimulated the radical for-
mation form lipid peroxides (Fig. 6). On the other hand,
iron ions participate in both steps, the LOOH-generation
step and radical-formation step from the LOOH in the
control reaction. Iron ions rather than Mb seem to play a
significant role in the formation of the free radicals.
However, since iron ions may be supplied from Mb (26),
Mb could be relevant to acute renal failure in rhabdo-
myolysis in vivo.
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