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THE EFFECT OF CHLORPYRIFOS UPON ATPase ACTIVITY
OF SARCOPLASMIC RETICULUM AND BIOMECHANICS
OF SKELETAL MUSCLE CONTRACTION
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We investigated the effect of chlorpyrifos, an organophosphate insecticide, on Ca*,Mg**-ATPase
activity of sarcoplasmic reticulum and on contraction dynamics (force and length changes) of Rana temporaria
m. tibialis anterior muscle fiber bundles. All of the used concentrations of chlorpyrifos (10 to 10° M) caused
decrease of Ca**,Mg**-ATPase activity. The inhibition of Ca®* ,Mg*-ATPase activity by chlorpyriphos in
concentrations of 10°% M to 7.5-10° M is due to permeation of sarcoplasmic reticulum rather than due to
direct enzyme inhibition by organophosphate insecticides. The inhibitory properties of the compound were
higher at increased concentration and exposure timeframes. Chlorpyrifos in concentration range of 10
to 7.5:10° M causes changes in muscle fiber response force that were more pronounced than changes in
contractile length. We demonstrated inhibition of Ca**,Mg**-ATPase activity caused by noncholinergic
effects of chlorpyriphos. It is possible to conclude that influence of organophosphate insecticides happens

not only in the neuromuscular transmission but also on the level of subcellular structures.
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C hlorpyriphos (O,0-diethyl O-3,5,6-trichloro-
pyridin-2-yl phosphorothioate) is an organo-
phosphate insecticide (OPI) widely used in
household, agricultural and industrial applications
in over 100 countries in the last 40 years. OPI may
enter organism via dermal, oral or respiratory path-
ways and cause poisoning affecting neuromuscular
signal exchange resulting in skeletal muscle patholo-
gies [1-4].

There is as yet no universally accepted theory
of mechanism of pathological changes that cause
damage to muscle functioning under effects of OPI
and other anthropogenic factors [5-8]. The toxicity
of organophosphate insecticides is explained by irre-
versible inhibition of acetylcholine esterase leading
to acetylcholine accumulation and excessive activa-
tion of cholinergic receptors [9, 10].

Generally, the research of OPI's effects on mus-
cle contraction is centered on endpoint change in
muscle strength, and the dynamic developments in
these processes remain unstudied. The equilibrium
stable state of muscle contraction under effect of
external substances may vary within wide margins
due to differences in concentrations and timeframes
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[7, 11, 12], which makes it difficult to give adequate
interpretations to the results. Thus, we paid special
attention to periods it takes muscle to reach equilib-
rium stable state of contraction under effect of the
investigated chlorpyriphos compound.

The kinetics and dynamics of OPI poisoning is
known to depend not only on different dosage, but
also on elimination half-life of OPI [8, 9, 11, 12, 16].
The calculations of effects' duration upon organism
or a particular organ are complicated due to varia-
tions in elimination time.

Studies of properties of particular muscles in
living organism are difficult to perform, as measu-
rements of mechanical kinetic muscle properties are
tied to their changes due to efferent and humoral
regulatory effects and fatigue [15]. The contractile
processes in poikilotherms are known to be slower
than in homoiotherms, which make a number of re-
search objectives required for the correct registration
of dynamic parameters of muscle contraction easier
to achieve. Therefore, we chose muscle fiber bundles
from m. tibialis anterior of Rana temporaria as ex-
perimental subjects.
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The aim of this study was to establish the con-
centrational variations of chlorpyriphos' effects on
ATPase activity of sarcoplasmic reticulum (SR)
and biomechanical contractile properties of skeletal
muscle (SM), and to analyze the progression of these
changes over time depending on concentrations of
the compound.

Materials and Methods

The contractile force of SM fiber bundles of
m. tibialis anterior muscle fibers from a hind leg of
Rana temporaria frog was determined with a ten-
someter device [11, 12].

Ca?",Mg?-ATPase activity of SR was deter-
mined by Fiske and Subbarow method [13]. Protein
concentration was determined by Bradford assay
[24].

The experiments were done in accordance with
guidelines for keeping and work with laboratory ani-
mals laid down in the ‘European convention for the
protection of vertebrate animals used for experimen-
tal and other scientific purposes’ (Strasbourg, 1986).

The statistical analysis of data was done with
variation statistics methods in Origin 7.0 software,
using Student’s t-test. The differences between test
and control samples were considered significant at
P <0.05.

Results and Discussion

The experimental data obtained demonstrates
inhibition of Ca?",Mg?*-ATPase activity of SR un-
der effect of chlorpyriphos in concentrations 10 to
10° M (Table 1). Decreased Ca?*,Mg*"-ATPase ac-
tivity may result from permeation of SR membrane
due to intensive lipid peroxidation [17]. It may be
explained by the capacity of these substances to en-
ter cell through the plasma membrane and disrupt
intracellular processes. According to our results, the
possible molecular mechanisms underlying chlorpy-
riphos toxicity include inhibition of SR Ca?*,Mg*'-

ATPase activity and unbalancing of intracellular
Ca* homeostasis.

Changes in activity of ATPases under influ-
ence of OPI may be an important factor in cellular
dysfunctions due to disruptions in transmembrane
cation exchange [17, 19]. The authors [19] demon-
strated inhibition of Ca?*,Mg?*-ATPase and Na,K-
ATPase activity of sarcolemma and of protein kinase
A (CAMP-dependent protein kinase) under effect of
OPI as potential biological mechanism inhibiting
neuromuscular impulse exchange. It has been also
demonstrated that decreased Ca?*,Mg?"-ATPase ac-
tivity may result from damaged SR membrane and
not from direct OPI effect on the enzyme [20].

It is therefore sensible to assume that one of
the factors of complex OPI effect on skeletal muscle
function is the inhibition of SR Ca*,Mg?*-ATPase
activity, which results in decreased contractility of
the muscle, as described in [21]. One of the impor-
tant changes happening in muscle fibers in fatigue
is increased Ca?* concentration caused due to de-
creased uptake of this ion by SR [22].

Our results demonstrate that chlorpyriphos
causes significant changes to contractile parameters
of muscle fibers in concentrations of 10 to 10° M
(Fig. 1). The compound had no significant effect on
contractile properties of muscle fibers in concentra-
tions below 10 M. Chlorpyriphos introduced into
incubation medium in concentrations above 10° M
caused total arrest of muscle fiber contractions with-
in 12 min of the experiment; consequently, we con-
sidered investigation of its effect in such concentra-
tions impractical.

Chlorpyriphos introduction into incubation
medium in concentration of 10-° M caused uniform
decrease in contractile parameters of SM for the en-
tire duration of stimulus. The maximum inhibition
of muscle productivity was observed starting from
21% min of the experiment and was 82.8 + 1.9% of
control (Fig. 1, 4). Changes in muscle length were

Table 1. The effect of chlorpyrifos solutions on Ca**,Mg**-ATPase activity of SR from m. tibialis anterior

muscle fibers of Rana temporaria (M =m, n = 10)

Enzyme Chlorpyriphos concentration, M
Control 10° 2.5:10° 7510 5.10¢ 10
Ca%,Mg?*-ATPase
activity, nM of Px
xminxmg of protein | 246.8 £ 1.5 | 234.6 + 1.2* | 211.3 +2.5* | 203.3 +1.9* | 1935+ 2.1* | 186.5 + 2.1*
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Fig. 1. The effect of chlorpyriphos in concentrations of 10°° M (4) and 2.5-10°° M (B) upon dynamic contraction
properties of m. tibialis anterior as function of exposure time (M +=m, n = 10). F, _denotes maximum power
output; F, denotes changes in SM fiber strength at level corresponding to equilibrium stable state

less pronounced and constituted 89.0 + 1.7% of con-
trol.

Chlorpyriphos in concentration of 2.5:10° re-
sulted in significantly more pronounced inhibition
of SM contraction activity (Fig. 1, B). The maximum
strength decrease is denoted as F__ (Fig. 1, B) and
constituted 39.0 + 1.8% on the increase stage after
30 min incubation with chlorpyriphos, and denoted
as F_ in equilibrium stable state, in which the de-
crease was 29.1 £ 2.1% from control values.

Length changes under effect of chlorpyriphos
(2.5-10-* M) were less pronounced than changes
in power output. The maximum inhibition was
44.3 + 1.3% of control values beginning on 39" min
of the experiment. It must be noted that the length of
muscle changed uniformly for the entire duration of
the stimulus.
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There were no marked changes in dynamic pa-
rameters for chlorpyriphos concentration of 5:10 M
in comparison to the effects of the compound in con-
centration of 2.5-10-¢ M. Nevertheless, we observed
noticeable fluctuations in strength of response to
stimulus. The muscle fibers were unable to main-
tain a uniform strength of response after 30" min of
the experiment. The maximum inhibition of power
output was 38.9 + 1.8% and was detected on the
45" min of the experiment (Fig. 2, 4). The maximum
decrease in contraction length was found on 54" min
of incubation, and constituted 40.3 + 2.1% from that
of control.

The effect of chlorpyriphos in concentration
of 7.5:10°® caused maximum inhibition of SM fibers
power output after 30" min of exposure (Fig 2, B).
The contraction strength was at 20.0 £ 2.3% of that
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Fig. 2. The effect of chlorpyriphos in concentrations of 5-10° M (4), 7.5-10°° (B), and 10 M (C) upon dynamic
contraction properties of m. tibialis anterior as function of exposure time (M +m, n = 10)

of control. The inhibitive effect of chlorpyriphos on
muscle power output was observed immediately af-
ter addition of the compound to incubation buffer.

The power output level decreased by 20% in com-
parison to control within three min of the beginning
of exposure, and the corresponding decrease in con-
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traction length was detected beginning on 6 min
the maximum decrease in contraction length was
31.0 = 2.2% from the control values. The decrease in
contraction length reached stable level on 42" min
of the exposure to chlorpyriphos. Therefore, this dy-
namic parameter is less sensitive to inhibitive effects
of chlorpyriphos in concentration of 7.5-10° M than
contraction strength.

Chlorpyriphos in concentrations of 10° M
caused nearly total inhibition of muscle contrac-
tile activity. The maximum decrease in contrac-
tion strength was observed after 63 min of chlor-
pyriphos exposure and was 8.1 + 3.1% from that of
control (Fig. 2, C).

There was no detectable change in muscle
length during contractions under chlorpyriphos ex-
posure after 75" min of the experiment.

Therefore, these results demonstrate concentra-
tion-dependent effect of chlorpyriphos upon muscle
contraction dynamics. It should be noted that mus-
cle power output changed more noticeably under ex-
posure to chlorpyriphos in concentrations of 10 to
7.5:10°° than muscle contraction length (Fig. 3).

The contractile length of muscle under chlor-
pyriphos exposure in concentration of 10° M was
undetectable, and the muscle power output was no
higher than 10% of that of control. On the other
hand, the differences between contraction strength
inhibition and changes in contraction length were
not significant only in under effects of chlorpyriphos
in concentration of 5:10° M (Fig. 3).

We interpret the experimental data as demon-
strating the marked inhibition in dynamic parame-
ters of SM fibers contraction due to noncholiner-
gic effects of chlorpyriphos. Muscle's inability to
maintain stable contraction strength under tetanic
contraction indicates not only the variability in ef-
fects of different chlorpyriphos concentrations upon
contractile activity, but also differences in molecu-
lar mechanisms of generation of response strength
and in propagation of dynamic muscle movements
[6, 22-25]. The observed decrease in dynamic pa-
rameters of contraction results probably from direct
influence of chlorpyriphos on myofilaments unmedi-
ated by acetylcholine esterase. These results allow
us to propose a mechanism of decrease in muscle
contractile function under OPI exposure that is in-
dependent of their cholinergic effect. This is in ac-
cordance with results [26], which show that under
low doses of OPI changes in SM are observable de-
spite nearly no detectable decrease in acetylcholine
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1 — control, 2 to 6 — chlorpyriphos concentrations
105, 2.5:10¢; 510, 7.5-10°%; 10° M, correspondin-
gly (M £ m, n = 10); * denotes changes significant
with P < 0.05 in comparison to control

esterase activity. The demonstrated inhibition of SR
Ca?",Mg?"-ATPase activity and dynamic contraction
properties of m. tibialis anterior from Rana tempo-
raria due to noncholinergic effects of chlorpyriphos
indicates that disruptions in SM function under OPI
exposure happens not just in the neurotransmission,
but on cellular and subcellular levels as well.
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Bupuanu BILIWB ¢docdopopranigHOro
IHCEKTHIIAY — XJopmipupocy — Ha aKTHBHICTH
Ca?",Mg®*-ATPa3u capkoria3MaTHYHOTO PETHKY-
ayma (CP) i Ha 6GioMexaHiKy CKOPOUEHHS CKEJIETHUX
M’s13iB (m. tibialis anterior) »xabu Rana temporaria.
Iokaszano, mo axktusHicTe Ca?,Mg?*-ATPasu CP
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NpUrHiYyBajlach XxJjopmipudocom y nianazoHi
koHueHTpanid Bix 10° go 10° M. AxTuBHiCTH
Ca? ,Mg?*-ATPa3u 3HWKyBajiach y iama3oHi Bij
10 no 7,5-10° M HaitiMOBipHilIe BHACIIIOK MO-
pywmenHs uimicaocti memoOpanu CP. Iloka3zaHo,
o iHriOITOpHI BIACTHBOCTI XJIOpHipUQOCy I10-
CUJIIOBAJIUCS SIK 3a IIiJIBUINEHHS KOHICHTpAIIii,
Tak 1 y pasi 30UIbLICHHS TpHBaJOCTiI Horo mii. Y
koHIeHTpamisx Big 10 mo 7,5-10°° M xnopmipudoc
3MIHIOBaB CHJIOBY BIJAIMOBI/Ib M’SI30BUX BOJIOKOH
BUpaKEHIIIe MOPIBHSIHO 31 3MiHOIO JIOBKHHHU CKO-
poucHHsi. BcranoBneno mnpuraidenus Ca?,Mg®*-
ATPa3u CP BHaciiioK HEXONIHEPriYHHX E(EKTiB
nii xsopmipudocy.

KnmouoBi cumoBa: xnoproipudoc, ATPa3-
HAa aKTHBHICTH CapKOMJIA3MAaTHYHOTO PETHKYIyMa,
M’S30B€ CKOPOYCHHSI.

BJIUSAHUE XJIOPITUPUPOCA

HA AKTUBHOCTDB ATPa3b1
CAPKOIIJIABMATHYECKOI'O
PETUKYJIYMA U BUOMEXAHUKY
COKPAINEHUSA CKEJETHBIX MbIHIIL]
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HccnenoBanu  Biusaue  Qochopoprannye-
CKOTO MHCEKTHIIHIA — XJIoprnupudoca — Ha aKTHB-
HocTh Ca?',M@?*-ATPas3bl capKoIia3MaTHYeCcKOro
petukynyma (CP) 1 Ha OMOMEXaHUKY COKpAIICHUS
CKeJIeTHBIX MbIi (m. tibialis anterior) sxa0bl Rana
temporaria. TlokazaHo, 4to aktuBHOCTH Ca®',Mg?*-
ATPa3er CP yraeranach XJIOpIUpUPpOCOM B jJHara-
30He KoHIeHTpanuii ot 10 10 10° M. AKTHBHOCTB
Ca?",Mg?-ATPa3bl CHMKalach B JHAIa3oHe KOH-
nentpanuii ot 10 g0 7,5:10°° M BeposiTHee Bcero
B pe3yJbTare HapylIeHHs IEJOCTHOCTH MeMmOpa-
Hbl CP. Tloka3aHo, 4TO MHTUOMTOPHBIC CBOMCTBA
xopnuproca YCHIUBATINCH KaK TPU MMOBBIIICHIH
KOHIIEHTPAIWH, TaK ¥ TP YBEIHUYCHHH ITPOIOJI-
JKUTEJIbHOCTH €ro JIelcTBUs. B KOHUEHTpanusax ot
106 10 7,5:10° M xmopnupudoc U3MEHsIET CHUIIOBOM
OTBET MBIIIEYHBIX BOJIOKOH OOJiee BBIPAXKEHO TIO
CPaBHEHHWIO C W3MEHEHHWEM JUIHHBI COKPAIICHHUS.
Veranosiieno yruerenune Ca?,Mg#-ATPasbl cap-

KOIUIa3MaTHUECKOr0 PETUKYIIyMa B Pe3yJIbTaTe He-
XOJIMHEPTUYECKUX dPPEKTOB BO3ACHCTBHUS XJIOPIH-

pudoca.
KnwoueBnbie cnoma:  xyopnupudoc,

ATPa3Hasi akTHBHOCTb CapKOIJIa3MaTUYECKOTO pe-
THUKYJIyMa, MBIIIIEYHOE COKpAIICHUE.
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