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ABSTRACT. Acute exposure to acetylcholinesterase (AChE) inhibitors such as organophosphates and car-
bamates induces functional changes at the neuromuscular junctions, leading to fasciculations that ultimately
cause muscle fiber necrosis. There is recent evidence that oxygen free radical formation may be a factor in the
toxicity of these insecticides. One of the targets of free radical-induced injury is lipid peroxidation. The role of
lipid peroxidation in diisopropylphosphoroflucridate (DFP)-induced muscle necrosis was investigated by quan-
tifying two products resulting from the oxidation of lipids in muscle tissue—the thiobarbituric acid—
malondialdehyde complex (TBA-MDA) and F,-isoprostanes, the latter being a novel and extremely accurate
marker of lipid peroxidation in vivo. When compared with control animals, significant increases in MDA of 96%
and in F,-isoprostanes of 56% were found in the diaphragms of rats treated with 2.0 mg/kg DFP after 60 min (P
< 0.01). In rats pretreated with the neuromuscular blocking agent d-tubocurarine or the lazaroid U-78517F, an
antioxidant, no DFP-induced increases in either MDA or F,-isoprostanes were observed. It is suggested that the
ACHhE inhibitor-induced cholinergic hyperactivity initiates the accumulation of free radicals leading to lipid
peroxidation, which may be the initiator of the AChE inhibitor-induced cell injury. BIOCHEM PHARMA-
CoL 52;2:357-361, 1996.
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AChE$§ (EC 3.1.1.7) at the neuromuscular junction is es-
sential for the removal of ACh from the synaptic cleft.
Acute inhibition of AChE by potent inhibitors such as
organophosphates and carbamates, used widely as insecti-
cides, profoundly modifies neuromuscular transmission by
initiating muscle hyperactivity, and ultimately causes
muscle fiber necrosis [1-6]. Attenuation of muscle hyper-
activity prevents AChE inhibitor-induced muscle injury,
and thus it has been suggested that muscle hyperactivity is
responsible for most of the AChE inhibition-related myo-
pathic alterations [7-9]. Little is known, however, about
the basic mechanisms of muscle hyperactivity-related cell
injury.

Muscle hyperactivity, which leads to intraceilular ATP
depletion [10, 11], enhances the generation of reactive oxy-
gen free radicals, and these free radicals may play an im-
portant role as mediators of skeletal muscle damage and
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inflammation [11]. The attack of oxygen-centered free radi-
cals on lipids in the cell membrane, referred to as lipid
peroxidation, produces reactive peroxyradicals that initiate
a free radical chain reaction causing further cell damage.
Oxygen free radical formation and subsequent lipid peroxi-
dation may be among the initial mechanisms causing
ACKhE inhibitor-induced cell damage.

Recent evidence from our preliminary experiments indi-
cates that DFP, an organophosphorus inhibitor of AChE,
causes enhanced lipid peroxidation in skeletal muscle, co-
inciding with the appearance of fasciculations and electro-
microscopic lesions [2, 12]. In these preliminary studies,
lipid peroxidation was quantified in muscle tissue by mea-
surement of F,-isoprostanes, which are novel prostaglandin
F,-like compounds derived from the free radical-catalyzed
peroxidation of arachidonic acid independent of the cyclo-
oxygenase enzyme. We have shown previously that mea-
surement of these compounds provides an accurate measure
of lipid peroxidation both in vitro and in vivo [13].

To assess the mechanisms by which inhibitors of AChE,
such as DFP, cause cell injury and, in particular, to deter-
mine the role of lipid peroxidation in mediating this injury,
we evaluated the temporal and concentration relationship
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between the production of F,-isoprostanes and MDA,
which is determined by the TBA-MDA method. The
TBA-MDA method is, perhaps, the most widely used to
quantify lipid peroxidation [14-17]. However, this method
may often be inaccurate especially when applied to the
quantification of lipid peroxidation in vivo. We have quan-
tified morphological changes in muscle as a means to de-
termine whetber a causal relationship exists between lipid
peroxidation and muscle necrosis. Furthermore, we wanted
to explore whether prevention of DFP-induced muscle hy-
peractivity (fasciculations) similarly prevents lipid peroxi-
dation. To this end, we used the neuromuscular blocking
agent d-tubocurarine to prevent fasciculations [7]. In addi-
tion, we used an inhibitor of lipid peroxidation, the lazaroid
U-78517F, to see whether prevention of lipid peroxidation
[18, 19] could limit muscular injury.

MATERIALS AND METHODS
Materials

DFP was purchased from the Aldrich Chemical Co. (Mil-
waukee, WI). U-78517F was a gift from John M. McCall,
the Upjohn Co. (Kalamazoo, MI). Atropine sulfate and
d-tubocurarine were purchased from the Sigma Chemical
Co. (St. Louis, MO). All other chemicals were purchased
from Fisher Scientific (Pittsburgh, PA).

Animals

Male Sprague-Dawley rats weighing 200~250 g were main-
tained on a 12 hr light/dark cycle with food and tap water
available ad lib.

Drug Administration and Tissue Preparation

The different DFP concentrations were prepared freshly 30
min before injection. Under a chemical hood, samples were
aliquoted into ice-cold normal saline (0.9% NaCl) and kept
on ice. Any remaining amount of DFP was deactivated with
2.5 N NaOH. d-Tubocurarine and atropine were prepared by
dissolving in unbuffered water. U-78517F was dissolved in
a citric acid formulation (0.02 M citric acid monohydrate,
0.0032 M sodium citrate dihydrate, 0.077 M NaCl, pH 3.0).
All drugs were prepared immediately before use. The vol-
ume of injection was 0.1 mL/100 g rat. A single dose of DFP
(1.0 to 2.0 mgfkg, s.c.) was given, and the rats were decapi-
tated 30-120 min following the DFP administration. Pro-
tective agents were given i.p. {d-tubocurarine, 70 pg/kg;
U-78517F, 7 mg/kg) 30 min prior to the DFP injection,
immediately after the DFP injection, and 30 min following
the DFP injection. To prevent signs of muscarinic toxicity,
rats were also pretreated with atropine sulfate (2.0 mg/kg,
i.p.) when d-tubocurarine was used.

Diaphragm muscles were used for F,-isoprostane and
TBA-MDA assays. They were removed after the decapita-
tion and frozen immediately in liquid nitrogen.
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F,-Isoprostane Assay

F,-Isoprostanes in muscle tissue were quantified by gas
chromatography/negative-ion chemical ionization mass
spectrum based on a previously described method [13].
Briefly, F,-isoprostane compounds were extracted by solid
phase techniques using a C-18 cartridge, followed by a TLC
purification. Analysis by mass spectrometry was accom-
plished as free F,-isoprostanes. Heptadeuterated 9o, 11B-
prostaglandin/F, was used as the internal standard. Quan-
tification was performed by selected ion monitoring of the
ratio of the M-181 (loss of CH,C¢Fs) ions at mfz 569 for
endogenous F,-isoprostanes and at m/y 576 for the internal
standard. This method had a precision of #11% and an
accuracy of 96%.

TBA-MDA Assay

The TBA-MDA complex was determined using an HPLC
with a C,5 wBondapak column (3.9 x 300 mm, 10 pm

particle size) and a fluorescence detector at Ex 515 nm and
Em 550 nm [17].

Histochemical Analyses of Muscle Lesions

All rats were killed by decapitation 24 hr after the admin-
istration of DFP. Diaphragm muscles were removed,
mounted in gum tragacanth, and frozen in isopentane
cooled in liquid nitrogen for histological analysis. The fresh
frozen muscles were then sectioned in a cryostat at a thick-
ness of 10 wm. Whole muscle cross-sections were collected
at 250-pm increments and stained with Gomori trichrome
for identification of necrotic muscle fiber lesions. The total
number of necrotic fibers in each muscle cross-section was
counted and photographed, utilizing a light microscope.

Quantification of Muscle Activity

Electrical activity of the gastrocnemius muscle was recorded
by electromyography, as described previously {4].

Statistical Evaluation

Student’s t-test was used to establish significance at P <

0.05.

RESULTS
Animal Observation

Only rats injected with DFP (1.5 and 2.0 mg/kg, s.c.) ex-
hibited signs of DFP toxicity within 5-7 min following the
injection. These signs included: salivation, lacrimation, uri-
nation, and fine tremors. Within 10-30 min following the
injection of DFP, the rats exhibited muscle fasciculations
that lasted for about 4 hr. None of the pretreatment drugs,
when given without DFP, induced any obvious toxicity
signs or behavioral changes. Rats receiving atropine and
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d-tubocurarine followed by DFP did not exhibit the signs
described above for DFP alone.

Histochemistry

Muscles from rats having received only DFP revealed scat-
tered necrotic fibers characterized by distuption of sarco-
plasmic elements and infiltration of the fibers by macro-
phages or monocytes. The number of lesions found was
reduced significantly when animals were pretreated with
atropine and d-tubocurarine, or with U-78517F (Table 1).

Muscle Electrical Activity

Activity of untreated muscle was determined as zero activ-
ity. With DFP alone, there were high frequency discharges
(18.0/sec). None of the prophylactic treatments produced a
significant change in electrical activity before DFP. Pre-
treatment with atropine and d-tubocurarine caused a sig-
nificant decrease in DFP-induced activity (2.0/sec),
whereas the lazaroid U-78517F had no effect on the DFP
discharge frequency.

Effect of DFP on the Formation of F,-Isoprostanes

Rats were treated with 1.0, 1.5, or 2.0 mg/kg DFP. F,-
Isoprostane levels in the diaphragm at the above DFP con-
centrations and various DFP exposure times are shown in
Fig. 1. Significant increases of F,-isoprostanes over control
were observed in the 1.5 and 2.0 mg/kg DFP-treated rats.
These rats also exhibited fasciculations. The largest in-
crease in F,-isoprostanes, that being 56%, was observed in

TABLE 1. Prevention of the DFP-induced increase in TBA-
MDA and muscle fiber necrosis in rat diaphragm by d-
tubocurarine and U-78517F

Number of
% Difference of necrotic
MDA levels fibers/1000
Treatment* from controlt muscle fibers
Control 4+2
(0.4%)
DFP 96 + 11% 479 = 45%
(47.9%)
d-Tubocurarine/DFP -30+5 73 £ 19§
(7.3%)
U-78517F/DFP -41+6 70 + 31§
(7.0%)

Values are means + SEM of seven muscles.

* Trearment: DFP, 2.0 mg/kg; d-tubocurarine, 0.070 mg/kg; and U-78517F, 7.0
mg/kg. Atropine sulfate (2.0 mg/kg) was also given to the d-tubocurarine-pretreated
rats. All drugs were given i.p. with the exception of DFP which was given s.c. Rats
were pretreated with these compounds 30 min before DFP, at the time of DFP, and
30 min later. Rats were killed 1 hr after DFP treatment for TBA-MDA assay or 24
hr after DFP for histochemistry.

T MDA in control: 49.42 ng/mg protein.

¥ Significant difference between control and DFP-only-treated rats (P < 0.01).

§ Significant difference between DFP-only-treated and pretreated rats {P < 0.01).
No significant difference existed between the pretreatment regimens.
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FIG. 1. Percent difference in F,-isoprostane formation in rat
diaphragm receiving DFP (s.c.) treatment versus control
rats. Rat groups 1, 4, and 7: 30-min exposure to DFP; groups
2, 5, and 8: 60-min exposure to DFP; groups 3, 6, and 9:
120-min exposure to DFP. Values are means + SEM (N =
6-10). F,-Isoprostanes in control: 1.666 ng/g tissue. Key: (¥)
P < 0.05; and (**) P < 0.01 between control and treated rats.

rats treated with 2.0 mg/kg DFP following a 60-min expo-
sure (P < 0.01). The F;-isoprostane level decreased when
the exposure time was longer than 60 min, but it was still
significantly higher than that of control. Lower doses of
DFP, such as 1 mg/kg, which did not induce fasiculations,
did not cause increases in the formation of F,-isoprostanes
when compared with control animals (Fig. 1).

Effect of d-Tubocurarine and the
Lazaroid U-78517F on F,-Isoprostane Formation

Pretreatment with anticholinergic agents such as atropine
and d-tubocurarine prevented the DFP-induced muscle hy-
peractivity and increases in F,-isoprostane formation. The
antioxidant U-78517F had no effect on muscle hyperactiv-

ity, but prevented the increase in F,-isoprostane formation
(Fig. 2).

Comparison of MDA Formation to
F,-Isoprostane Levels in Rat Skeletal Muscle

In addition to assessing F,-isoprostane formation, levels of
MDA in diaphragm tissue were also quantified under the
same experimental conditions. As shown in Fig. 3, increases
in MDA formation correlated with increases in F,-
isoprostane formation and were greatest (96% increase
above baseline, P < 0.001) after 60 min of treatment with
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FIG. 2. Effect of pretreatment agents on F,-isoprostanes
{percent difference from control). Rats were treated with
DFP (2.0 mg/kg, s.c., 60 min). Atropine (2.0 mg/kg, i.p.) and
d-tubocurarine (0.07 mg/kg, i.p.), or U-78517F (7.0 mg/kg,
i.p.), were given three times: 30 min before DFP, immedi-
ately after DFP, and 30 min after DFP. Values are means =
SEM (N = 6-10). F,-isoprostanes in control: 1.666 ng/g tis-
sue. Key: (¥) P < 0.01 between control and treated rats.

DFP (2 mg/kg). Pretreatment with the neuromuscular
blocking agent or the antioxidant U-78517F, which inhib-
ited increases in F,-isoprostane formation, also blocked in-
creases in MDA (Table 1).
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FIG. 3. Comparison of the productions of F,-isoprostanes
and the TBA-MDA complex following DFP (s.c.) treat-
ment. Various DFP treatments for rat groups 1-9 were the
same as those for rat groups 1-9 in Fig. 1, respectively. Val-
ues are means + SEM (N = 6-10). F,-Isoprostanes in control:
1.666 ng/g tissue; MDA in control: 49.42 ng/mg protein.
Key: (%) P <0.01; and (%) P < 0.001.
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DISCUSSION

The results of these studies suggest that lipid peroxidation is
associated with the pathogenesis of organophosphate-
induced muscle damage. By measurement of either F,-
isoprostanes or TBA-MDA, significant dose-related in-
creases in either marker of lipid peroxidation were detected
after the administration of DFP to rats. The largest increase
in either MDA or F,-isoprostanes was observed after a 60-
min treatment of animals with DFP at a dose of 2 mg/kg.
The difference between the amounts of F,-isoprostanes and
MDA produced may be due to the fact that F,-isoprostanes
are derived only from arachidonic acid, whereas MDA is
generated by other fatty acids. Thus, other fatty acids con-
taining fewer double bonds may contribute a relatively
greater fraction to the generation of MDA. In addition,
other substances such as sugars and proteins can cross-react
in the assay to yield TBA material. Thus, it appears that
F,-isoprostanes may provide a better index for lipid peroxi-
dation [20]. Pretreatment with agents, such as atropine and
d-tubocurarine, or U-78517F, prevented the DFP-induced
increase in both MDA and F,-isoprostanes. d-Tubocurarine
blocked the muscle hyperactivity by preventing fascicula-
tions, possibly through presynaptic regulation of ACh re-
lease [7, 9].

In the absence of direct nerve stimulation, AChE inhibi-
tors such as DFP cause fasciculations associated with repeti-
tive antidromic nerve action potentials. Both fasciculations
as well as antidromic firing were prevented by atropine and
d-tubocurarine in concentrations that have no effect on
twitch tension or normal transmission.

Although the presynaptic effects of d-tubocurarine are
less known than its postsynaptic actions, under appropriate
conditions (low concentrations and repetitive firing), pre-
synaptic actions of d-tubocurarine cause reduced transmit-
ter release [21].

U-78517F is an antioxidant [18,19] and prevented lipid
peroxidation but had no effect on the muscle hyperactivity.
These findings support the role of muscle hyperactivity-
induced lipid peroxidation as the initial mechanism of
muscle injury. They suggest that muscle hyperactivity is the
initiating event for lipid peroxidation. Once lipid peroxi-
dation is inhibited, the injury to the muscle is reduced
significantly [9].

During muscle hyperactivity, oxygen free radicals in mi-
tochondria are produced in the ATP regeneration process
through a univalent oxygen reduction pathway. The inten-
sive muscle hyperactivity and the related increase in energy
demand accelerate the conversion of CoQQ to semiquinones.
Semiquinones can easily reduce oxygen molecules univa-
lently, and therefore the above univalent reduction path-
way and the free radical formation are enhanced greatly
[11]. Hyperactivity-induced metabolic stress also causes an
increase in xanthine oxidase by conversion from its native
form (xanthine dehydrogenase) to the oxidized form (xan-
thine oxidase). The latter utilizes oxygen molecules as the
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electron acceptor, and thus the formation rate of superoxide
radicals (O,+7), which can be converted to other oxygen
radicals and induce lipid peroxidation, is increased [11].

No studies to date have reported a relationship between
ACHE inhibitor-induced muscle hyperactivity, lipid peroxi-
dation, and muscle lesions. From the present studies, how-
ever, it is concluded that the accumulation of oxygen free
radicals and the related increases in lipid peroxidation are
caused by the AChE inhibitor-induced muscle hyperactiv-
ity and that lipid peroxidation is a contributing initial fac-
tor in the mechanism of AChE inhibitor-induced cell in-
jury.

In summary, the results of this study demonstrated that
(1) the AChE inhibitor, DFP, causes lipid peroxidation and
muscle necrosis, (2) prevention of DFP-induced muscle hy-
peractivity by d-tubocurarine inhibits lipid peroxidation
and necrosis, and (3) prevention of lipid peroxidation by
21-aminosteroids protects the muscle during muscle hyper-
activity. Thus, our studies to date provide strong evidence
that lipid peroxidation is linked directly to DFP-induced
cellular necrosis.

This work was supported by NIH Grants DK48831, GM42046,
GM15431, and EHS4597. ].D.M. is the recipient of a career devel-

opment award from the International Life Sciences Institute.
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