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INTRODUCTION  

Pesticides are indispensable to modern day agriculture. In a report by Cai in 2008 

global pesticide use was estimated to prevent 78% loss of fruit, 54% loss of vegetable 

and 32% loss of cereal (1). Gain in yield of food was associated with an annual use of 

4.6 million tons of pesticides and sales of 300 billion dollars during the 1990s (2). 

There are currently 500 pesticides with mass applications, of which organophosphate 

pesticides are in large and widespread use across the world (2). The large use of 

pesticides coupled with inadequate regulation in their sale of pesticides, lack of training 

in their use and handling and insufficient information on pesticide containers leads to 

significant human toxicity from pesticides in agricultural based populations especially 

of Asia (3, 4). 

In 2010 it was reported that 3 million cases of pesticide poisoning with 220,000 deaths 

occurred annually worldwide (5). The majority of these poisonings were intentional. 

Gunnell et al (6) estimate 126,000 intentional deaths for pesticides occur annually. In 

Asia, poverty, strife and easy access have resulted in significant intentional self-

poisoning with pesticides. Organophosphates the most widely used pesticides are also 

the most commonly used for intentional self-harm and responsible for two thirds of 

suicide deaths (7-11) . In India agriculture being a major component of the economy 

pesticides are used widely and result in high rates of pesticide self-poisoning. Suicides 

account for 71 deaths per 100,000 of the Indian population of which 54% are due to 

hanging and 31% are due to self-poisoning. Among self-poisonings 78.3% are due to 

pesticide poisoning with organophosphates being the major pesticides used (6, 7, 10).  
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Organophosphate induced toxicity is due to the inhibition of acetylcholinesterase in the 

brain and at the neuromuscular junction. Acetylcholinesterase inhibition results in 

accumulation of acetylcholine at neuronal synapses and the neuromuscular junction 

that leads to hyper activation of post synaptic neurons and muscle. Over stimulation of 

the muscle can result in paralysis. In severe acute organophosphate pesticide poisoning, 

morbidity and mortality are associated with paralysis especially of the respiratory 

muscles (12).  This is mainly because standard treatment for the poisoning with oximes 

that reactivate acetylcholinesterase has not been effective for pesticide poisoning in the 

context of self-harm (13). Improved pharmacological treatment of the poisoning not 

dependent on acetylcholinesterase inhibition that prevents muscle weakness is essential 

but difficult to design as the pathophysiology of muscle weakness is not clear. 

Although acetylcholinesterase is the primary event of organophosphate toxicity non-

cholinergic mechanisms are also considered to contribute to pathogenesis of muscle 

weakness. Severe inhibition of acetylcholinesterase does not lead to severe muscle 

weakness in all patients and in severe poisoning nicotinic symptoms often persist in the 

absence of muscarinic symptoms (14) indicating involvement of non-cholinergic 

reactions in muscle pathology. 

Muscle contraction and relaxation utilize high energy and weakness that results from 

hyper stimulation may reflect an inadequate supply of ATP for muscle activity. This 

thesis investigates pathophysiology of organophosphate pesticide induced muscle 

weakness in relation to dysfunction of mitochondria, the site of ATP synthesis. 
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The following review of literature provides a background to organophosphate pesticide 

induced muscle weakness in relation to dysfunction of mitochondria and covers the 

following topics;  

 Organophosphate pesticides (OPP) – structure and metabolism 

 Acetylcholinesterase (AChE) – structure, activity and inhibition by 

organophosphates 

 Muscle – physiology and the effect of OPP 

 Mitochondria: bioenergetics of cellular respiration  

 Oxidative and nitrosative stress - common causes of muscle pathology  

 Organophosphate pesticide poisoning- Clinical profile  

Organophosphates  

Organophosphates (OP) are many different groups of chemicals which include 

pesticides (e.g. malathion, parathion, fenthion, monocrotophos, dichlorvos, 

chlorpyrifos, ethion), nerve gases (e.g. soman, sarin, tabun), and herbicides (e.g. 

tribufos, merphos). OP compounds were first synthesized in the early 1800s when 

Lassaigne reacted alcohol with phosphoric acid. In 1854 Philip de Clermount described 

the synthesis of tetra ethyl pyrophosphate another OP. 1862 Lange and Schrader 

showed that OPs could be used as pesticides. Gerhard Schrader was a German chemist 

who went onto synthesize many combinations of OPs for use as insecticides. There are 

now several hundred OP compounds that have been synthesized and commercialized 

worldwide in a variety of formulations but parathion prepared by Schrader is still in 

use.  



 

 

 

 

 

 

 

 

 

 

FIGURE 1.1 General structure of OPP  
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                                        X                   Halide, cyano, thio or phenol group (Ref.3) 
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World War II saw the development of the highly toxic OP nerve gases.  After the war, 

in the 1940’s and 1950’s, the synthesis of OP compounds was re-directed again 

towards the development of less toxic compounds that could be used as pesticides. OPP 

use increased rapidly in the 70’s when the application of the organochlorine pesticide, 

DDT, was prohibited (15). It was Koelle and Gilman (16) who established the mode of 

OP action and showed they inhibit acetylcholinesterase (AChE) which is essential in 

terminating the action of the neurotransmitter acetylcholine (ACh) at cholinergic 

synapses.  

The general structure of an OPP is depicted in Figure 1.1 

The term OP is restricted to esters of phosphoric, phosphonic or phosphinic acids. OPP 

contain a central phosphorus atom with a phosphoryl (P=O) or thiophosphoryl (P=S) 

group and R1 and R2 groups that are alkylthio, alkyl, alkoxy or amino groups. X is a 

halide, cyano, thio or phenol group, specific to the OPs, forming a labile bond with P 

that is susceptible to hydrolysis enabling reaction of the OPs with other compounds. R1 

and R2 groups form stable bonds with P that are not susceptible to hydrolysis (1, 17). 

Phosphoric acid esters have all three substituents linked to the phosphorus atom 

through an oxygen atom, phosphonic acid derivatives have one substituent linked 

directly to the phosphorus atom and phosphinic acid derivatives have two substituents 

linked directly to the phosphorus atom. Phosphinic acid esters generally lack anti-

AChE activity (17).  

OPP - classification 

The classification of OPPs, initiated by the World Health Organization (WHO) in 1973 

and periodically updated, is based primarily on acute oral and dermal toxicity of the 
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compounds on rats and expressed in terms of the LD50 dose (17, 18). Based on severity 

of toxicity OPPs are classified by WHO into i) highly hazardous Class Ia (e.g. methyl 

parathion, phosphamidon, phorate) and extremely hazardous Class Ib (e.g. 

Monocrotophos, Triazophos, Dichlorvos, Oxydemeton-methyl), ii) moderately 

hazardous Class II (e.g. Quinalphos, Chlorpyriphos, Dimethoate, Fenthion, 

Profenophos, Phenthoate, Ethion), iii) slightly hazardous class III (e.g. Malathion, 

Acephate) (17, 18).  

There is a linear relation between WHO hazard class based on rat toxicity and mortality 

in human OPP poisoning. In a study of 420 OPP poisoned patients who were evaluated 

for cholinergic symptoms, inhibition of blood cholinersterase and treated with atropine 

and supportive care including ventilation, significantly higher mortality rates were 

noted with class I compounds (16.7%) compared to class II (5.3%) and class III (0%) 

compounds. The need for mechanical ventilation and atropine was also significantly 

higher with class I compared to class II pesticide poisoning (19). In India OPs of all 

three WHO hazard classes are available and all of them are used as agents of self-harm 

with monocrotophos among the most commonly misused (5, 19).        

OPP – metabolism 

OPPs are mostly lipophilic and non-polar in nature and metabolism includes both 

activation and detoxification reactions. Several OPs require metabolic transformation to 

active forms before they are toxic (19, 20). Detoxification of OPs converts lipid soluble 

active OPPs to less toxic and more water soluble compounds that can be excreted.   

The process of biotransformation of OPPs is usually divided into phase I and phase II 

reactions. In phase I reactions polar groups such as hydroxyl (-OH), carboxyl  
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(-COOH), thiol (-SH) and amino (-NH2) groups are introduced into the molecule by 

oxidation, reduction and hydrolysis. Enzymes involved in phase I metabolism include 

cytochrome P450-dependent monooxygenase (CYPs), flavin containing 

monooxygenase (FMNOs) and hydrolase. Metabolites of phase I reactions can be more 

toxic than parent compounds although non-toxic metabolites are also formed. Phase II 

reactions involve conjugation of polar metabolites to glucuronides, sulfates, acetates 

and amino acids, which form hydro soluble products for ecretion in the urine. The most 

important phase II enzymes include glutathione transferases, glucuronyl transferases, 

sulfotransferases and acetyl transferases (19). 

Activation and detoxification biotransformations of OPs occur through several 

reactions and are given below. 

 Activation of organophosphate pesticides 

Biotransformation of nontoxic OPPs to active metabolites occurs through 5 major 

reactions. 

1. Oxidative desulfuration of thiophosphate groups (-P=S) to active oxons (–P=O) 

that favors neucleophilic attack of serine hydroxyl groups e.g of AChE. 

2. Oxidation of sulfide groups to sulfoxides or sulfones. 

3. Oxidation of amide groups to N-oxide or N-dealkylated compounds. 

4. Hydroxylation of alkyl groups to form cyclic phosphate esters or ketones 

5. Non-oxidative reactions also transform non-toxic to active metabolites, e.g. 

metabolic transformation of trichlorfon and naled to common active dichlorvos. 
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Detoxification of OPP 

Detoxification of OPs is initiated by cleavage of the phosphoryl (P=O) or 

thiophosphoryl bond (P=S) or alkyl or aryl ester bond to a negatively charged 

phosphorus molecule that prevents binding to serine hydroxyl groups.  Cleavage of the 

(P=O) or (P=S) bonds in aryl esters and alkyl esters is achieved by the cytochrome 

P450 system (21). 

Enzymatic hydrolysis of OPP is by A-esterases, the paraoxonases, (22). Compounds 

such as diazinon, chlorpyrifos and parathion are oxidized by cytochrome P450 to their 

corresponding oxons and subsequently hydrolyzed to specific metabolites notably 

diethyl phosphate, trichloropyridinol,  methylpyrimidol and para-nitrophenol (23). 

Paraoxon is hydrolyzed by paraoxonase (PON) into less toxic diethylphosphoric acid 

and p-nitrophenol. Studies in animals have demonstrated that PON1 decreases the 

toxicity of OPPs. Rats injected with PON1 exhibited increased resistance to 

chlorpyriphos-oxon cholinergic toxicity compared to animals not given the enzyme 

(24, 25) while  PON1 knockout mice showed increased sensitivity to chlorpyriphos-

oxon and diazoxon-mediated toxicity (26, 27). 

OPPs are detoxified rapidly and efficiently in most species especially rodents. Potent 

toxicity of OPs is a result of high affinity for serine hydroxyl groups of target proteins. 

This is exemplified by the nerve gas, soman, of which only 5% of LD50 in rats reacts 

with AChE causing acute toxicity, while the remaining 95% undergoes various 

biotransformation reactions (28). 

The toxicity of OPPs is mainly due to their binding to the active site of AChE that 

inhibits the enzyme. This necessitates a critical understanding of AChE to elucidate 



                                                   Figure1.2: AChE gene structure, transcripts and molecular forms  

 

                                              

Depending on the choice of splice acceptor site downstream of exon 4, three different regions may be placed in a coding position, in 

transcripts r, h and t which produce different molecular forms of AChE. (Adapted from Ref: 23)
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non-cholinergic mechanisms of OP toxicity that are studied in this thesis. A discussion 

of the enzyme in this context follows. 

Acetylcholinesterase (AChE) 

AChE catalyzes the hydrolysis of the neurotransmitter ACh to choline and acetic acid, 

a reaction necessary for a cholinergic neuron to return to its resting state after 

activation. AChE occurs in different molecular forms, differing in both structure and 

mode of anchor within the synapse but possessing the same active site encoded by a 

single gene.  

Butyrylcholinesterase (BuChE) (plasma cholinesterase or pseudocholinesterase) is 

another prevalent cholinesterase of unknown physiological function since lacking the 

BuChE gene does not affect mice (26, 27).  Humans with low or absent BuChE  are 

generally healthy with no manifest signs of disease (25). AChE and BuChE are similar 

and resemble each other by more than 50% but differ in their localization in the body 

and substrate specificity.  

AChE molecular forms 

In vertebrates a single gene encodes all forms of AChE while in insects the enzyme is 

coded for by 1- 4 genes depending upon the species (29). In vertebrates the AChE gene 

ranges in size from 7kb in mouse to over 40kb in the electric ray due to varying lengths 

of the intronic sequences (30, 31).  

The vertebrate AChE gene comprises of six exons (Figure 1.2). Exon 1 is non-coding, 

exons 2 to 4 code for the catalytic subunit of the enzyme of approximately 500 amino 

acids which is invariant in all forms of AChE. The polymorphisms of cholinesterases 

which differ in their C-terminal regions arise from alternative splicing at the 3’ end of 
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the gene (32-34). Splicing of exons 2-4 to exon 5 codes for h peptides, exons 2-4 

spliced to exon 6 codes for t peptides and exons 2-4 spliced to exons 5 and 6 give rise 

to the readthrough r peptide (29, 33-35). The C-terminal peptides are of less than 50 

residues. These monomeric peptides which are synthesized in the cell are soluble and 

globular, referred to as G proteins. In Elapid snakes, an additional splice site, 

downstream of exon 6 generates a ‘soluble’ (S) transcript (36).  

h peptides that contain one or two cysteines in the C-terminal region dimerize through 

disulfide and hydrophobic interactions and attach to GPI tails that anchor them to cell 

membranes. These GPI anchored dimeric (G2) AChE molecules are referred to as H 

(hydrophobic) forms of AChE (Figure 1.2). GPI anchored H-AChE forms are found in 

mammals on neuronal membranes in the brain and on RBC and platelet membranes. 

They also exist in insects (37), in nematodes, in the protochordate amphioxus (38). The 

Torpedo H form of AChE which exists in the brain and in electric organs and uniquely 

in dorsal muscles has been extensively studied to understand AChE biology (34). 

t peptides of AChE exist in all vertebrate species and unlike r and h peptides, appear to 

be evolutionarily related, both in invertebrates and vertebrates. They contain a cysteine 

near their C-terminus and seven conserved, evenly spaced tryptophan (W) residues that 

form an amphiphilic tetramerization (WAT) domain. T peptides form dimers and 

tetramers through disulfide bonds and hydrophobic bonds which associate with either 

collagen Co1Q tails (39-41) or transmembrane proline rich anchoring proteins 

(PRiMA) (42, 43) by interactions between four WAT domains on the t-peptides and 

proline rich attachment domains (PRAD) on Co1Q or PRiMA. Collagen tails attach to 

different tetramers of T AChE (A4, A8, A12) (Figure 1.2). In mammals Co1Q tail-



 

 

 

Figure 1.3: Active site of AChE 

 

 

 

                                     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

The active site of AChE consists of the peripheral anionic site (PAS), catalytic anionic site 

(CAS) and catalytic triad (CT). The positively charged quaternary ammonium ion of ACh is 

attracted to PAS and CAS and holds ACh in the optimal position for hydrolysis. The 

catalytic triad is responsible for hydrolysis of ACh into acetate and choline.  

 

(From:    

http://www.proteopedia.org/wiki/index.php/Acetylcholinesterase:_Substrate_Traffic_and_In

hibition )

(Tyr 70, Tyr121, Trp279) 

(Trp83, Phe330) 

(Ser203, Glu344, His447) 

http://www.proteopedia.org/wiki/index.php/Acetylcholinesterase:_Substrate_Traffic_and_Inhibition
http://www.proteopedia.org/wiki/index.php/Acetylcholinesterase:_Substrate_Traffic_and_Inhibition
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tailed A12 T-AChE is anchored in the extracellular matrix at the neuromuscular 

junction (NMJ) (41, 44). In humans and rats Co1Q gene has two transcripts, Co1Q-1 

and Co1Q-1a, expressed in slow and fast-twitch muscle respectively (45, 46). 

Membrane-bound (PRiMA) AChE tetramers represent the major enzyme species in the 

brain (47). 

Readthrough (r) peptides have been characterized in Torpedo (31) and in mammals 

(48) and are usually very minor. They are reported to be increased under anti-

cholinesterase poisoning, acute stress in mice (49, 50) and heat shock in cultured cells 

(51). AChE-R is reported to play an important role in the immune system, by 

controlling auto-immune responses, e.g in osteogenesis and in myasthenia gravis (52). 

Active site of AChE  

All molecular forms of AChE possess the same catalytic domain involved in the 

hydrolysis of ACh to acetate and choline. In 1966 Leuzinger and Baker established the 

first crystal form of AChE from the electric organ of Electrophorus electricus. The first 

crystal structure of AChE was established from Torpedo californica in 1991 by 

Sussman et al (53) who showed that the active site of the enzyme was situated at the 

bottom of a deep (20A) and narrow gorge lined by a large number of aromatic amino 

acids ((54). The gorge possesses a catalytic anionic site and a peripheral anionic site 

(Figure 1.3).  The active site comprises of a triad of amino acids, serine 203, histidine 

447 and glutamate 344, that are essential for the hydrolysis of ACh.  The peripheral 

anionic site at the entrance to the gorge, characterized by tyrosine 70, tyrosine 121 and 

tryptophan 279 is wide enough to permit the entry of ACh. The aromatic amino acids 

that line the gorge interact with ACh through its quaternary ammonium ion and direct it 
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to the catalytic triad of amino acids. ACh positions at the active site of AChE through 

electrostatic interactions that occur between positively charged quaternary nitrogen of 

choline and the anionic sites of the enzyme. This permits the carbonyl ester group of 

ACh to interact with the hydroxyl group of serine 203 at the catalytic site which 

destabilizes the molecule and leads to hydrolysis of ACh. This results in release of 

acetate and choline from both the catalytic amino acid triad and from the gorge 

enabling entry of another molecule of ACh into the gorge for catalytic hydrolysis. The 

molecular structure of the active site of AChE enables a catalytic hydrolysis rate of 

250000 ACh molecules / second, one of the fastest enzymatic reactions in the body and 

crucial for regulation of neuronal firing.  

OP compounds also bind to the active site of AChE, most of them with higher affinity 

than ACh. The partial positive charge on the phosphorus atom in OPs leads to 

nucleophilic attack on the serine 203 hydroxyl group at the active site of AChE and 

formation of a strong bond between the OP and enzyme. This bond is much stronger 

than the bond between carbonyl carbon of ACh and the enzyme. Therefore although 

hydrolysis of the carbonyl carbon – enzyme complex is fast, being complete in 

microseconds, hydrolysis of the phosphorus-enzyme bond may take from a few hours 

to several days, based on the nature of the alkoxy group of the OPP (55). Over time due 

to the dealkylation of one of the alkoxy groups of the OP the bond between the serine 

hydroxyl group of the enzyme and the phosphorus atom becomes covalent preventing 

release of the OP molecule from the active site. OPs thus block the gorge and hinder 

access of ACh to the active site of the enzyme resulting in inhibition of AChE.  

Covalent binding of OPs to AChE that render the inhibition irreversible is referred to as 



 

Figure1.4: Organophosphate pesticide, AChE and Oxime interactions  
  

 

 

                                      
 

                                

 

    Inhibition and aging of AChE by OPP and reactivation by oximes(Ref.58) 
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aging of the enzyme. The rate of aging depends on the dimethoxy and diethoxy side 

chains of OPPs e.g the half-life of aging for various dimethoxyphosphoryl AChE range 

from 2-32 hours while for diethoxyphosphoryl AChE it is more than 36 hours (56). 

Oximes are derivatives of hydroxylamine and as they possess positively charged 

quaternary nitrogen they bind to the anionic site of AChE. They can displace OP 

molecules that are not covalently bound to the active site of AChE and in the process 

bind to the OP. The phosphorylated oxime formed does not bind to the active site and 

is released from the enzyme. This results in the re-activation of AChE although 

reactivation by oximes does not occur if the AChE-OP complex has aged (Figure 1.4) 

(57, 58). Oxime induced reactivation that leads to the formation of highly reactive 

phosphorylated oximes may re-inhibit reactivated AChE (59-62).  

AChE in the brain and at the NMJ are the main targets of OPs and the toxicity of OPP 

poisoning is considered to be mostly a consequence of the inhibition of these two forms 

of the enzyme. This is because ACh is the most common neurotransmitter in the brain 

and solely at NMJs. Cholinergic neurotransmission which has near global action in the 

body is under precise, rapid regulation by AChE and disruption of its activity produces 

pathology in the brain and muscle. However there are several features of OPP toxicity 

that are not clearly explained by cholinergic pathology. This thesis explores non 

cholinergic pathology of muscle weakness that arises on OPP poisoning, as muscle 

weakness is the main cause of poor outcome of these patients in countries where the 

pesticides are used for intentional self-harm. A brief overview of muscle physiology 

and pathophysiology follow to clarify the rationale of the questions.  

 



 

 

 

 

 

Figure 1.5: Structure of skeletal muscle    

 

                       

 

                                                       

 Skeletal muscle structural subunits     

(From - http://training.seer.cancer.gov/anatomy/muscular/structure.html)                                    
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Muscle – physiology and the effect of OPP poisoning  

This section gives an overview of muscle structure and function with reference to the 

different muscle types and mechanism of muscle contraction, which as mentioned 

earlier are targets of OP toxicity. ACh receptors are also described as their activation 

by ACh initiates cholinergic muscle contraction. The importance of ATP in muscle 

contraction and relaxation are discussed since weakness of an over stimulated muscle 

may in part arise from inadequate supply of ATP.  

The primary function of muscle is to generate force through contraction which also 

generates heat and maintains body temperature. Muscle attachment to bone provides 

shape and maintains posture. There are three main types of muscle: skeletal muscle, 

smooth muscle and cardiac muscle, differentiated on their anatomy and function. 

Skeletal muscles are innervated by cholinergic motor nerves and contractions are 

voluntary while smooth muscles that are also innervated by cholinergic neurons are 

under involuntary control. Cardiac muscles are stimulated by internal pacemaker cells 

which contract involuntarily. 

Components of skeletal muscle 

Skeletal muscle is attached to bone by tendons of connective tissue. This connective 

tissue which ensheaths the muscle is referred to as the epimysium. Skeletal muscle 

consists of numerous subunits or bundles called fascicles surrounded by the 

perimysium. Each fascicle is composed of numerous muscle fibers or muscle cells 

(Figure 1.5). 

Each muscle fiber is one elongated cell that may extend for the length of the muscle. In 

each muscle fiber two types of protein filaments are present, thick filaments of  myosin 
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that contain an ATPase binding site and thin filaments of actin that  possess troponin 

and tropomyosin. This forms the basic contractile unit of the muscle. 

Muscle fibers contain numerous mitochondria in the sarcoplasm, which are the basic 

energy producing units for muscle. 

Muscle contraction and relaxation 

Smooth and skeletal muscle contractions are under the control of innervating 

cholinergic neurons that deliver ACh. ACh is released from both the central and 

peripheral nervous systems by cholinergic neurons (63) and was the first known 

neurotransmitter to be identified. It is synthesized from choline and acetyl-CoA by 

choline acetyltransferase. Contractions are initiated when ACh binds to its receptors at 

the neuromuscular junctions. Cholinergic receptors comprise of two classes, the 

muscarinic and nicotinic receptors.  

Muscarinic acetylcholine receptors (mAchR) are G-protein coupled receptors that 

activate ion channels via a second messenger cascade. In mammals, five distinct 

mAChR subtypes (M1 to M5) have been identified (64). M1 and M4 mAChR are 

present in the CNS and initiate action by Ach induced MAP kinase action, a process 

essential for memory. These two muscarinic receptors are also involved in regulation of 

locomotor activity (65-67). M2 and M3 mAChR regulate salivary secretion, pupillary 

constriction, bronchoconstriction, urination and defecation and involved in the 

regulation of food intake and appetite (68-70). M5 mAChR are involved in cholinergic 

dilatation of cerebral blood arteries (69).  
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Nicotinic acetylcholine receptors (nAChR) are ligand-gated ion channel receptors 

activated by both ACh and nicotine and permeable to Na
+
, K

+
 and Ca

2+
 ions. The 

channel is most permeable to Na
+
. The nAChRs are made up of five subunits α, β, γ , δ 

and ε (71) . Twelve different types of nAChR are identified classified into neuronal and 

muscle receptors (71). Nine alpha subunits (α2- α10) and three beta (β2-β4) belong to 

the neuronal receptors present in the brain and located on both pre and post synaptic 

membranes (72). Muscle type nAChR are α1, β1, γ, ε and δ, present at the 

neuromuscular junction on the post synaptic membrane (71). The receptors may have 

identical or different subunits,  share similar structure of  an extracellular N-terminal 

fragment, four transmembrane fragments (M1-M4), a cytoplasmic loop located 

between the M3 and M4 transmembrane fragments and an extracellular C-terminal 

fragment (73). The ligand-binding domain (LBD) is formed by the N-terminal end of 

all the five subunits. A conserved loop of 13 amino acids in the LBD located between 

two cysteine residues is called the Cys-loop receptor.  

Binding of ACh or nicotine to the LBD results in channel opening, causes influx of Na
+
 

and efflux of K
+
 ions, membrane depolarization and finally muscle contraction or 

excitatory response in the neurons (73).   

On receptor activation and as the charge difference between internal and external 

surfaces of the muscle fiber membrane becomes less negative, an action potential is 

triggered. The action potential in muscle cells causes the sarcoplasmic reticulum to 

release calcium. The released calcium, binds to troponin causing tropomyosin to move 

laterally. This exposes the binding sites on actin molecules that couple to myosin heads 

leading to excitation-contraction. Myosin heads possess ATPase, which breaks down 



        Figure1.6: Steps involved in muscle contraction    

 

 

Contraction of skeletal muscle.  Step 1: An action potential spreads along the sarcolemma 

and is conducted inward to the sarcoplasmic reticulum by way of T tubules (T-tubule 

system). Calcium ions released from the sarcoplasmic reticulum diffuse rapidly into the 

myofibrils and bind to troponin molecules on the actin molecule. Troponin molecules move 

away from the active site. Step 2: Myosin cross bridges bind to the exposed sites. Step 3: 

Using the energy stored in ATP, the myosin head swings toward the center of the sarcomere. 

ADP and a phosphate group are released. Step 4: The myosin head binds another ATP 

molecule; this frees the myosin head from the active site on actin. Step 5: The myosin head 

hydrolyses ATP, retaining the energy released as well as the ADP and the phosphate group. 

The cycle can be repeated as long as calcium is present to expose the active sites on the actin 

molecule. 

(From - http://www.biocyclopedia.com/index/general_zoology/muscular_movement.php)
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ATP into ADP and Pi and supplies energy for coupling and contraction of the 

actinomyosin complex (Figure 1.6). Muscles relax when calcium is displaced from 

troponin and taken up by the sarcoplasmic reticulum. This process is also ATP 

dependent. Thus, both contraction and relaxation of muscle are ATP dependent 

processes and maintaining adequate ATP levels is important for normal muscle 

function. Reduced ATP synthesis causes a decline in force production and results in 

muscle fatigue (74). 

Muscle weakness underlies several pathological conditions which include muscle 

dystrophies, inherited myopathies, cancer and general inflammatory disease. It can also 

result from normal ageing processes and very little physical activity. Muscle fatigue 

also occurs in muscle contracting at high workloads that leads to consumption of stored 

energy.  

Muscle weakness has been associated with oxidative damage in the muscle of many 

pathologies. Increased ROS production seen in severe physical exercise and age related 

disorders of muscle is associated with muscle weakness (75). The mitochondria are the 

major site of ROS generation. In acute OPP poisoning, persistent severe AChE 

inhibition and oxidative stress are associated with development of muscle weakness 

(76).  

Mitochondria 

Over 90% of the energy requirements of the muscle are provided by ATP synthesized 

in the mitochondria (77). Muscle mitochondria are extremely active as the muscle has 

high ATP requirement. Inhibition of electron transport by the respiratory complexes 

and / or of oxidative phosphorylation would affect ATP production and affect muscle 
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function. In view that OPP poisoning produces muscle weakness that can arise from a 

lack of ATP, the structure and function of the mitochondria are reviewed in the 

following section.  

Mitochondria – structure and function in relation to cellular respiration 

Mitochondria are composed of four distinct compartments; the outer membrane, inter 

membrane space, inner membrane and matrix. The outer membrane is freely 

permeable to small molecules and ions. The inner membrane is convoluted and 

invaginated and contains the electron transport chain complexes I to IV and complex V, 

the co-factors Coenzyme Q (ubiquinone Q) and cytochrome C which act as mobile 

electron carriers. The matrix is bordered by the inner membrane and contains the 

enzymatic machinery of several metabolic pathways including the citric acid cycle, 

fatty acid oxidation and the urea cycle as well as mitochondrial DNA (mtDNA), 

peptides and chaperones.  

ATP is synthesized as a result of electron transport through four respiratory complexes 

I,II,III,IV, situated on the inner mitochondrial membrane. Most of these electrons come 

from the action of dehydrogenases that collect electrons from catabolic pathways and 

funnel them into universal electron acceptors – nicotinamide nucleotides (NAD
+
 or 

NADP
+
) or flavin nucleotides (FMN or FAD).  

The respiratory chain facilitates electron transfer from reducing equivalents through 

complex I, II and III to molecular oxygen at complex IV which results in the 

consumption of oxygen. This is the process of cellular respiration.  

Flow of electrons through complex I to IV is accompanied by proton transfer across the 

membrane that generates a proton gradient which drives oxidative phosphorylation and 



Figure 1.7: Schematic representation of the mitochondria and electron transport chain 

 

                     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

 

(Adapted from: http://www.madsci.org/posts/archives/2007-11/1193962676.Mi.r.html 

 

http://health-7.com/textbook%20of%20endocrinology/chapter%2032%20-%20complications%20of%20diabetes%20mellitus/11) 

Mitochondria 

Electron transport chain 



18 

 

enables synthesis of ATP from ADP and inorganic phosphate (Pi) at Complex V. The 

inner mitochondrial membrane is impermeable to protons which re-enter the matrix 

only through proton-specific channels. The proton motive force that drives protons 

back into the matrix provides the energy for ATP synthesis at Complex V. A schematic 

representation of the electron transport chain complexes I-IV and complex V within the 

mitochondria are shown in Figure 1.7.  

Complex I (NADH: Ubiquinone oxidoreductase) is one of the largest and most 

important of the mitochondrial electron transport complexes. NADH from the TCA 

cycle and from glycolysis is re-oxidized by NADH:Ubiquinone oxidoreductase which 

is coupled to the reduction of ubiquinone (UQ) to ubiquinol (UQH2). Electron flow 

down the respiratory chain from Complex I contributes to 40% of the electrochemical 

proton gradient across the inner mitochondrial membrane.  

In mammals, complex I of molecular weight ~980 kDa consists of 45 subunits. In the 

process of mitochondrial super complex assembly, formation of complex I intermediate 

is a primary event and is important for formation of the other complexes (78, 79).  

Defects in complex I function are associated with human disorders such Parkinson’s 

disease and Down syndrome (80). Due to its large and complex structure as well as the 

reactive environment of the mitochondria the subunits of Complex I are subject to post-

translational modifications that can affect its enzymatic activity. Phosphorylation of an 

18 kDa subunit of complex I (81, 82) and acetylation of the complex (83) lead to 

inhibition. Complex I contains more thiol groups than the other complexes which are 

susceptible to oxidative modification and which on oxidative modification lead to loss 

of activity (84, 85). Stress induced inhibition of complex I has been observed in rat 
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hippocampus, after a brief period of ischemia, associated with compromise in ATP 

formation (86). 

Complex II (Succinate: UQ oxidoreductase) is a key membrane complex of the TCA 

cycle that catalyzes the oxidation of succinate to fumarate in the mitochondrial matrix 

(87). Succinate oxidation couples to reduction of ubiquinone in the inner mitochondrial 

membrane which then transfers electrons to complex III as part of the respiratory 

electron transport chain. The enzyme is composed of soluble succinate dehydrogenase 

and a membrane-anchoring protein fraction. Succinate dehydrogenase is composed of 

two protein subunits, a 70kDa protein with covalently bound FAD and a 30kDa iron-

sulfur protein hosting S1, S2, and S3 iron sulfur clusters (87). The membrane anchoring 

protein contains two hydrophobic polypeptides (14 and 9 kDa) with heme b binding 

(88). The activity of complex II does not generate a proton gradient (89). The 70kDa 

subunit of complex II possesses several regulatory thiols and is a major host component 

involved in antioxidant defense and redox regulation. The physiological role of 

complex II-derived regulatory thiols at the 70kDa subunit has been implicated in the 

regulation of respiration and nitric oxide utilization (90, 91). 

Complex III (cytochrome bc1 complex or ubiquinone:cytochrome c oxidoreductase) 

is a homo-dimer and each monomer is composed of eleven subunits in mammalian 

mitochondria (92). Ubiquinone (UQH2) reduced by complex I and II and mobile within 

the inner mitochondrial membrane transfers electrons to complex III where it is 

reoxidized to UQ. During this process two protons are pumped into the inner 

membrane space and electrons are transferred to complex IV by the soluble electron 

carrier cytochrome c. The overall activity of complex III is oxidation of UQH2 and 
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reduction of cytochrome c that increases the proton gradient across the inner 

mitochondrial membrane (93). Deficiency of complex III is associated with 

neurological impairment and metabolic disorder (94, 95).  

Complex IV (cytochrome c oxidase), the terminal enzyme of the electron transport 

chain, is a homo-dimer and each monomer is composed of 13 subunits of molecular 

weight of ~200 kDa (96). The complex receives two electrons from two molecules of 

cytochrome c which are transferred to molecular oxygen resulting in production of 

water. The protons generated in this reaction are released into the inter membrane space 

further increasing the proton gradient across the inner membrane.  Under normal 

physiological conditions complex IV is the rate limiting step of the respiratory chain 

and its activity is an indicator of the oxidative capacity of the cell. As a critical 

component of the electron transport chain, complex IV activity affects all aspects of 

mitochondrial function, like formation of oxidative stress and ATP synthesis (97).  

Various chemical and physical stresses alter mitochondrial complex IV activity. Drug 

induced toxicity of antracyclines inhibited complex IV activity (97). In contrast  

complex IV activity was not altered by organochalcogen treatment although all the 

other complexes were inhibited (98). In rats a beneficial effect of prolonged endurance 

training were high levels of complex IV enzyme activity (99).   

Complex V or ATP synthase is a large, rotatory multi subunit enzyme (~600 kDa) of 

two functional domains. The F1 domain is situated in the mitochondrial matrix and the 

F0 domain is located in the inner mitochondrial membrane. Complex V uses the energy 

generated by the proton electrochemical gradient to enzymatically phosphorylate ADP 

to ATP (100) (Figure 1.7). Similar to complexes I-IV the large size and reactive 
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microenvironment of complex V make it susceptible to posttranslational modifications 

that can affect its enzyme activity. Inhibition of ATP synthesis at complex V can affect 

mitochondrial electron transport and increase reactive oxygen species due to increased 

electron leak (100). The resulting mitochondrial oxidative stress can induce protein 

modifications which can increase the damage (100). Oxidative damage of the 

respiratory complexes can disrupt mitochondrial function and compromise energy 

production (discussed in a later section) (101-103).  

Hyper activation of the muscle following acute severe OPP poisoning would favor 

increased superoxide free radical formation leading to oxidative damage in the muscle 

(104, 105) which may also affect the respiratory complexes. It is not known if oxidative 

damage of the mitochondrial respiratory complexes I–IV occurs and compromises ATP 

production in acute OPP poisoning.  

Oxidative and nitrosative stress 

There are at least five cellular sources for reactive oxygen species (ROS) in the muscle. 

These are the generation of ROS by the xanthine oxidase pathway, NO by nitric oxide 

synthase, formation of hydroxyl radicals by increased levels of reactive iron, from 

NADPH oxidase and of superoxide from the mitochondria. Under physiological 

conditions ROS occur from all these sources that can modify proteins to alter function 

and disturb cellular homeostasis. These ROS are detoxified by basal levels of cellular 

anti-oxidants which prevents oxidative damage. Increased levels of nitric oxide induce 

reactive nitrogen species (RNS) and produce reversible and irreversible modification of 

proteins. Anti-oxidants are induced in response to conditions that increase free radical 

formation to prevent oxidative damage and regulate the redox potential of the cell and   
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maintain cellular homeostasis. Free radical formation in excess of the antioxidant 

capacity of the cell results in oxidative stress and oxidative damage to the cell.  

This section will review the production and deleterious effects of ROS and RNS on 

biological systems and the protection afforded by antioxidants against oxidative stress. 

Reactive oxygen species  

Free radicals are highly reactive due to the presence of unpaired electron(s). Free 

radicals include superoxide anion (O2   ) perhydroxyl radical (HO2), hydroxyl radical 

(O    ), nitric oxide (NO), as well as hydrogen peroxide ( 2O2), singlet oxygen (O2   ), 

hypochlorous acid (HOCl), and peroxynitrite (ONOO
-
). Any free radical involving 

oxygen can be referred to as reactive oxygen species (ROS). The electron transport 

chain (ETC) on the inner mitochondrial membrane utilizes oxygen to generate ATP 

(106, 107) . Oxygen acts as the terminal electron acceptor within the ETC. Of the total 

oxygen intake during both rest and exercise 1-2% forms highly damaging superoxide 

radical via electron escape from the respiratory chain (108). Mitochondrial Complex I 

and III of the electron transport chain are the main sites of mitochondrial superoxide 

generation (109-111). Increased mitochondrial free radical generation occurs especially 

during muscle contraction (112). Contractile activity is increased during exercise and 

consequently the increased mitochondrial activity and accompanying increase in O2 

consumption increases superoxide generation. Superoxide generation increases 50-100 

fold during aerobic contractions (113, 114). Free radical generation also increases in 

pathological conditions such as hypoxia (115), ischemia (116), reperfusion (117), aging 

(118) and inhibition of mitochondrial respiration (119, 120).  



Figure 1.8: ROS : Source, effect on macromolecules and the role of antioxidants  

 

 

  

 

 

 

 

 

 

 

 

ROS produced from different sources induces oxidative cell injury: DNA damage, lipid peroxidation including mitochondrial 

membrane lipid damage and carboxylation of protein that can lead to cell death.  

(Adapted from - http://www.intechopen.com/books/antioxidant-enzyme/protection-against-oxidative-stress-and-igf-i-deficiency-

conditions).
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Along with enzymes of electron transport, enzymes such as NADH/NADPH oxidase, 

xanthine oxidase, lipoxygenase, cyclo oxygenase and cytochrome P450 mono 

oxygenase are primary sources of superoxide production under normal physiological 

conditions (Figure 1.8).  

ROS mediated macromolecule damage 

The main targets of ROS oxidation are macromolecules, proteins, lipids and nucleic 

acids. Protein oxidative modification occurs by reactions between amino acid side 

chains and ROS. ROS mediated oxidation of lysine, arginine and proline residues of 

proteins leads to formation of carbonyl derivatives. Accumulation of these modified 

proteins disrupts cellular function either by loss of catalytic and structural integrity or 

by interruption of regulatory pathways. Increased levels of protein carbonyl associated 

with oxidative stress have been shown in several pathological conditions such as 

cigarette smoking (121), Alzheimer’s disease (122-124), Parkinson’s disease (125, 

126), muscular dystrophy (127) and chronic ethanol ingestion (128). 

 Thiol (-SH) groups of cysteine can undergo reversible, oxidative modification. Thiol 

modification is the most sensitive marker of oxidative stress and strongly implicated in 

modification of muscle proteins that induce muscle fatigue under oxidative stress (129).  

As mentioned earlier mitochondrial complex I contains larger numbers of thiol groups 

than the other mitochondrial complexes that undergo reversible thiol oxidation and 

inhibit the enzyme (84). 

Free radicals attack of membrane lipids leads to formation of a lipid peroxyl radical 

( OO  ) which reacts with another lipid molecule and produces lipid hydroperoxide 

(LOOH). Lipid hydroperoxides are unstable and breakdown. The breakdown products 
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cause oxidative damage. Break down products are mostly aldehydes such as 

malonaldehyde, hexanal and 4-hydroxynonenal (HNE). HNE is a highly electrophilic 

molecule that easily reacts with low molecular weight compounds in biological 

membranes and leads to loss of membrane integrity. Lipid peroxidation occurs in 

several pathological conditions that range from  neurodegeneration (130)  

to infectious diseases (131). 

ROS react with DNA at purine and pyrimidine bases and deoxyribose sugars leading to 

cleavage of the phosphodiester bonds and DNA strand breakage. Accumulation of 

damaged DNA because of incomplete repair may lead to mutagenesis. Oxidatively 

generated DNA lesions are used as biomarkers of oxidative stress, chronic 

inflammation and susceptibility to cancer (132)  

Acute exposure to OPs has been shown to induce oxidative stress in blood, brain and 

liver (76, 133) and chronic exposure in cardiac tissue in rats (104). Lipid peroxidation 

was found increased in liver and serum of rats subject to acute and sub-chronic 

malathion intoxication (134). In OPP poisoned patients oxidative stress and damage 

were observed in blood through increased lipid peroxidation and decreased SOD 

dismutase anti-oxidation (135-137). The role of oxidative stress contributing to muscle 

pathology that occurs in animals/humans subject to OPP poisoning is not clear. 

Reactive Nitrogen Species  

Reactive nitrogen species (RNS) are also generated under normal physiological 

conditions. NO is generated continuously by nitric oxide synthase in the skeletal 

muscle, a production that is increased by contraction (138). NO reacts with superoxide 

to generate peroxynitrite (ONOO
-
), a strong oxidant that can damage DNA, lead to 



  

Figure 1.9: Synthesis of nitric oxide, peroxynitrite formation and protein 

modification (Adapted from ref.154)  
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the endoplasmic reticulum resulting in activation of calmodulin. This stimulates nitric oxide 

synthase and synthesis of nitric oxide (NO). NO reacts with superoxide radicals to form 

peroxynitrite which leads to lipid nitration and reversible and irreversible modifications of 

proteins. 
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membrane phospholipid oxidation and post-translational modifications of proteins by 

nitration of tyrosine to nitrotyrosine and S-nitrosylation of reduced cysteine residues. S-

nitrosylation of cysteine thiol groups is a reversible modification (Figure 1.9).  

Nitration of tyrosine is through formation of a nitro triatomic group (-NO2) at the  

3
rd

 position of the phenolic ring of tyrosine and is an irreversible reaction. Nitration of 

tyrosine shifts the pka of the tyrosine hydroxyl group from 10.1 to 7.2 (139), which 

alters structural and catalytic properties of the proteins (140). Protein tyrosine nitration 

can result in loss, an increase or no effect on protein function (141, 142). Nitrated 

tyrosine in fibrinogen accelerates clot formation (143) while tyrosine nitration of the 

mitochondrial enzyme manganese SOD inactivates the enzyme (144, 145).  

Major cellular targets for the action of NO are the mitochondria. The inhibition of 

mitochondrial respiration by NO is well studied (101). Peroxynitrite can diffuse from 

extra mitochondrial compartments into mitochondria or be formed within the 

mitochondria and induce irreversible and deleterious damage to the mitochondria.  

In vitro experiments show peroxynitrite inhibition of mitochondrial complex I, II and V 

with less inhibition of complex III and IV with the inhibition of complex I due to high 

irreversible tyrosine nitration (146-149). 

In skeletal muscle of septic shock patients inhibition of complex I activity correlated 

with decreased ATP in the presence of high amount NO, suggesting NO inhibition of 

complex I may be a cause in the pathology of sepsis (150). A 25% decrease in the 

activity of complex I is sufficient to compromise ATP production and affect cell 

function  (86). In the mouse macrophage cell line (J774) NO reversibly and irreversibly 

inhibits mitochondrial complex I and II by damage to iron-sulfur centers and release of 
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iron which is essential for complex activity and which leads to mitochondrial 

dysfunction (151, 152). There are several studies to show Complex IV is rapidly and 

reversibly inhibited by NO while NO inhibition of complex I is slow (102).  

Under normal physiological conditions ACh binds to muscarinic receptors on the 

endothelial cell and activates phospholipase C and the inositol triphosphate signaling 

cascade which in turn increases the release of calcium from the endoplasmic reticulum. 

Increased intracellular calcium activates calmodulin and protein kinase C, stimulating 

endothelial nitric oxide synthase which results in NO production in endothelial cells 

(153, 154) (Figure 1.9). Thus increased levels of NO are a natural consequence of OPP 

pesticide poisoning when AChE is inhibited and ACh levels are increased. In MCP 

poisoning of rats NO inhibition of mitochondrial ATP synthase activity has been 

observed (155). In paraoxon poisoning of rats NO is implicated in the ensuing necrosis 

as its prevention also protects the animals from necrotic pathilogy (156). Increased 

levels of citruline, a nitrosative stress marker, accompany diiopropylphosphorofluoridate 

(DFP) administration to rats and correlated to myotoxicity (157). These studies show 

evidence of NO and nitrosative stress in contributing to pathology of OPP poisoning.  

In this thesis NO induced damage to the respiratory complexes is considered to 

contribute to muscle weakness of OPP poisoning. 

Protective effects of antioxidants against oxidative stress 

Antioxidants delay or prevent the oxidation of cellular oxidizable substrates such as 

free radicals. The prevention of oxidation is an essential process in aerobic organisms, 

as decreased antioxidant protection may lead to cytotoxicity, mutagenicity and 

carcinogenicity. There are both enzymatic and non-enzymatic anti-oxidants. Reduced 
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glutathione (GS ), α-tocopherol and ascorbic acid are non-enzymatic antioxidants 

while SOD, catalase and glutathione peroxidase are primary enzymatic antioxidants 

(Figure 1.8).  

Glutathione is a tri-amino acid peptide and a potent antioxidant by prevention of thiol  

(-SH)  group oxidation,  present within the cell in millimolar concentrations. GSH is 

rapidly oxidized to GSSG. The ratio of reduced to oxidized glutathione (GSH/GSSG) 

in a cell is an indicator of tissue redox status.  

N-acetylcysteine (NAC), a precursor of GSH, has been extensively used as an 

antioxidant. It increases glutathione synthesis and acts directly as a free radical 

scavenger (158, 159). NAC protects the muscle against exercise induced fatigue 

providing evidence that oxidative stress contributes to the pathology of muscle 

weakness (160). NAC has been shown to enhance muscle cysteine and glutathione 

availability, preserve Na+/K+ pump activity and lessen fatigue during continuous  

exercise in humans (161-163). OPP exposure that induces oxidative stress is prevented 

by NAC. RBC lipid peroxidation was prevented in rats pretreated with NAC prior  to  

dichlorvos administration (164). Prophylactic and therapeutic NAC treatment 

prevented fenthion induced oxidative stress in mice (165). Diazinon induced toxicity 

has also been shown to be prevented by NAC in rats (166). GSH attenuates acute 

omethoate poisoning induced respiratory muscle (diaphragmatic and intercostal) injury 

in rats (167). Importantly NAC reduced atropine requirement and duration of 

hospitalization in OPP poisoned patients (168). 

In addition to GSH / NAC the therapeutic effects of other anti-oxidants against 

oxidative stress have been shown in animal models of pathology. Drosophila that carry 



28 

 

the mutation of the Parkinson Dj-1β gene exhibit age dependent locomotor defects, 

shortened life span, and enhanced sensitivity to toxins that induce oxidative stress and 

oxidative damage. The flies were protected against oxidative stress and damage on 

supplementation of either α-tocopherol or general antioxidant compounds that 

increased antioxidant enzyme levels and decreased H2O2 and oxidized protein level 

(169).  

Enzymatic anti-oxidants  

SOD catalyzes the breakdown of superoxide anion into oxygen and hydrogen peroxide. 

The enzyme requires a metal co-factor that can be copper, zinc, manganese forms. 

Copper/zinc SOD is present in cytosol while MnSOD is found in the mitochondria. 

Mitochondrial SOD is considered important for cellular viability as mice lacking this 

enzyme die soon after birth (170). Catalase and glutathione peroxidase catalyze the 

conversion of hydrogen peroxide to molecular oxygen and water. Glutathione 

peroxidase is an important anti-oxidant as mice knocked out for the enzyme were 

fatally affected by chemical and physiological stress (171). Humans/mice lacking 

catalase do not exhibit any gross pathology (172). 

Cells normally respond to ROS by activating a diverse array of protective responses. 

Stress is also a mode of inducing protection by means of anti-oxidant systems against 

oxidative stress and both physical and chemical stressors induce antioxidant protection. 

An increased antioxidant response has been demonstrated to oxidative stress induced 

by exhaustive exercise in humans (173). Successful hyperbaric oxygen treatment of 

atherosclerotic mice is accompanied by reduced oxidative stress and increased 
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antioxidant enzymes (174). It has been shown that anti-oxidation protects 

cardiomyocytes from oxidative stress induced apoptosis (175).  

Preconditioning is the phenomenon whereby brief episodes of stress render the system 

resistant to subsequent same or different kind of stress. The brain appears to handle 

repeated stress over weeks by showing adaptive plasticity in which local 

neurotransmitters interact with stress hormone glucocorticoids to produce structural 

and functional changes. Retinal pigment epithelial (RPE) cells exposed and re-exposed 

to non-lethal doses of H2O2, exhibited greater cellular resistance to subsequent toxic 

exposures compared to non-pretreated cells. A greater catalase, glutathione peroxidase 

and SOD enzyme activity and increased nuclear DNA protection were observed (176).  

Heat shock preconditioning 24 hours before an ischemic event leads to tissue protection 

and reduced ischemia-reperfusion injury in tissue transplantation (177). Studies in 

Chinchillas exposed to pre conditioning noise, followed by paraquat poisoning, showed 

reduced superoxide levels and reduced hearing loss relative to controls, emphasizing 

the hypothesis that antioxidants are primary mediators of the stress (178). In a similar 

study chinchillas pre-treated with glutathione monoethylester, a pro-GSH drug that 

readily crosses cell membranes and increases intracellular GSH levels, had 

significantly less permanent hearing loss and hair-cell loss than the non-treated animals 

(179).  

Acute organophosphate pesticide poisoning – clinical profile 

Inhibition of AChE by OPPs leads to accumulation of ACh at synaptic and 

neuromuscular junctions and causes overstimulation of cholinergic pathways. The 

clinical outcome of cholinergic hyper activation of neurons and muscle is dependent on 
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severity of poisoning, toxicity of the compound, the amount ingested, tissue 

distribution and metabolic clearance of the pesticide (5).  OPP are rapidly absorbed and 

metabolized but as they are lipophilic also stored in fat. OPP stored in fat are released 

slowly over time and contribute to continued inhibition.  

The cholinergic crisis noticed soon after the ingestion of the OPP is characterized by 

salivation, lacrimation, urination, defection, emesis, blurred vision, bronchorrhea, 

bradycardia and sweating. This reflects an over stimulation of muscarinic receptors on 

secretory glands and cardiac muscle and is effectively controlled by the muscarinic 

receptor antagonist, atropine with subsequent desensitization of cholinergic receptors 

(180, 181).  

In addition to the cholinergic crisis a variable profile of muscle weakness occurs in 

acute severe OPP poisoning. In the first 48 hours of poisoning, generalized muscle 

weakness (Type I paralysis) due to inhibition of AChE, overlapping with the 

cholinergic crisis takes place. This generalized muscle weakness may be followed 48-

72 hours after poisoning by cranial, proximal limb and respiratory muscle weakness, 

lasting variably for 1-3 weeks referred to Type II paralysis (intermediate syndrome) 

(182). One to four weeks after ingestion of specific OPP (e.g. Chlorpyrifos dichlorvos, 

isofenphos, methamidophos) inhibition of neuropathy target esterase can lead to a 

polyneuropathy or Type III paralysis.  

The occurrence of Type II paralysis necessitates prolonged ventilation and intensive 

care which are associated with several complications, such as ventilator associated 

pneumonia. The morbidity, mortality and high cost of treatment associated with OPP 

poisoning are mainly due to prolonged muscle weakness and complications of Type II 
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paralysis (183, 184). Improved medical treatment of the poisoned patient is needed but 

difficult to develop in the absence of detailed pathophysiology of muscle weakness. 

Persistent severe inhibition of AChE is considered to underlie the development of Type 

II paralysis (184). The absence of muscarinic symptoms in Type II paralysis and not all 

patients with prolonged inhibition of AChE develop Type II paralysis (76, 185) 

indicate non cholinergic mechanisms (i.e. other than AChE inhibition), may contribute 

to the pathogenesis of the paralysis. 

Treatment of OPP poisoning  

Standard treatment of OPP poisoning includes the use of atropine and oximes.  

Atropine is an effective muscarinic receptor antagonist that prevents muscarinic 

symptoms associated with the cholinergic crisis. Oximes reactivate OP inhibited AChE 

(186) and are used to treat nicotinic symptoms especially to prevent weakness of 

respiratory muscles. Pralidoxime, obidoxime and HI-6 are the most widely used oximes 

in treatment of the poisoning. 

Experimental and clinical findings demonstrate that different oximes are not equally 

effective against poisoning caused by structurally different OPs (187). The degree of 

reactivation depends on the specific identity and concentration of both oxime and OPP 

and on the rate of AChE aging induced by an OP compound. AChE aging is dependent 

on the OPP. Aging of AChE by diethoxy OPP such as parathion and quinalphos is a 

slow reaction and oximes are effective in treatment of these poisonings. Aging of 

AChE by dimethoxy OPP such as MCP is a faster reaction and oximes are not effective 

in treatment of these poisonings (15, 187). The presence of high amounts pesticide in 
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the blood after ingestion of a large volume, as in severe poisoning, that re-inhibit oxime 

re-activated AChE also render oxime treatment ineffective (10). 

 Three main factors limit the use of oximes for the treatment of OPP poisoning: the 

continuing presence of high concentrations of OPP in the plasma and stored in fat (188, 

189), formation of reactive phosphoryl oximes that re-inhibit AChE (59-62) and aging 

of AChE-OP complex (190). 

In the context of self-harm, the benefit of oximes in treatment of acute severe OPP 

poisoning appears limited, possibly because patients access care after the enzyme has 

aged.  

 

In this thesis it is hypothesized that disruption of mitochondrial respiratory function 

and oxidative stress contribute to OPP induced muscle weakness. Anti-oxidants that 

prevent oxidative damage protect the muscle from OPP induced weakness. 
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AIM 

 To study the contribution of mitochondrial respiration and oxidative stress to 

neuromuscular weakness induced by acute organophosphate pesticide poisoning in rats. 

 

The pathophysiology of OPP induced muscle weakness was studied in two rodent 

models. 

1. Normal Wistar rats were administered monocrotophos by gavage at a dose of 

0.8LD50 to induce severe but not fatal poisoning. Monocrotophos is an 

organophosphate pesticide commonly used for intentional self-harm in India (191). 

The rats exhibited cholinergic symptoms of chewing, lacrimation, salivation and 

body tremors within 20 minutes of poisoning which lasted for about 2.5 hours. 

Muscle weakness occurred within 10 minutes of poisoning that progressed to 

paralysis in 50 minutes and lasted for 20 minutes, followed by recovery of muscle 

power in 8 hours. Complete recovery of muscle strength occurred 24 hours after 

poisoning. No treatment was administered to the rats.  

2.  Wistar rats were preconditioned with sound stress prior to administration of 0.8LD50 

monocrotophos. These rats showed delay in manifestation of cholinergic symptoms 

and did not develop paralysis i.e. they were protected against the poisoning.  They 

were studied to confirm the findings of monocrotophos induced muscle pathology 

that occurred in rat model 1.  
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OBJECTIVES  

1. Biochemical confirmation of monocrotophos poisoning in rats. 

a) By assay of plasma BuChE and red blood cell and muscle AChE during 

muscle weakness and on recovery of muscle power following acute 

severe monocrotophos poisoning.  

2. Determination of muscle mitochondrial respiration of monocrotophos poisoned 

rats.  

a) By measurement of mitochondrial oxygen uptake during muscle 

weakness and on recovery of muscle power following acute severe 

monocrotophos poisoning. 

b) By assay of skeletal muscle mitochondrial complex I, II, IV activities 

during muscle weakness and on recovery of muscle power following 

acute severe monocrotophos poisoning. 

3. Determination of oxidative and nitrosative stress in skeletal muscle of 

monocrotophos poisoned rats. 

a) By estimation of the GSH/GSSG ratios of the muscle during muscle 

weakness and on recovery of muscle power following acute severe 

monocrotophos poisoning.  

b) By estimation of NO levels in the muscle and post translational tyrosine 

nitration and S-nitrosylation of respiratory complexes I-IV that occur during 

muscle weakness and on recovery of muscle power following acute severe 

monocrotophos poisoning.  

c) By estimation of oxidative damage in the muscle determined from levels of 

lipid peroxidation and protein thiol oxidation that occur during muscle 

weakness and on recovery of muscle power following acute severe 

monocrotophos poisoning.  

d) By estimation of anti-oxidant enzymes in the muscle during muscle 

weakness and on recovery of muscle power following acute severe 

monocrotophos poisoning.  
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4. Confirm the role of mitochondrial respiratory complexes I-IV and oxidative stress 

in relation to monocrotophos induced muscle weakness of rats. 

a) By estimation of blood and muscle cholinesterase activities over the 

course of poisoning of sound-stressed preconditioned rats administered 

0.8LD50 monocrotophos.  

b)  By determination of muscle mitochondrial oxygen uptake and 

respiratory complex I-IV activities over the course of poisoning of 

sound-stressed preconditioned rats administered 0.8LD50 

monocrotophos.  

c) By estimation of NO levels in the muscle over the course of poisoning of 

sound-stressed preconditioned rats administered 0.8LD50 

monocrotophos. 

d) By estimation of oxidative damage in the muscle over the course of 

poisoning of sound-stressed preconditioned rats administered 0.8LD50 

monocrotophos.   

e) By estimation of anti-oxidant enzymes in the muscle over the course of 

poisoning of sound-stressed preconditioned rats administered 0.8LD50 

monocrotophos. 
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MATERIALS 

Chemicals 

Acrylamide, β-mercaptoethanol, bis-acrylamide, bovine serum albumin fraction V 

(BSA), butyrylthiocholine iodide (BTCI), Coomassie Brilliant Blue G-250, Coomassie 

Brilliant Blue R-250, cumene hydroperoxide, Cytochorme C oxidase, 

diaminobenzidine hydrochloride (DAB), dichlorophenolindophenol (DCPIP), 

dithiothreitol (DTT), 5,5’-dithiobis(2-nitrobenzoic) acid (DTNB), n-dodecyl-β-D-

maltoside (lauryl maltoside), eserine hemisulfate,  reduced glutathione (GSH), glutamic 

acid monosodium salt, glutathione reductase (GR), Nagarase (proteinase enzyme III), 

N-(1-Naphthyl)ethylene-diamine dihydrochloride, nicotinamide adenine dinucleotide 

(Reduced) (NADH), oxidized glutathione (GSSG), phenylmethylsulfonyl fluoride 

(PMSF), rotenone, succinate disodium salt, sulfanilamide, tetramethoxy propane 

(TMP), N,N,N’,N’-tetramethylethylenediamine (TEMED), 2-thenyltrifluoroacetate 

(TTFA), thiobarbituric acid (TBA), Tricine, Triton X-100, Tween 20 and urea were 

from Sigma-Aldrich Chemical Co., USA.  

Monocrotophos (MCP) (36% SL) was from Syngenta India Pvt. Ltd. India. 

Acetylthiocholine iodide, adenosine triphosphate (ATP), adenosine diphosphate (ADP), 

6-aminocaproic acid, ammonium persulfate, Bis (2-hydroxyethyl) iminotris 

(hydroxymethyl) methane (Bis-Tris), ethylene glycol tetra acetic acid (EGTA),  2-(p-

iodophenyl)-3-(p-nitrophenyl)-5-phenyl tetrazolium (INT), glycerol, hydrogen 

peroxide (H2O2), isopropanol, nicotinamide adenine dinucleotide phosphate reduced 

(NADPH), potassium cyanide (KCN), sodium dodecyl sulphate (SDS) and 

trichloroacetic acid (TCA) were from Sisco Research Laboratories Pvt. Ltd. India. 
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Amido black 10B from E-Merck, Germany. Protein molecular weight markers were 

from Merck Chemicals, India. Polyvinylidene fluoride membranes (PVDF) were from 

Millipore Corporation, MA, USA. All other chemicals were Analar Grade. Water was 

Milli-Q ultrapure. 

Antibodies 

Polyclonal rabbit antibodies to nitrocysteine and nitrotyrosine and goat anti-rabbit IgG- 

horseradish peroxidase were from Sigma-Aldrich Chemical Co., USA. Streptavidin 

horseradish peroxidase conjugate was from Merck Chemicals, India.  

Anti-AChE antibodies were raised in rabbits against rat brain AChE affinity purified 

over dimethyl ethyl benzoic acid-Sepharose, concanavalin A-Sepharose and 

procainamide-Sepharose. The antibodies were subject to protein A-Sepharose affinity 

chromatography to obtain purified IgG. They were produced in-house and kindly 

provided by Dr. Amjad Kazi. 
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METHODS  

Monocrotophos (MCP) poisoning  

In this thesis MCP poisoning was studied in: 

1. Normal rats 

2. Sound stressed rats 

MCP is an organophosphate commonly used for intentional self-harm in South India 

(191). 

1. MCP poisoning of normal (non-stressed) rats 

Wistar rats (female, 150 ± 5 g) were administered MCP by gavage at a dose of 0.8 

LD50 in 1.0ml water (MCP 0.8 LD50 = 6.4 mg / kg body weight) (15). Control rats were 

administered 1.0ml water by gavage.  

Female and male rats differ in levels of AChE and activity of carboxylesterases that 

detoxifying organophosphates (192). To avoid these gender differences only female 

rats were used in this study.  

Rats were observed after exposure to MCP for cholinergic hyper-stimulation and signs 

of chewing, tremor, salivation and lacrimation. Cholinergic signs were documented by 

time of onset and duration.  

Animals were also evaluated for muscle power as given by De Bleecker et al (193) as 

follows:   

1. Grade-1: ataxic gait 

2. Grade-2: stretch movements only after tail stimulation and  

3. Grade-3 (paralysis): no voluntary movement even after tail stimulation.  
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Rats were sacrificed under ether anesthesia at the following times after poisoning:  

  2.5 hours; i.e. soon after paralysis 

  8 hours; i.e. during recovery of muscle power 

 24 hours; i.e. on complete recovery of muscle power 

 

2. Preconditioning sound stress of rats and MCP poisoning 

Female Wistar rats were subject to sound in the level of 75-90dBA generated by a drill, 

3-4 hours/day six days a week for 8 months, prior to 0.8 LD50 MCP administration and 

studied as given for non-stressed rats. 

Corticosterone assay 

Sound stress was determined by the level of plasma corticosterone, the rat stress 

hormone (194). Plasma (100µl) was washed with 300µl of tetramethyl pentane, 

centrifuged, the supernatant discarded and corticosterone in the aqueous phase 

extracted with 600µl chloroform. The extract was centrifuged for 5 minutes at 3000g 

and 500µl of organic layer transferred to a clean tube to which 200µl of freshly 

prepared ethanolic sulphuric acid (30:70 ratio) was added. The mixture was vortexed 

and centrifuged, the upper chloroform layer discarded and lower ethanolic layer 

incubated at 25
o
C in the dark for 90 minutes and fluorescence read at λEx 462nm/ λEm 

512nm. Samples were read against a corticosterone standard of 100-500ng.  

Ethical approval 

The study was approved by the Institutional Review Board and Institutional Animal 

Ethics Committee of the Christian Medical College, Vellore. 

 



40 

 

Sample collection and storage  

Blood (2.0ml) was collected on sacrifice. Muscle (intercostal, upper and lower limb) 

(5gm) was collected within 10 minutes of sacrifice in cold phosphate buffered saline 

(PBS). 

Muscle obtained at sacrifice was processed immediately for isolation of mitochondria. 

Plasma, red blood cells (RBC) and muscle were also stored at -70˚C until used for other 

assays.  

Cholinesterase assay 

Monocrotophos poisoning was biochemically confirmed by inhibition of the 

cholinesterases. Plasma BuChE, muscle and RBC AChE were assayed by the method 

of Ellman et al (195) using butyrylthiocholine iodide or acetylthiocholine iodide 

respectively as substrates and 5,5’dithiobis-(2-nitrobenzoic acid) (DTNB) as 

chromogen.  

In a reaction of 0.5ml, 2mM DTNB, 3mM acetylthiocholine iodide, 0.1M potassium 

phosphate buffer pH 7.0 and sample were incubated for 10 minutes at 37°C. The 

reaction was stopped with 0.5ml of 2mM eserine sulphate and absorbance read at 412 

nm. Enzyme units were calculated from the molar extinction coefficient of 5-thio-2-

nitro benzoic acid of 13.6×10
3
 at 412nm and expressed as µmoles butyrylthiocholine 

hydrolyzed/min/l or acetylthiocholine hydrolyzed/min/mg protein.  

Rat plasma was diluted 50 times with 0.1M potassium phosphate buffer pH 7.0 and 

10µl taken for assay of BuChE.  
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Rat RBC 20µl were lysed with an equal volume of water to release AChE from RBC 

membranes, made up to 60 volumes with 0.1M potassium phosphate buffer pH 7.0 and 

20µl taken for assay of AChE (76). 

Rat muscle was homogenized in 10 volumes of 10mM Tris HCl pH 7.5 containing 1M 

NaCl, 1% Triton X-100, 5mM EDTA, stirred for 1 hour to release AChE from 

membrane, centrifuged at 10,000g for 30 minutes and 20µl of the supernatant taken for 

assay of AChE (196).  

Protein estimation 

Protein was estimated by the method of Lowry et al (197) using BSA fraction-V as 

standard. 

Mitochondrial studies 

Skeletal muscle mitochondrial isolation 

Upper and lower limb skeletal muscle were finely minced and homogenized in eight 

volumes of 50mM Tris HCl pH 7.4 containing 100mM KCl/2mM EGTA, Nagarase 

(2.1 U/ml), 1mM ATP, 5mM MgCl2, 0.5% BSA and centrifuged at 490g for 10 min at 

4 °C to obtain the post nuclear supernatant. This was filtered through nylon cloth and 

the filtrate spun at 10,300g for 10 minutes at 4°C.  The pellet of mitochondria was 

washed twice by re-suspension in 50mM Tris HCl pH 7.4/100mM KCl (30 ml) and 

centrifugation at 10,300g for 10 minutes at 4°C. The mitochondrial pellet was 

suspended in 0.5ml of 50mM Tris HCl pH 7.4 containing 100mM KCl, 2mM EGTA. 

Enrichment of the mitochondrial fraction was assessed by measuring the mitochondrial 

marker enzyme succinate dehydrogenase (198).  Oxidation of succinate to fumarate by 
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succinate dehydrogenase releases electrons that are taken up by 2-(p-iodophenyl)-3-(p-

nitrophenyl)-5-phenyl tetrazolium to form formazan crystals estimated at 490 nm. The 

assay mixture of 500μl contained 100μg mitochondrial protein, 50mM dipotassium 

hydrogen phosphate buffer pH 7.4, 50mM succinate and 0.1% 2-(p-iodophenyl)-3-(p-

nitrophenyl)-5-phenyl tetrazolium (w/v). The assay mixture was incubated at 37°C for 

15 minutes and the reaction stopped with 0.5ml of 10% trichloroacetic acid (TCA). 

Formazan formed was extracted into 2ml of ethyl acetate and measured at 490 nm. 

Enzyme units were calculated from the molar extinction co-efficient of formazan in 

ethyl acetate of 20.1 x 10
3 
M

-1
at 490nm

 
and expressed as µmoles /min/mg protein.  

Mitochondrial viability 

The viability of mitochondria was determined by measuring mitochondrial swelling at 

540nm as described by Takeyama et al (199). Mitochondrial suspension (100µg 

protein) was added to 50mM Tris HCl pH 7.4 containing 100mM KCl/2mM EGTA 

and change in absorbance at 540nm followed for 7 minutes. Decrease in absorbance at 

540nm indicates mitochondrial membrane damage and loss of membrane integrity.  

Mitochondrial oxygen uptake 

Measurement of mitochondrial respiration is an index of electron transport capacity of 

mitochondria. Mitochondrial respiration was determined by measuring oxygen uptake 

polarographically using a Clark type electrode. Mitochondria (500µg protein) were 

suspended in 2.0ml 150mM sucrose, 1mM KH2PO4, 5mM MgCl2, 20mM KCl,  

10mM Tris HCl pH 7.4 containing either 5mM succinate or 5mM glutamate as 

respiratory substrates, allowed to stabilize for 3 min and oxygen uptake measured (state 

2 respiration). Oxygen uptake stimulated by addition of 0.3mM ADP was assessed as 
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State 3 respiration. ADP stimulation of oxygen uptake was expressed by the respiratory 

control ratio calculated as State 3 /State 2 respiration (200).  

Mitochondrial complex activities 

Complex I (NADH-ubiquinone oxidoreductase) assay 

Complex I activity was assayed in mitochondria by a ubiquinone coupled reaction 

measuring oxidation of NADH at 340nm at 30
o
C in presence and absence of 0.1mM 

rotenone, a specific inhibitor of complex I. The assay mixture contained 50µg 

mitochondrial protein, 0.25M potassium phosphate buffer pH 7.0, 2.5mg BSA, 1mM 

KCN, 0.25mM NADH. The reaction was initiated by addition of 0.05mM co-enzyme 

Q2 (ubiquinone-2) and oxidation of NADH to NAD measured at 340nm for 10 minutes. 

Rotenone (0.1mM) was then added to the same cuvette and NADH oxidation measured 

for an additional 10 minutes. Specific mitochondrial complex I activity was measured 

from the difference in reduction of NADH oxidation in the presence and absence of 

rotenone. Enzyme units were calculated from the molar extinction co-efficient of 

NADH of 6.22×10
3
/M/cm

 
at 340nm and expressed as µmoles NADH oxidized/min/mg 

protein (201). 

Complex II (succinate-ubiquinone oxidoreductase) assay 

Complex II was assayed in mitochondria by a ubiquinone coupled reaction measuring 

reduction of dichlorophenolindophenol (DCPIP) at 600nm at 30
o
C in presence and 

absence of 2-thenlytrifluoroacetate (TTFA), a specific inhibitor of complex II. The 

assay mixture contained 50µg mitochondrial proteins, 10mM potassium phosphate 

buffer pH 7.0, 0.02M succinate, 0.01mM EDTA, 0.12mM DCPIP, 1mM KCN and 
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0.01mM rotenone. The reaction was initiated by addition of 0.05mM co-enzyme Q2 

(ubiquinone -2) and reduction of DCPIP to DCPIPH2 measured at 600nm for 10 

minutes. To the same cuvette 1mM TTFA added and DCPIP reduction assayed for a 

further 10 minutes. Mitochondrial complex II activity was measured from the 

difference in reduction of DCPIP in the presence and absence of TTFA. Enzyme units 

were calculated from the molar extinction co-efficient of DCPIP of 21000/M/cm at 

600nm and expressed as µmoles DCPIP reduced/min/mg protein (201). 

Complex IV assay 

Complex IV activity was measured in 50µg mitochondrial protein suspended in 10mM 

potassium phosphate buffer pH 7.0. The reaction was initiated by addition of 50µM of 

reduced cytochrome c. Conversion of reduced cytochrome c to oxidized cytochrome c 

was read at 550nm for 10 minutes.  Enzyme activity was assayed in presence and 

absence of 1mN KCN, a specific inhibitor of complex IV. Enzyme units were 

expressed as k/min/mg protein where k represents the pseudo first order rate constant 

(201). 

Oxidative stress 

Muscle GSH/GSSG ratio 

Muscle was homogenized in 10 volumes of 5% TCA, spun at 1000g for 5 minutes at 

4
o
C and GSH and GSSG (oxidized glutathione) estimated in the supernatant.  To 200µl 

of muscle supernatant 640µl of 0.1M potassium phosphate buffer pH 7.5 containing 

5mM EDTA, 60µl of 0.36U of glutathione reductase,  60µl of 48µM of NADPH and 

40µl of 10mM DTNB were added and the reaction incubated for 5 minutes in the dark 

at 25
o
C and read at 412nm to measure total glutathione (202). To measure oxidized 
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glutathione (GSSG) the reaction is repeated in another 200µl of supernatant treated 

with 2µl of 2-vinylpyridine for 10 minutes at 4
o
C, which covalently reacts with reduced 

glutathione but not with GSSG. From these assays reduced glutathione is calculated by: 

[GHS] = total [GSH] - 2× [GSSG]. Total GSH was expressed as nmol/gm wet tissue 

read against a standard of GSH. 

Nitrosative stress 

Nitrate levels as the index of NO  

Nitrate the stable end product of NO was estimated as an indicator of NO. Nitrate was 

reduced to nitrite and estimated by the Greiss reaction in muscle homogenates (203). 

Skeletal muscle was homogenized in 10 volumes phosphate-buffered saline (PBS), pH 

7.4, containing 1% (v/v) Triton X-100 and 1mM phenylmethylsulfonyl fluoride, spun 

at 3,000rpm for 3 minutes and nitrate estimated in the supernatant (204). To 100μl 

supernatant, 150mg of copper/cadmium alloy was added and incubated for 1 hour at 

25°C with shaking. The reaction was arrested by addition of 100μl 0.35M sodium 

hydroxide and 400μl 120mM zinc sulphate. After incubation for 10 minutes at 25°C the 

tubes were spun at 4,000g for 10 minutes. To 500μl supernatant, 250μl 1% 

sulphanilamide in 3N  Cl and 250μl 0.1% napthylethylene diamine were added and 

the color developed measured at 545nm. Nitrate levels were expressed as nmoles/mg 

protein read against a NaNO3 standard.  

Oxidative damage 

Lipid peroxidation 

Lipid peroxidaion was quantified in muscle homogenate by measuring thiobarbutric 

acid reactive substances (TBARS). Muscle homogenates were prepared in 10 volumes 
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of 1.15% KCl using a glass homogenizer. A reaction mixture of 100µl muscle 

homogenate, 0.625ml acetic acid (20% pH 3.5), 50µl SDS (8%) and 0.625ml 

thiobarbutric acid (TBA 0.67%) was heated for 1 hour in a boiling water bath. The 

mixture was cooled, centrifuged at 4000g for 10 minutes and malondialdehyde (MDA) 

levels read at 535nm in the supernatant (205). Lipid peroxidation was expressed as 

nmole MDA/mg protein using tetra methoxy propane as standard. 

Protein thiols 

Muscle was homogenized in 10 volumes of phosphate buffered saline (PBS) and spun 

at 1000g for 10 minutes at 4
o
C. Fifty microliters (100µg protein) of the supernatant 

were precipitated with 1ml of 10% TCA and spun at 5000g for 10 minutes. To the 

pellet 1ml of 0.1M Tris HCl pH 7.4, 2ml of 0.2M Tris HCl pH 8.6 and 30µl of 10mM 

DTNB were added and the reaction incubated for 15 minutes in the dark at 25
o
C and 

read at 412nm (206). Protein thiols were expressed as 5-thio-2-nitro benzoic acid nmol/ 

mg protein calculated from the molar extinction coefficient of 5-thio-2-nitro benzoic 

acid of 13,600/M/cm at 412nm.  

Anti-oxidant enzymes 

Muscle preparation 

 A known weight of muscle was homogenized in 10 volumes of ice cold PBS pH 7.0 

containing 100mM phenylmethylsulfonyl fluoride (PMSF) at 4
o
C and spun at 5000g 

for 10 minutes and the supernatant used to assay the following antioxidant enzymes. 

Catalase 

Catalase was kinetically assayed at 240nm by following the decomposition of 13µM 

H2O2 in 50mM potassium phosphate buffer pH 7.0 for 3 minutes by addition of 10µl 
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muscle supernatant (207). Enzyme units were defined as µmoles H2O2 

decomposed/minute/mg protein using the molar extinction co-efficient of H2O2 of 

43.6/M/cm at 240nm. 

Superoxide dismutase 

SOD was assayed in 10µl of muscle supernatant monitoring the inhibition of 0.13mM 

pyrogallol  auto-oxidation in 0.1M Tris HCl pH 8.5 / 1mM EDTA at 420nm according 

to the protocol of Marklund (208) as described by Nandi and Chatterjee (209). Enzyme 

units were defined as the amount of enzyme required to inhibit pyrogallol oxidation by 

50%/minute/mg protein. 

Glutathione peroxidase 

Glutathione peroxidase was assayed by the method of Tappel (210). A 1ml reaction 

mixture containing 1.25mM glutathione, 0.187mM NADPH, 0.3U/ml glutathione 

reductase, 0.2mM EDTA, 1mM NaN3 in 0.1M potassium phosphate buffer pH 7.0 and 

20µl of muscle supernatant was pre incubated at 25
o
C for 5 minutes. The reaction was 

started by the addition of 100µl 1mM cumene hydroperoxide and the oxidation of 

NADPH followed at 340nm for 3 minutes. Enzyme units were expressed as µmoles 

NADPH oxidized/minute/mg protein calculated from the molar extinction co-efficient 

of NADPH of 6.23/M/cm at 340nm. 

Immune blots of rat muscle AChE 

Molecular forms (monomers and dimers) of muscle AChE, separated by non-reducing 

SDS-PAGE, were detected on western blots using rabbit anti-AChE antibodies.   

Muscle supernatant and an equal volume of SDS-protein dissociation buffer containing 

0.0625M Tris HCl pH 6.8, 1% SDS, 10% glycerol and 0.001% bromophenol blue  
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were heated at 100°C for 5 minutes, cooled to 25°C and centrifuged at 3500g for 2 

minutes and 25μg protein subject to non-reducing SDS-PAGE (4-12% gels) (211). 

Molecular weight markers (9μg) were run in parallel.  

Following SDS-PAGE, the resolved proteins were electro-transferred to PVDF 

membranes at 80V for 90 minutes at 4
o
C. The molecular weight marker lane was cut 

from the blot and stained with amido black 10B. The rest of the blot was  blocked with 

5% non-fat milk powder in PBS Tween 20 (0.02%) for 1 hour, incubated with rabbit 

anti-rat AChE (diluted 1:1000 in blocker) for 2 hours followed by goat anti-rabbit IgG- 

horseradish peroxidase (HRP) (1:1000) for 1 hour at 25
o
C. Blots were washed (3 × 10 

minutes) between steps with PBS Tween 20. Bound HRP was developed with 0.024% 

H2O2/3.2mM diaminobenzidine for 5 minutes. Blots were rinsed with water, dried and 

subject to densitometric image analysis using scion image software 

(http://www.scioncorp.com).   

Oxidative modification of mitochondrial complexes I-IV 

2D Blue Native polyacrylamide gel electrophoresis (BN-PAGE) to separate 

mitochondrial complexes 

Mitochondria were subject to BN-PAGE to separate respiratory complexes I-V 

followed by a second dimension Tris-Tricine-SDS-PAGE separation of complexes I-V 

subunits. Proteins were electro-transferred to PVDF membranes and blots probed with 

anti-nitrocysteine or anti-nitrotyrosine antibodies to identify nitric oxide induced 

modifications of mitochondrial respiratory complexes I-IV.  

BN-PAGE was performed according to the method of Schagger and Von Jagow (212, 

213) modified by Brookes et al (214). Mitochondrial protein (500µg) was suspended in 

80µl of extraction buffer (0.75M aminocaproic acid, 50mM Bis Tris, and 1%  

http://www.scioncorp.com/
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n-dodecyl-β-D-maltoside) and centrifuged at 18,000g for 5 minutes. The supernatants 

containing extracted mitochondrial complexes (75µg protein) were treated with 2.5µl 

of Coomassie Brilliant Blue G-250 (5% w/v suspension in 0.5 M aminocaproic acid) 

and subjected to (non-denaturing) native PAGE (5-12%) to separate individual 

respiratory complexes intact. 

Second dimension Tris-Tricine-SDS-PAGE and western blots to detect nitrosylated 

mitochondrial complex subunits  

In further experiments, the bands corresponding to each mitochondrial complex in  

BN-PAGE were excised from the gel and equilibrated with 0.375M Tris pH 8.8 

containing 6M urea, 2% SDS, 20% glycerol and 30mM DTT for 30 minutes prior to 

second dimension Tris-Tricine-SDS-PAGE (10-14%) with β-mercaptoethanol to 

separate the complexes into their subunit proteins. Following Tris-Tricine–SDS-PAGE, 

the resolved proteins were electro-transferred to PVDF membranes at 80V for 120 

minutes at 4
o
C. Membranes were blocked with 5% BSA in PBS Tween 20 (0.02%) for 

1 hour at 25
o
C and separate membranes incubated with anti-nitrocysteine antibodies 

(diluted 1:1000 in 5% BSA) or anti-nitrotyrosine antibodies (diluted 1:1000 in 5% 

BSA)  followed by HRP-IgG conjugates. Bound peroxidase was detected with 0.024% 

H2O2/3.2mM diaminobenzidine and blots image analyzed with scion image software 

(http://www.scioncorp.com).  

Intensities of the immune bands on blots were normalized with reference to the 

corresponding mitochondrial complexes separated on BN-PAGE. 

 

 

http://www.scioncorp.com/
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STATISTICAL ANALYSIS 

All parameters were studied in a minimum of 6 animals per group for statistical 

validity. Data are expressed as mean ± SD. Tests of significance were performed by the 

Student’s t test for parametric data and by the Mann-Whitney test for non-parametric 

data. Differences between all-time points of poisoning were performed by the Kruskal-

Wallis test followed by Dunn’s multiple comparison test. Differences were considered 

significant at p<0.05. Statistical analysis was performed with Graphpad Prism 5.0, 

Grapdpad Software, San Diego California USA. 
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RESULTS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

      Table 3.1: Profile of cholinergic symptoms and muscle weakness of MCP poisoned rats 

 

 

 

 

  

 

 

 

 

 

 

Cholinergic symptoms Muscle Power 

Chewing  Body Tremors  Salivation  Lacrimation  Grade I  Grade II  Grade III  

Time of symptom development after MCP poisoning in minutes (Mean ± SD) (n=10) 

4.1 ± 1.5 7.9 ± 1.4 20.1 ± 6.0 20.4 ± 4.2 10.6 ± 2.0 22.1 ± 6.5 51.5 ± 22 

Duration of symptoms in minutes (Mean ± SD) (n=10)  

25 ± 10 3 ± 1 90 ± 30 90 ± 30 10 ± 5 25 ± 5 20 ± 5 
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RESULTS 

MCP poisoning – clinical profile in rats.   (Rat model-1) 

Rats subject to severe MCP poisoning (0.8LD50) manifested cholinergic nicotinic 

symptoms of chewing and body tremors within 5 and 10 minutes respectively of 

poisoning. Chewing continued for 30 minutes and body tremors for 4 hours. 

Muscarinic symptoms of salivation and lacrimation occurred 20 minutes after 

poisoning and continued for up to 2.5 hours (Table 3.1). 

Muscle weakness presenting as ataxic gait (Grade I power) occurred 10 minutes after 

poisoning which progressed to Grade II power in 20 minutes and to paralysis (Grade III 

power) 50 minutes after poisoning. Paralysis lasted for 20 minutes (Table 3.1). The rats 

recovered from paralysis and severe Grade II muscle weakness 8 hours after poisoning 

and regained normal muscle power 24 hours later. 

 

 

 

 

Inference 

 Severe MCP poisoning rapidly induced cholinergic symptoms and muscle 

weakness that progressed to paralysis in rats.  

 Recovery from all symptoms including muscle weakness occurred with no 

treatment.  

 

 



                                       Table 3.2: Temporal profiles of cholinesterase activities following MCP poisoning of rats  

 

 

 

 

 

 

Figure 3.1: Temporal profiles of cholinesterase inhibition following MCP poisoning of rats 

       Plasma BuChE inhibition

2.
5 

ho
ur

s

8 
ho

ur
s

24
 h

ou
rs

0

20

40

60

80

100  *  * *

Time after MCP poisoning

%
 i

n
h
ib

it
io

n
 o

f 
c
o
n

tr
o
l 

a
c
ti

v
it

y

(M
e

a
n


 S
D

) 
(n

=
3
)

    

2.
5 

ho
ur

s

8 
ho

ur
s

24
 h

ou
rs

0

20

40

60

80

100

RBC AChE inhibition

* * *

Time after MCP poisoning

%
 i

n
h
ib

it
io

n
 o

f 
c
o
n

tr
o
l 

a
c
ti

v
it

y

(M
e

a
n


 S
D

) 
(n

=
3
)

      

2.
5 

ho
ur

s

8 
ho

ur
s

24
 h

ou
rs

0

20

40

60

80

100

      Muscle AChE inhibition

*
 *

*

Time after MCP poisoning

%
 i

n
h
ib

it
io

n
 o

f 
c
o
n

tr
o
l 

a
c
ti

v
it

y

(M
e

a
n


 S
D

) 
(n

=
6
)

 

                                                                                        *p<0.05 compared to control

 Unit Time after MCP poisoning  

  Control 2.5 hours 8 hours 24 hours p 

Plasma BuChE Units/L  

(Mean ± SD) (n=3) 

866 ± 70 65 ± 9.0
a
 79.6 ± 17

a
 73.8 ± 24

a
 

a
p<0.05 compared 

to control 

RBC AChE Units/mg protein 

(Mean ± SD) (n=3) 

0.05 ± 0.005 0.0033 ± 0.0009
b
 0.0031 ± 0.0008

b
 0.0046 ± 0.0007

b
 

b
p<0.05 compared 

to control 

Muscle AChE Units/mg protein 

(Mean ± SD) (n=6) 

0.013 ± 0.002 0.006 ± 0.002
c
 0.004 ± 0.001

c
 0.008 ± 0.001

c
 

c
p<0.05 compared 

to control 
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Cholinesterase levels (Rat model-1, objective-1a) 

Plasma BuChE, RBC AChE and muscle AChE activities of control non-poisoned rats 

and the temporal profile of activities of rats administered 0.8LD50 MCP are given in 

Table 3.2.  

Plasma BuChE and RBC AChE were inhibited > 90% 2.5 hours after administration of 

MCP and remained at these levels 24 hours later (p<0.05) (Figure 3.1).  

Muscle AChE activity was inhibited 56% 2.5 hours after MCP poisoning that increased 

to 69% 8 hours after poisoning (p<0.05).Twenty four hours after poisoning the 

inhibition was 39% (p<0.05) indicating recovery of enzyme activity. 

 

 

 

Inference  

 Severe persistent inhibition of plasma BuChE and RBC AChE provided 

biochemical confirmation of MCP poisoning in rats.  

 Severe muscle weakness was associated with high inhibition of muscle AChE in 

rats subject to MCP poisoning.  

 Enzyme inhibition continued to increase during the early stages of recovery of 

muscle power.  

 Recovery of normal muscle power in rats was associated with recovery of muscle 

AChE activity. 

 

 

 



                        

 

       Table 3.3: Temporal profile of mitochondrial viability following MCP poisoning of rats  

 

 

 

 

 

 

Table 3.4: Temporal profiles of mitochondrial oxygen uptake following MCP poisoning of rats  

 

 

 

 

 Time after MCP administration  

Unit Control 2.5 Hours 8 Hours 24 Hours 

Decrease in absorbance at 

540nm/min/mg protein  

(Mean ± SD) (n=6) 

0.004 ± 0.001 0.0044 ± 0.002 0.003 ± 0.001 0.005 ± 0.003 

 Time after MCP administration 

 Control 2.5 Hours 8 Hours 24 Hours 

Complex % Oxygen consumed/min (Mean ± SD) (n=6) 

Complex I 7.6 ± 2.7 7.7 ± 0.15 6.7 ± 1.7 7.3 ± 2.3 

  Complex II 0.8 ± 0.4 0.8 ± 0.4 0.7 ± 0.1 0.63 ± 0.4 
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MCP poisoning and the mitochondria in rats (Rat model-1, objective–2a) 

Mitochondrial viability 

Mitochondrial viability was assessed by an indirect measure of mitochondrial swelling. 

The decrease in absorbance at 540nm/min/mg protein of mitochondria isolated from 

rats 2.5 hours, 8 hours and 24 hours after MCP poisoning did not differ from control 

non-poisoned rats (Table 3.3). 

Mitochondrial oxygen uptake 

The respiratory control ratio at complex I and complex II of rats subject to 0.8LD50 

MCP poisoning did not differ from control non-poisoned rats indicating that 

mitochondrial O2 uptake was not affected by the poisoning (Table 3.4). 

 

 

 

Inference  

 Severe MCP poisoning did not affect muscle mitochondrial viability or 

respiration in rats. 

 

 

 

 

 

 



 

Table 3.5: Temporal profiles of mitochondrial complex activities following MCP 

poisoning of rats  

 

 

 

 

 

 

 

 

 

   a,b,c
p<0.05 compared to control rats     

d
p<0.01 compared to control rats 

 

 

 

 

 

 

 

 

Figure 3.2: Temporal profiles of mitochondrial complex activities following MCP 

poisoning of rats 
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                                          *p<0.05, **p<0.01 compared to control

 
Mitochondrial complex activities 

 
Time after MCP administration 

 
Control 2.5 hours 8 hours 24 hours 

 
Units/mg protein  (Mean ± SD) (n=6) 

Complex I   708 ± 145 538 ± 110
a
 504 ± 74

b
 538 ± 90

c
 

Complex II 1.8 ± 0.9 4.1 ± 1.2
d
 2.9 ± 0.8 2.7 ± 1.5 

Complex IV 0.16 ± 0.06 0.14 ± 0.05 0.12 ± 0.01 0.14 ± 0.02 
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Mitochondrial complex activities (Rat model-1, objective-2b) 

Complex I (NADH-ubiquinone oxidoreductase) activity 

Muscle complex I activity of control non-poisoned rats and the temporal profile of 

complex I activities over the course of poisoning in rats administered 0.8LD50 MCP are 

given in Table 3.5. 

Complex I activity was inhibited 24%, 29% and 24% in muscle mitochondria 2.5, 8 

and 24 hours respectively after MCP poisoning compared to control non-poisoned rats. 

The inhibition was significant (p<0.05) (Figure 3.2). 

Complex II (succinate-ubiquinone oxidoreductase) activity  

Muscle complex II activity of control non-poisoned rats and the temporal profile of 

complex II activities over the course of poisoning in rats administered 0.8LD50 MCP 

are given in Table 3.5. 

Complex II activity increased significantly 2.2 fold 2.5 hours after MCP poisoning 

compared to control non-poisoned rats (p< 0.05).  The activity returned to normal 8 

hours after MCP poisoning and remained normal 24 hours later (Figure 3.2). 

Complex IV activity 

Mitochondrial complex IV activity of 0.16 ± 0.06 units/mg protein (Mean ± SD)(n=6) 

in control non-poisoned rats did not change following MCP poisoning (Table 3.5). 

Inference 

 Severe MCP poisoning led to significant inhibition of mitochondrial complex I 

and activation of complex II. 

 Activation of complex II may compensate for inhibition of complex I and enable 

normal mitochondrial O2 uptake. 



Table 3.6: Temporal profiles of muscle GSH/GSSG following                                     Table 3.7: Temporal profiles of muscle nitrite                

MCP poisoning                                                                                                                             following MCP poisoning                                                                                                                                                                              
                                                                                                                  

 

 

 

 

 

 

 

 

 

 

a,f
p<0.001 compared to control rats. 

b,c
p<0.05 compared to 8 and 24hrs poisoned rats.                              

a
p<0.05 , 

b
p< , 

c
p<0.0005 compared to control rats 

d,e
p<0.001 compared to control and 24hrs poisoned rats. 

 

 

Figure 3.3: Temporal profiles of muscle GSH/GSSG following       Figure 3.4:  Temporal profiles of muscle nitrite               

MCP poisoning                                                                                                                           following MCP poisoning                                                                                                                                                                              
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                   Time after MCP administration  

 
Control 2.5 hours 8 hours 24 hours 

 
nmoles GSH/gm wet tissue (Mean ± SD) (n=3) 

Total GSH   572 ± 55 315 ± 70 248 ± 31.2 232 ± 7.5 

GSSG 61.3 ± 17 98.3 ± 14.4 97.1 ± 19.0 81.0 ± 1.4 

Free GSH 449 ± 21.6 119 ± 41.3 53.7 ± 7.0 71.0 ± 5.1 

GSH/GSSG 7.6 ± 1.5 1.2 ± 0.2
a,b,c

 0.6 ± 0.15
d,e

 0.9 ± 0.06
f
 

Nitrite  

(nmoles nitrite/mg protein) (n=6) 

Time after MCP poisoning 

Control 2.5 hours 8 hours 24 hours 

0.9 ± 0.4 1.9 ± 0.8
a
  2.0 ± 0.4

b 
 2.98 ± 0.7

c
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MCP poisoning and oxidative stress in skeletal muscle (Rat model-1, objective–3a) 

Muscle GSH/GSSG ratio 

Muscle GSH, GSSG and GSH/GSSG ratios of control non-poisoned rats and over the 

course of poisoning of rats administered 0.8LD50 MCP are given in Table 3.6. 

MCP poisoning led to significant decrease in GSH/GSSG ratios for 8 hours after 

poisoning i.e., during the period of paralysis and recovery from severe muscle 

weakness (p<0.001) (Figure 3.3), but were still significantly less than normal, between 

8 and 24 hours after poisoning as rats regained normal muscle power. 

Nitrosative stress (Rat model-1, Objective-3b) 

Nitrate levels as the index of NO  

Nitrite levels (that are equivalent to nitrate) in skeletal muscle of control non-poisoned 

rats and those administered 0.8LD50 MCP poisoning are given in Table 3.7 and Figure 

3.4. Nitrite (nitrate) levels increased significantly over the course of poisoning i.e. 

during development of severe muscle weakness and on recovery of normal muscle 

power.  

 

Inference 

 MCP poisoning led to significant oxidative and nitrosative stress in rat skeletal 

muscle as noted by reduced GSH/GSSG ratios and increased nitric oxide levels 

following poisoning. 



Figure 3.5: Temporal profiles of muscle mitochondrial complexes I to V separated by BN-

PAGE in rats following MCP poisoning – representative gel. 

 

 

                                             

 

 

 

 

Table 3.8: Temporal profiles of muscle mitochondrial complexes I to V separated by BN-

PAGE in rats following MCP poisoning – densitometric image analysis. 

 

 

 

 

 

 Time after MCP poisoning 

 Control 2.5 hours 8 hours 24 hours 

 Intensity (Arbitrary units) (Mean ± SD) (n=3) 

Complex –I 7820 ± 647 7343 ± 865 6922 ± 366 7353 ± 304 

Complex - II 6965 ± 165 7088  ± 553 6878 ± 562 7304 ± 456 

Complex –III 7932 ± 163 7873 ± 505 7480 ± 391 7325 ± 261 

Complex -IV 7682 ± 690 7661 ± 288 7503 ± 300 7750 ± 294 
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MCP poisoning and NO induced post-translational modification of muscle 

mitochondrial complexes (Rat model-1, objective-3c) 

To identify NO induced post-translational modifications of mitochondrial complexes I, 

II, III and IV, mitochondria were subjected to BN-PAGE to separate the respiratory 

complexes followed by Tris-Tricine-SDS-PAGE to separate complexes I-IV into their 

subunits. NO induced post translational modifications were detected by probing 

western blots of the separated subunits with anti-nitrocysteine or anti-nitrotyrosine 

antibodies. Densitometric analysis of immune bands that develop on the blots 

normalized to intensities of their corresponding complexes on BN-PAGE indicate 

levels of nitrotyrosine or nitrocysteinylated subunits in the sample under analysis. 

2D BN-PAGE of muscle mitochondrial complexes 

Figure 3.5 is a representative BN-PAGE of separated mitochondrial complexes I, II, 

III, IV, V of control and MCP poisoned rat muscle. 

Intensities of the complex bands determined by densitometric analysis are given in 

Table 3.8 and indicate MCP poisoning did not affect the protein levels of complexes I 

to V.   

Nitro-cysteinylation of muscle mitochondrial complexes I-IV subunits of MCP 

poisoned rats  

Figure 3.6a is a representative western blot of nitrocysteinylated (S-nitrosylation) 

muscle mitochondrial complex I to IV subunits from control rats and those 

administered 0.8LD50 MCP. 

Intensities of nitrocysteinylated complex I to IV subunits are given in Table 3.9, 

Figure 3.6b. All Complexes I, II, III, IV are nitrocysteinylated under normal cellular 



Figure 3.6a: Temporal profiles of Tris-Tricine-SDS nitrocysteine blots of  muscle mitochondrial complexes I to V subunits in rats following MCP poisoning – 

representative blots 

                                         

 

Figure 3.6b: Temporal profiles of Tris-Tricine-SDS nitrocysteine blots of  muscle mitochondrial complexes I to V subunits in rats following MCP poisoning 

– densitometric image analysis 

                                                                      

       *p<0.05 compared to control 

* 



57 

 

conditions, MCP poisoning did not increase nitrocysteinylation of complexes I, II, III 

and IV. Complex II was the least nitrocysteinylated of the complexes under normal 

cellular conditions and MCP poisoning further decreased the nitrocysteinylation by 3 

fold (p< 0.05).   

 

Nitrotyrosinylation of muscle mitochondrial complexes I-IV of MCP poisoned rats 

Nitrotyrosinylation was not observed on any mitochondrial complex under normal 

cellular conditions and did not occur in rat muscle on MCP poisoning. 

 

 

 

Inference 

 Complexes I to IV undergo post-translational NO modification of cysteine 

moieties (S-nitrosylation) under normal physiology. 

 MCP poisoning did not increase nitrocysteinylation (S-nitrosylation) although 

the poisoning induced nitrosative stress in rat muscle.   

 Complex II exhibited lowest post-translational nitrocysteinylation among 

complexes I to IV under normal physiology which reduced significantly on MCP 

poisoning.  

 Post-translational tyrosine nitration of mitochondrial complexes I to IV did not 

occur in normal rat muscle and was not induced following MCP poisoning.  

 



 

 

 

 

 

 

 

 

 

Table 3.9: Temporal profiles of Tris-Tricine-SDS nitrocysteine blots of  muscle 

mitochondrial complexes I to V subunits in rats following MCP poisoning – densitometric 

image analysis      

 

 

 

 

 

 

 

 

 

 

                                   

 Time after MCP poisoning 

 Control 2.5 hours 8 hours 24 hours 

 Intensity (Arbitrary Units) (Mean ± SD) (n=3) 

Complex I 4267±1284 2790±1242 4831±667 3211±1093 

Complex  II 808±460* 265.5±141* 981±572 466±87.6 

Complex III 3036±680 2321±828 3767±903 3193±643 

Complex IV 2917±968 2495±1002 3477±2400 2902±1043 

  
*
p<0.05   



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.10: Temporal profiles of oxidative damage in muscle following MCP 

poisoning of rats  
 

 

 

 

 Time after MCP poisoning  

 Control 2.5 hours 8 hours 24 hours 

 
nmoles MDA/mg protein (Mean ± SD) (n=6) 

 

Lipid peroxidation  

 
3.0  0.5 3.4  0.6 2.8  0.4 3.7  0.7 

 
nmoles 5-thio, 2-nitro benzoate/mg protein 

(Mean ± SD) (n=6) 

Protein thiols 2.8 ± 0.8 2.5 ± 0.4 2.2 ± 0.6 2.6 ± 1.5 



58 

 

MCP poisoning and oxidative damage of rat skeletal muscle (Rat model-1, 

objective-3c) 

Lipid peroxidation  

Lipid peroxidation in skeletal muscle of control non-poisoned rats was 3 ± 0.5 nmol 

MDA/mg protein; (Mean ± SD) (n=6). MCP at 0.8LD50 did not induce lipid 

peroxidation in rat skeletal muscle (Table 3.10).  

Protein thiols 

Protein thiol levels in skeletal muscle of control non-poisoned rats were 2.8 ± 0.8 nmol 

5-thio-2-nitro benzoic acid /mg protein (Mean ± SD) (n=6). The levels did not increase 

following 0.8LD50 MCP administration to rats (Table 3.10).  

 

 

 

Inference 

 Severe MCP poisoning did not induce oxidative damage in rat skeletal muscle 

although oxidative and nitrosative stress were induced. 

 

 

 

 

 

 

 

 



        
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 

 Table 3.11: Temporal profiles of muscle antioxidant enzymes following MCP  

 poisoning of rats  
 

 

 

 

 

 

 

 

 Time after MCP poisoning 

 Control 2.5 hours 8 hours 24 hours 

 Units/mg protein (Mean ± SD) (n=6) 

 Catalase 1.9 ± 0.5 2.3 ± 0.2 2.2 ± 0.4 2.9 ± 0.9 

 Superoxide dismutase 

 
3.3 ± 0.9 3.4 ± 0.8 3.4 ± 1.3 4.6 ± 1.5 

 Glutathione peroxidase 

 
8.0 ± 2.3 6.0 ± 1.4 7.6 ± 1.8 7.8 ± 2.2 
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Anti-oxidant enzymes (Rat model-1, objective-3d) 

Catalase, SOD, Glutathione peroxidase 

Antioxidant enzymes, catalase (1.9 ± 0.5 units/mg protein), SOD (3.3 ± 0.9 units/mg 

protein) and glutathione peroxidase (8.0 ± 2.3 units/mg protein) (Mean ± SD)(n=6) of 

control non-poisoned rats were not affected by administration of 0.8 LD50 MCP 2.5 

hours, 8 hours and 24 hours later (Table 3.11).  

 

 

 

 

Inference 

 Severe MCP poisoning did not induce an enzymatic anti-oxidant response in rat 

skeletal muscle which may account for the oxidative stress that occurs. 

 

 

 

 

 

 

 

 

 

 



 

Table 3.12: Profile of cholinergic symptoms and muscle weakness in non-stressed and sound stressed rats following MCP poisoning 

 

 
 

RAT 

Cholinergic symptoms Muscle Power 

Chewing 
Body 

Tremors 
Salivation Lacrimation Grade I Grade II Grade III 

 
Time of symptom development after MCP poisoning in minutes  (Mean ± SD) 

Non stressed  

(n=10) 
4.1 ± 1.5 7.9 ± 1.4 20.1 ± 6.0 20.4 ± 4.2 10.6 ± 2.0 22.1 ± 6.5 51.5 ± 22.3 

Sound stressed  

(n=18) 
6.9 ± 4.1 13.4 ± 3.0 24.8 ± 7.0 27.6 ± 10 19.5 ± 5.2 30.1 ± 10 0 

P  

(Non-stress Vs 

Stress) 

< 0.01 < 0.000 < 0.05 < 0.005 < 0.001 < 0.01 - 
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The effect of preconditioning sound stress on MCP poisoning in rats (Rat model-2) 

Effect of sound stress – Corticosterone levels in plasma 

Plasma corticosterone levels in normal non-stressed rats were 23.30 ± 4.97 µg/dL and 

40.00 ± 3.89 µg/dL in sound stressed rats (Mean ± SD)(n=6).  The increase was 

significant (p< 0.0001) and provided biochemical evidence of stress. 

MCP poisoning of sound stressed rats – clinical profile  

Sound stressed rats subject to 0.8LD50 MCP poisoning exhibited significant delay in 

onset of all cholinergic symptoms compared to non-stressed rats. Nicotinic symptoms 

of chewing and body tremors were delayed by nearly 2.5 and 5.5 minutes respectively 

and muscarinic symptoms of salivation and lacrimation by 5 and 7 minutes respectively 

(Table 3.12).  

Sound stressed rats subject to 0.8LD50 MCP poisoning exhibited significant delay of 10 

minutes in development of muscle weakness of Grades I and II compared to non-

stressed rats. Sound stressed rats did not develop paralysis (Grade III muscle power) 

when subject to MCP poisoning (Table 3.12). 

The delay in development of nicotinic and muscarinic symptoms and muscle weakness 

in sound stressed rats compared to non-stressed rats subject to 0.8LD50 MCP poisoning 

was significant (p< 0.05) (Table 3.12) 

Inference 

 Stress in rats subject to the experimental sound conditions of this study was 

confirmed by high plasma corticosterone levels.  

 Cellular mechanisms induced in response to sound stress protect rats from 

cholinergic symptoms and paralysis of severe MCP poisoning. 

 

 



                 Table 3.13: Temporal profiles of cholinesterase activities in sound stressed and non-stressed rats following MCP poisoning  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7: Temporal profiles of cholinesterase inhibition following MCP poisoning of non- stressed and stressed rats                                                                        
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                                                 **p<0.01, *p<0.05 compared to non-stressed rats of corresponding time points. 

  Time after MCP poisoning 

 

 

 

Plasma BuChE 

 

Rat Control 2.5 hours 8 hours 24 hours 

 Units/L  (Mean SD) 

Non-stressed (n=3) 866 ±70 65 ± 9.0
a
 79.6 ± 17 73.8 ± 24 

Stressed (n=6) 857 ± 277 206 ± 105
 a  

(
a
p<0.01) 96.1 ± 15.4 85.6 ± 23.5 

  Units/mg protein    (Mean SD) 

 

RBC AChE 

 

Non-stressed (n=3) 0.056 ±0.005 0.0033 ± 0.0009 0.0031 ± 0.0008
b
 0.0046 ± 0.0007 

Stressed (n=6) 0.045 ± 0.003 0.005 ± 0.002 0.006 ± 0.001
b
 (

b
p<0.01) 0.005 ± 0.003 

 

Muscle AChE 

Non-stressed (n=6) 0.013 ± 0.002 0.006 ± 0.002 0.004 ± 0.001
c
 0.008 ± 0.001 

Stressed (n=6) 0.012 ± 0.003 0.0057 ± 0.001 0.0077 ± 0.0029
 c  

(
c
p<0.05) 0.007 ± 0.001 
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Cholinesterase levels (Rat model-2, objective-4a) 

In sound stressed rats plasma BuChE, RBC and muscle AChE levels were 867 ± 70 

units/L, 0.06 ± 0.005 units/mg proteins, 0.014 ± 0.002 units/mg protein (mean ± SD) 

(n=6) respectively.  

The temporal profiles of plasma BuChE, RBC AChE and muscle AChE activities of 

sound stressed rats and non-stressed rats subject to 0.8LD50 MCP poisoning are given 

in Table 3.13. MCP induced inhibition of sound stressed and non-stressed rat plasma 

BuChE, RBC AChE and muscle AChE are given in Figure 3.7.  

MCP poisoning inhibited plasma BuChE and RBC AChE >80% soon after poisoning 

in sound stressed rats which remained at these levels 24 hours later (Figure 3.7) 

Muscle AChE activity was inhibited 52% 2.5 hours after MCP poisoning in sound 

stressed rats and declined to 44% 8 hours poisoning.  The inhibition remained at 40% 

24 hours later (Figure 3.7). 

Sound stressed rats subject to 0.8LD50 MCP poisoning exhibited similar levels of 

plasma BuChE, RBC and muscle AChE inhibition as non-stressed rats 2.5 hours after 

poisoning. Eight hours after poisoning inhibition of RBC AChE (78% vs 95%) and 

muscle AChE (44% vs 69%) were significantly less in sound stressed rats compared to 

non-stressed rats (p<0.05) but not of plasma BuChE (82% vs 91%). The inhibitions of 

all three enzymes 24 hours after poisoning were similar to those that occurred in non-

stressed rats (Figure 3.7).  

Inference 

 Sound stress did not affect cholinesterase activities in rats.  

 Sound stress protected the cholinesterases from the high MCP inhibition noted 

in non-stressed rats. 



                            Figure 3.8a:  Representative blots of the temporal profile of muscle AChE following MCP poisoning of rats  

 

 

 

 

 

 

     Figure 3.8b: Temporal profile of monomer AChE in muscle following                    Table 3.14: Temporal profile of muscle AChE following             

MCP poisoning of rats - densitometric image analysis of blots                                   MCP poisoning of rats - densitometric image analysis of blots 

 

                                                                                                                            

             *p<0.05 compared to non-stressed rats

 Time after MCP poisoning 

 Control 2.5 hours 8 hours 24 hours 

Non stressed rat Intensity (Arbitrary units) (Mean ± SD) (n=3) 

Dimer 186kDa 68 ± 21.6 52.3 ± 3 64 ± 9.5 57.3 ± 27 

Monomer 74kDa 22 ± 12.5* 10.6 ± 1.15* 16.3 ± 3.0* 15.6 ± 4.0* 

Stressed rat     

Dimer 186kDa 49 ± 28.8 47.3 ± 4.9 62.3 ± 5.1 43 ± 14 

Monomer 74kDa 41.6 ± 7.5* 33.3 ±13.8* 55 ± 23.8* 26 ± 5.3* 

 *p< 0.05 *p< 0.05 *p< 0.05 *p< 0.05 

* * 

* 

* 

Dimer AChE - 186kDa 

Monomer AChE-74kDa 

Non-Stressed rats  Stressed rats  

Ctrl                  2.5hr              8hr   24hr  Ctrl            2.5hr                  8hr 24hr 
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MCP poisoning and molecular forms of AChE in rat skeletal muscle (Rat model-2, 

objective-4a) 

Muscle AChE (A12mer) is assembled from AChE monomers of 74kDa synthesized in the 

muscle that disulfide link to form dimers of 186kda. The dimers form tetramers through 

hydrophobic bonds to form the 12mer AChE bound through the ColQ tail to the extracellular 

matrix. Experimentaly tetramers are dissociated into dimers by SDS.  AChE monomers and 

dimers are separated by non-reducing SDS-PAGE that can be detected on western blots with 

anti-AChE antibodies. Densitometric analysis of immune bands that develop on the blots 

indicate protein levels of AChE monomers and dimers in the sample under analysis. The 

monomeric form of AChE represents the level of newly synthesized protein and dimeric form 

represents A12mer enzyme protein.  

Figure 3.8a is a representative AChE immune blot of muscles from non-stressed and sound 

stressed rats and those subject to 0.8LD50 MCP poisoning.   

Intensities of monomer and dimer AChE immune bands in muscles of stressed and non-stressed 

control rats and in rats after 0.8LD50 MCP administration are given in Table 3.14, Figure 3.8b.   

Monomeric AChE protein levels were significantly high in muscle of control sound-stressed 

rats compared to those of control non-sound stressed rats. MCP poisoning did not affect 

monomer AChE levels in non-stressed or sound stressed rats but the levels were significantly 

higher through poisoning in sound stressed rats.  

Dimeric AChE protein levels were similar in muscles of control non-stressed and control sound 

stressed rats. MCP poisoning did not alter dimer AChE levels in non-stressed or sound stressed 

rats. 

Inference 

 MCP poisoning did not affect AChE protein expression in muscle.  

 Sound stress increased AChE monomer synthesis and / or prevented monomer 

degradation. 



Table 3.15:  Temporal profiles of muscle mitochondria viability in sound stressed and non-

stressed rats following MCP poisoning  

 

 

 

 

 

Table 3.16: Temporal profiles of muscle mitochondria oxygen uptake in sound stressed and 

non-stressed rats following MCP poisoning  

 

 

 

 
 

 

 
Time after MCP administration 

 
Control 2.5 Hours 8 Hours 24 Hours 

 
Decrease in absorbance at 540nm/min/mg protein (Mean ± SD) 

Non-stressed rats (n=3) 0.004 ± 0.001 0.0044 ± 0.002 0.003 ± 0.001 0.005 ± 0.003 

Stressed rats  (n=6) 0.004 ± 0.002 0.003 ± 0.002 0.004 ± 0.002 0.004 ± 0.001 

  
Mitochondrial oxygen uptake 

Time after MCP administration 

Complex Rat Control 2.5 Hours 8 Hours 24 Hours 

  % Oxygen consumed/min (Mean ± SD) (n=6) 

Complex I 

Non-stressed 7.6 ± 2.7 7.7 ± 0.15
a
 6.7 ± 1.7 7.3 ± 2.3 

Stressed 3.1 ± 1.1 
2.3 ± 1.3

a 

a
p<0.001 

3.2 ± 0.7 2.6 ± 0.54 

Complex II 

Non-stressed 0.8 ± 0.4 0.8 ± 0.4 0.7 ± 0.1 0.63 ± 0.4 

Stressed 1.1 ± 0.6 0.9 ± 0.2 1.2 ± 0.6 1.2 ± 0.7 
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The effect of preconditioning sound stress on MCP poisoning and the 

mitochondria  in rats (Rat model-2, objective-4b) 

Mitochondrial viability 

The decrease in absorbance at 540nm/min/mg protein of mitochondria isolated from 

sound stressed control rats did not differ from that of mitochondria isolated from non-

stressed control rats or from sound stressed rats 2.5 hours, 8 hours and 24 hours after 

0.8LD50 MCP poisoning (Table 3.15). 

Mitochondrial oxygen uptake 

Respiratory control ratios at complex I and II of control sound stressed rats, control 

non-stressed rats and those subject to 0.8LD50 MCP poisoning are given in Table 

3.16.  

Oxygen uptake at complex I in sound stressed rats was significantly less 2.5 hours after 

poisoning compared to non-stressed MCP poisoned rats, but at no other times.  

Sound stress did not affect oxygen uptake at complex II compared to non- stressed 

(control) rats. MCP poisoning did not affect oxygen uptake at complex II in sound 

stressed rats. 

Inference:   

 Sound stress did not affect the viability of rat muscle mitochondria.  

 Sound stress improved mitochondrial respiratory efficiency as noted by the lower 

oxygen uptake at complex I required to maintain normal mitochondrial 

respiration compared to higher oxygen uptake at complex I required by non-

stressed rats.  

 The efficiency afforded by sound stress to complex I was maintained on MCP 

poisoning.  



Table 3.17:  Temporal profiles of muscle mitochondrial complex activities in sound stressed and non-stressed rats following MCP poisoning  

 

 

 

 

 

 

 

Figure 3.9a: Temporal profile of muscle mitochondrial complex activities in non-stressed and stressed rats following MCP poisoning 
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*P<0.01, **P<0.005, ***P<0.0005 compared to non-stressed rats 

 
Time after MCP administration 

 
Control 2.5 hours 8 hours 24 hours 

 
Rat Mitochondrial Complex activity  -  Units/mg protein (Mean ± SD) (n=6) 

Complex I 
Non-stressed 708 ± 145

a
 538 ± 110 504 ± 74 538 ± 90 

Stressed 445 ± 125
a 
(

a
p<0.01) 574 ± 255 508 ± 120 560 ± 246 

Complex II Non-stressed 1.8 ± 0.9 4.1 ± 1.2
b
 2.9 ± 0.8

c
 2.7 ± 1.5 

Stressed 1.4 ± 0.3 1.5 ± 0.8
b
 (

b
p<0.005) 0.1 ± 0.04

c 
(

c
p<0.0005) 1.0 ± 0.6 

Complex IV 
Non-stressed 0.2 ± 0.06

d
 0.14 ± 0.05

e
 0.12 ± 0.01

f
 0.14 ± 0.02

g
 

Stressed 0.54 ± 0.2
d 
(

d
p<0.005) 0.65 ± 0.2

e 
(

e
p<0.0005) 0.38 ± 0.1

f 
(

f
p<0.005) 0.44 ± 0.2

g 
(

g
p<0.01) 
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Mitochondrial complex activities (Rat model-2, objective-4b) 

Complex I (NADH-ubiquinone oxidoreductase) activity 

Muscle mitochondrial complex I activities of sound stressed control rats, non-stressed 

control rats and the temporal profile of activities in these rats after 0.8LD50 MCP 

administration are given in Table 3.17 and Figure 3.9a.  

Complex I activity was significantly reduced in sound stressed rats compared to its 

activity in non-stressed rats (p< 0.05). Complex I activity of sound stressed rats was not 

affected by MCP poisoning (Table 3.17). 

Complex II (succinate-ubiquinone oxidoreductase) activity  

Muscle mitochondrial complex II activities of sound stressed control rats, non-stressed 

control rats and the temporal profile of activities in these rats after 0.8LD50 MCP 

administration are given in Table 3.17 and Figure 3.9a.  

Complex II activity did not differ between control sound stressed and non-stressed 

control rats.   

Complex II activity of sound stressed rats reduced significantly 8 hours after poisoning 

(p< 0.005) with recovery of normal activity 24 hours after poisoning.  

Complex II activity of sound stressed rats was significantly less than that of non-

stressed rats at 2.5 hours, 8 hours and 24 hours after MCP poisoning (Table 3.17; 

Figure 3.9a). 

 

 



 

 

 

 

 

 

 

Figure 3.9b: Temporal profile of muscle mitochondrial complex IV activity in non-stressed 

and stressed rats following MCP poisoning 
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*p<0.01 compared to non-stressed rats, **p<0.005 compared to non-stressed rats,  

***p<0.0005 compared to non-stressed rats. 
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Complex IV activity 

Muscle mitochondrial complex IV activities of sound stressed control rats, non-stressed 

control rats and the temporal profile of activities in these rats after 0.8LD50 MCP 

administration are given in Table 3.17 and Figure 3.9b.  

Mitochondrial complex IV activity of control sound stressed rats was significantly 

higher than that of control non-stressed rats (p<0.01). Complex IV activity of sound 

stressed rats was not affected by MCP poisoning and remained significantly higher than 

that of non-stressed rats at 2.5, 8 and 24 hours following poisoning (Table 3.17; 

Figure 3.9b).  

 

 

 

Inference 

 Sound stress induced increase of Complex IV activity and improved 

mitochondrial respiratory efficiency at complex I may contribute to protection 

against severe muscle weakness of MCP poisoning in the rats. 



   Table 3.18: Temporal profiles of muscle nitrite in sound stressed and non- 

stressed rats following MCP poisoning  
 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10: Temporal profiles of muscle nitrite in sound stressed and non-

stressed rats following MCP poisoning  
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                                      *p<0.01,**p<0.005 compared to non-stressed rats. 

 Time after MCP poisoning 

 Control 2.5 hours 8 hours 24 hours 

Rat 
Nitrite 

nmoles/mg protein (Mean ± SD) (n=6) 

Non-stressed 0.9 ± 0.4
a
 1.9 ± 0.8

b
 2.0 ± 0.4

c
 2.98 ± 0.7 

Stressed 

 

3.1 ± 0.9
a 

a
p<0.005 

2.7 ± 0.7
b 

b
p<0.01 

3.2 ± 1.0
c 

c
p<0.01 

 

2.8 ± 0.7 
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Nitrosative stress (Rat model-2, objective-4c) 

Nitrate levels as the index of NO and nitrosative stress  

Muscle nitrite (NO) levels of sound stressed control rats, non-stressed control rats and 

their levels in rats after 0.8LD50 MCP administration are given in Table 3.18 and 

Figure 3.10.  

Sound stressed control rats showed 3.7 fold higher levels of nitrite (NO) in the muscle 

compared to non-stressed (control) rats. MCP poisoning did not induce NO in muscle 

of sound stressed rats. 

Nitrite (NO) levels were significantly higher in muscle of sound stressed rats compared 

to non-stressed rats at 2.5 hours and 8 hours after MCP poisoning (p< 0.01, 0.005) 

(Figure 3.10). 

 

Inference 

 Sound stress induced significant nitrosative stress in rat skeletal muscle.  

 MCP poisoning did not increase nitrosative stress in sound stressed muscles.  

 

 

 

 

 

 



Table 3.19:  Temporal profiles of oxidative damage in muscle of sound stressed and 

non-stressed rats following MCP poisoning  

 

 

 

Figure 3.11: Temporal profiles of oxidative damage in muscle of sound stressed and 

non-stressed rats following MCP poisoning 
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***p<0.001 compared to non-stressed rats. 

 

 

  Time after MCP poisoning 

 Rat Control 2.5 hours 8 hours 24 hours 

  nmoles MDA /mg protein (Mean ± SD) (n=6) 

Lipid peroxidation  

 

Non-   

stressed 
3.0  0.5

a
 3.4  0.6

b
 2.8  0.4

c
 3.7  0.7

d
 

Stressed 
0.9  0.5

a 

a
p<0.001 

1.0  0.5
b 

b
p<0.001 

0.9  0.6
c 

c
p<0.001 

1.1  0.5
d 

d
p<0.001 

  
nmoles 5-thio,2-nitro benzoic acid /mg protein 

(Mean ± SD) (n=6) 

Protein thiols 

 

Non- 

stressed 
2.8 ± 0.8 2.5 ± 0.4 2.2 ± 0.6 2.6 ± 1.5 

Stressed 2.0 ± 0.5 2.4 ± 1.3 2.6 ± 0.5 2.7 ± 0.6 



67 

 

The effect of preconditioning sound stress on MCP poisoning and oxidative 

damage of rat skeletal muscle (Rat model-2, objective-4d) 

Lipid peroxidation 

Lipid peroxidation in muscle of sound stressed control rats, non-stressed control rats 

and their levels in these rats after 0.8LD50 MCP administration are given in Table 3.19 

and Figure 3.11.  

Lipid peroxidation in the muscle of sound stressed control rats was significantly lower 

than that of non-stressed control rats (p<0.0001). Lipid peroxidation was > 3 fold lower 

in the muscle of sound stressed rats compared to non-stressed rats 2.5, 8 and 24 hours 

after MCP poisoning (p<0.05) (Figure 3.11). MCP poisoning did not affect lipid 

peroxidation levels in the muscle of sound stressed rats.  

Protein thiols 

Protein thiol levels in muscle of sound stressed control rats, non-stressed control rats 

and their levels in these rats after 0.8LD50 MCP administration are given in Table 3.19.  

Sound stress did not increase muscle protein thiols in rats compared to non-stressed 

rats. MCP poisoning did not affect muscle protein thiol levels in sound stressed rats. 

 

Inference 

 The experimental sound stress conditions prevented basal levels of oxidative 

damage in the rat muscle implying macromolecules retain high structural 

integrity in sound stressed rats.  

 



 

Table 3.20: Temporal profiles of muscle antioxidant enzymes in sound stressed and non-

stressed rats following MCP poisoning 

           

                                      

 

 

Figure 3.12: Temporal profiles of muscle superoxide dismutase in sound stressed and non-

stressed rats following MCP poisoning              
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                           *p<0.05,**p<0.005 compared to non-stressed rats. 

  Time after MCP poisoning 

  Control 2.5 hours 8 hours 24 hours 

 Rat Units/mg protein (Mean SD) (n=6) 

Catalase 

Non- 

stressed 
1.9 ± 0.5 2.3 ± 0.2 2.2 ± 0.4 2.9 ± 0.9 

Stressed 2.6 ± 0.8 2.6 ± 0.5 2.8 ± 0.8 2.7 ± 0.3 

Superoxide 

dismutase 

 

Non- 

stressed 
3.3 ± 0.9

a
 3.4 ± 0.8

b
 3.4 ± 1.3

c
 4.6 ± 1.5

d
 

Stressed 
   1.5 ± 0.4

a    
          

(
a
p<0.005) 

   1.7 ± 0.8
b  

(
b
p<0.005) 

   1.4 ± 0.5
c 

(
c
p<0.05) 

1.5 ± 0.3
d 

(
d
p<0.005) 

Glutathione 

peroxidase 

 

Non- 

stressed 
8.0 ± 2.3

e
 6.0 ± 1.4

f
 7.6 ± 1.8

g
 7.8 ± 2.2

h
 

Stressed 

 

   27.7 ± 7.1
e 

(
e
p<0.005) 

   40 ± 12.5
f 

(
f
p<0.005) 

    3 2 ± 15
g   

  

(
g
p<0.05) 

3 9 ± 13
h 

(
h
p<0.005) 
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Antioxidant enzymes (Rat model-2, objective-4e) 

Catalase  

Catalase activity in muscle of sound stressed control rats, non-stressed control rats and 

their levels in these rats after 0.8LD50 MCP administration are given in Table 3.20.  

Catalase levels in the muscle were similar between sound stressed and non-stressed 

rats. Catalase was not induced in the muscle of sound stressed rats subject to MCP 

poisoning 

Superoxide dismutase  

SOD activity in muscle of sound stressed control rats, non-stressed rats and activity 

levels in these rats after 0.8LD50 MCP administration are given in Table 3.20 and 

Figure 3.12.  

SOD in the muscle was reduced significantly in sound stressed rats compared to non-

stressed rats (p< 0.05). 

SOD was not induced in the muscle of sound stressed rats subject to MCP poisoning. 

SOD levels in the muscle of sound stressed rats were significantly lower than those of 

non-stressed rats at 2.5, 8 and 24 hours after MCP poisoning (Figure 3.12). 

Glutathione peroxidase  

Glutathione peroxidase activity in muscle of sound stressed control rats, non-stressed 

control rats and activity levels in rats after 0.8LD50 MCP administration are given in 

Table 3.20 and Figure 3.13.  



 

 

 

 

 

 

 

Figure 3.13: Temporal profiles of muscle glutathione peroxidase in sound stressed and non-

stressed     rats following MCP poisoning              
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Glutathione peroxidase was significantly elevated (>3 fold) in muscle of sound stressed 

control rats compared to non-stressed control rats (p<0.05). 

MCP poisoning did not affect glutathione peroxidase levels in the muscle of sound 

stressed rats (Figure 3.13).  

 

 

 

Inference 

 Sound stress induced a high antioxidant glutathione peroxidase response in rat 

skeletal muscle which would protect against free radical induced lipid 

peroxidation and consequent oxidative damage in the muscle.  

 The high glutathione peroxidase levels that prevent free radical induced 

oxidation may obviate the need for other antioxidants as seen by reduced SOD. 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

CHAPTER 4 

DISCUSSION AND CONCLUSION SUMMARY 

 

 

 

 

 

 

 

 

 

 

 



70 

 

DISCUSSION 

MCP poisoning in rats  

Acute severe OPP poisoning is a common medical emergency in most of Asia 

particularly India, associated with significant morbidity and mortality of all 

hospitalizations. Although the cholinergic crisis characterizes the medical emergency, 

muscle weakness that is both severe and prolonged underlies morbidity / mortality of 

hospitalized poisoned patients. The cardinal pathological events that lead to muscle 

weakness of OPP poisoning are the inhibition of AChE and consequent accumulating 

acetylcholine hyper-stimulation of muscle resulting in muscle depolarization. The 

muscle remains depolarized as long as significant inhibition of AChE continues and 

persistent muscle depolarization manifests as severe muscle weakness / paralysis.  As 

discussed earlier in Chapter 1 the clinical profiles of OPP poisoned patients suggest 

involvement of non-cholinergic mechanisms in the pathogenesis of their muscle 

weakness. The poor outcome of oxime therapy, directed at reactivation of OP inhibited 

AChE, in OPP poisoned patients necessitates exploring these other mechanisms 

towards development of effective treatment. This thesis examined a role for 

dysfunction of respiratory complexes I to IV and oxidative stress in the pathology of 

muscle weakness arising from severe OPP poisoning in rodents. 

Rodents are commonly used animal models for the study of OPP toxicity (215, 216). In 

this study Wistar rats subject to acute severe MCP poisoning exhibited cholinesterase 

inhibition, cholinergic symptoms and muscle weakness that progressed to paralysis 

which indicated the suitability of the model to investigate muscle pathology of OPP 
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poisoning. The rapid onset of cholinergic symptoms and muscle weakness indicated 

rapid absorption and tissue distribution of MCP in the rat.  

Acute severe MCP poisoning induced muscle weakness – findings of the study 

The studies of this thesis suggest that severe acute MCP poisoning that produces 

paralysis in rats affects respiratory complexes with significant inhibition of complex I 

activity in the muscle. However mitochondrial function of cellular respiration at 

complex IV was not affected presumably because of the activation of complex II. The 

reversible nature of paralysis and restoration of normal muscle strength in rats may 

reflect the low levels of oxidative stress that do not produce irreversible oxidative 

damage. The studies show that mitochondrial oxygen uptake does not contribute to 

muscle weakness of MCP poisoning in these rats.  

Although mitochondrial respiration in skeletal muscle remained active following severe 

MCP poisoning the alterations in respiratory complex I and II activities were associated 

with oxidative and nitrosative stress from absence of anti-oxidant induction. The lack 

of oxidative and nitrosative damage in the muscle in presence of oxidative stress 

suggests that any increase of ROS or NO was scavenged by basal levels of 

antioxidants. Nitrosative stress was not at a level to enable tyrosine nitration of 

proteins. Efficient GSH scavenging of NO may underlie both reduced GSH/GSSG 

levels and reduced NO modification of complex II in the muscle following MCP 

poisoning. S-nitrosylation, a reversible post translational NO modification of proteins, 

appeared to inhibit complex II activity as reduced S-nitrosyslation activated the 

complex. 
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MCP poisoning and mitochondrial disruption 

The high energy requirements of a hyper-stimulated muscle implicate the mitochondria 

in the pathology of paralysis. This may arise from the rate of ATP synthesis being 

insufficient to support the rate of muscle activity but with no dysfunction of the 

mitochondria. Alternatively prolonged increased mitochondrial activity to meet the 

enhanced energy requirements of the hyper stimulated muscle would be associated with 

increased electron leak and ROS that may affect the respiratory complexes, common 

targets of ROS oxidation. Oxidative modification of the electron transport chain 

complexes can affect ATP generation if cellular respiration is affected.  

Several studies show that mitochondrial pathology occurs in OPP poisoning. Kaur et al 

(105) found complexes I, II, IV to be inhibited in the brain of rats chronically exposed 

to dichlorovos. Their studies suggested this was due to increased mitochondrial uptake 

of Ca
2+

 that increased oxidative damage, disrupted anti-oxidant response and induced 

oxidative stress leading to neuronal apoptosis.  Chronic exposure of rats to dichorvos 

also inhibited mitochondrial respiratory complexes I, II, IV, ATP synthase, decreased 

ATP levels and induced oxidative stress in the liver (217).  Acute exposure to MCP has 

been shown to reduce mitochondrial enzyme activities and induce oxidative damage in 

rat brain reportedly in the absence of cholinergic symptoms (218). Mitochondrial 

dysfunction of complex I to IV inhibition, depletion of ATP and disruption of 

membrane potential that led to cell death were shown to occur in pheochromocytoma 

PC12 cells exposed to mevinphos. These cells lack acetylcholinesterase which provides 

support for mitochondrial dysfunction and bioenergetic failure as non-cholinergic 

mechanisms of organophphosphate pesticide toxicity (219). 
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Mitochondrial dysfunction associated with pathology of OPP poisoning has also been 

shown in the muscle. In rats orally treated with malathion that produced 70% inhibition 

of AChE, Karami-Mohajeri et al (216) found the muscle mitochondria were severely 

dysfunctional. There was inhibition of the respiratory complexes, reduced ATP 

production, impaired respiration and oxidative stress. Malathion, chlorpyrifos and 

metaphos also decreased ATP production and affected ADP/ATP ratios in rat cortex 

and heart muscle (219-222). Studies from our group by Venkatesh et al (155) and 

Raghupathy et al (223) showed inhibition of complex V and compromised ATP 

production in muscle of rats severely poisoned with MCP. In all these reports acute 

OPP poisoning was associated with severe muscle weakness.  

The studies of this thesis indicate that severe acute MCP poisoning that produces 

paralysis in rats affects respiratory complexes with significant inhibition of complex I 

activity (`25% inhibition) in the muscle. Twenty-five percent inhibition of complex 1 

activity has been shown to reduce ATP synthesis and induce bioenergetic failure in 

hippocampus of rats briefly subject to ischemia (86). 

 Complex I contains a high number of thiol groups that are susceptible to oxidative 

modification more so than thiol groups of complex II and III. This has been shown in 

macrophages exposed to high concentrations (µM) of NO where thiol S-nitrosylation 

on complex 1 occurred while complex II and III were unaffected (102). In studies 

where rat brain slices were incubated with N-ethyl-maleimide or di-ethyl maleimide 

dose dependent inhibition of complex 1 accompanied decrease of GSH in the brain.  

This oxidative modification of complex I impaired electron transport and increased 

electron leak which further increased inhibition of complex I (84). These studies show 

http://www.ncbi.nlm.nih.gov/pubmed?term=Karami-Mohajeri%20S%5BAuthor%5D&cauthor=true&cauthor_uid=23774768
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the importance of thiol groups for the activity of complex I (84, 224). Decrease in 

complex I activity and ATP levels have been observed in skeletal muscle biopsies from 

critically ill patients in septic shock. In these patients complex I inhibition correlated 

with increased NO production and decreased GSH levels which suggested NO induced 

modification of complex 1 thiol groups maybe a cause of pathology (150).  In our study 

thiol group oxidation did not appear to be a cause of complex 1 inhibition as it did not 

increase in muscle of MCP poisoned rats. This may be a consequence of a cellular 

environment where oxidative reactions (oxidative damage) do not occur. The 

mechanism(s) of complex 1 inhibition in the muscle of MCP poisoned rats are not clear 

from our study. 

In contrast to complex 1, mitochondrial respiratory complex II was activated in muscle 

of MCP poisoned rats. Unlike complex I inhibition which was prolonged and continued 

during recovery of muscle power, complex II activation occurred only in the immediate 

phase after paralysis and returned to normal activity on recovery of muscle strength. 

Complex II was the least nitrosylated among all the four respiratory complexes. It is 

known to have less cysteine than complex I. Low nitrosylation of complex II may also 

be due to a 70kDA subunit close to the active site of the enzyme that is a redox 

regulatory component involved in anti-oxidation (90). Interestingly activation of 

complex II following MCP poisoning was associated with reduction of S-nitrosylation, 

a reversible post translational NO modification. Reduced S-nitrosylation may occur 

through GSH scavenging of NO and reflect the consequent oxidative stress in the 

muscle. This may also explain the absence of increased nitrosylaion on complex IV 

observed in this study although it is a protein known to have high affinity for NO. 
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In relation to the aim of the study i.e.: the contribution of mitochondrial respiration 

(i.e.O2 uptake and respiratory complex I-IV activities) to neuromuscular weakness that 

occurs with OPP poisoning: the finding was that despite alterations of respiratory 

complex activities, i.e. significant inhibition of complex I and activation of complex II, 

mitochondrial function of cellular respiration at complex IV was normal and which 

would therefore not contribute to MCP induced muscle weakness.  

We argue that activation of complex II compensated for the inhibition of complex I 

activity such that electron transport could maintain normal oxygen uptake at complex 

IV.  

The activities of complex I and II were both assayed by reactions of electron transport 

through complex III coupled to oxido-reduction of complex IV which thus indicated 

complex III was active and not inhibited by the poisoning. Inhibition of complex I was 

an indication of reduced electron transport between complex I and III and IV. 

Activation of complex II was a reflection of increased electron transport between 

complex II, III, and IV. Viewing these electron transport activities together indicated 

why complex II activation compensated for complex I inhibition, complex III activity 

was unaffected and oxygen uptake at complex IV was not affected in skeletal muscle of 

rats severely poisoned with MCP. 

MCP poisoning and oxidative stress 

The aim of this study was also to examine if oxidative stress contributes to pathology 

of muscle weakness that occurs on OPP poisoning in rats. Our studies show induction 

of oxidative and nitrosative stress and the absence of oxidative damage are associated 

with reversible muscle weakness of MCP poisoning. The study implies that oxidative 
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and nitrosative stress that leads to irreversible oxidative damage may lead to 

irreversible muscle weakness of poisoning.   

The reversible nature of paralysis and restoration of normal muscle strength in the rats 

may reflect reversible modifying reactions and also low levels of oxidative stress that 

do not produce irreversible oxidative damage. The absence of irreversible oxidative 

damage in the muscle is considered important in the reversible pathology of muscle 

weakness.  It is possible that OPP poisoning that induces oxidative stress of greater 

magnitude may lead to irreversible oxidative damage in the muscle that may prevent 

recovery of muscle power or greatly increase the duration of pathology to delay 

recovery of muscle strength. Characterized by type, dose and route of exposure, acute 

and chronic OPP intoxication have been shown to disturb redox processes, change the 

activities of antioxidant enzymes and importantly enhance lipid peroxidation in rat 

brain and liver (133, 225-227).  In this background our studies suggest induction of an 

anti-oxidant environment in the muscle may prevent muscle weakness that occurs in 

rats severely poisoned by MCP.  

Can antioxidants prevent MCP poisoning induced pathology? 

The antioxidant response is an effective mechanism to inactivate free radicals and 

important for redox regulation in maintenance of cellular homeostasis. The outcome of 

antioxidant activity is prevention of oxidative damage and consequently protection of 

cellular integrity. Systems that induce antioxidants afford cellular protection. Pre and 

post administration of antioxidants to oxidative stress environments are shown to 

protect against oxidative stress. N-acetylcysteine has been effectively used to attenuate 

oxidative stress induced damage in organophosphate poisoning in animals. Erythrocyte 
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lipid peroxidation induced in rats treated with diclorvos was prevented in rats pre-

treated with N-acetylcysteine (164). Rats treated with α-tocopherol and N-

acetylcysteine prior to diazinon administration manifested reduced AChE inhibition 

and decreased levels of lipid peroxidation in  rat blood (166). These studies indicate 

that in addition to standard treatments of atropine and oximes, drugs with antioxidant 

effects might be effective in the treatment of organophosphate poisoning. Anti-oxidant 

treatment for muscle weakness of OPP poisoning has been suggested earlier (228, 229). 

Effect of sound stress induced antioxidants on MCP poisoning 

In this study sound stress which induced significant stress in rats as noted from their 

increased corticosterone levels, also induced a high cellular glutathione peroxidase 

antioxidant response. Glucocorticoid (GC) hyper secretion constitutes the major 

hormonal response to stress and affords cellular protection through increase of life span 

and maintenance of tissue homeostasis in face cellular insult (230). 

Glutathione peroxidase is the main antioxidant involved in protection against oxidative 

stress.  Rats exposed to prolonged, high sound levels that induced a strong anti-oxidant 

environment in the muscle were protected against muscle weakness of severe MCP 

poisoning. The high glutathione peroxidase anti-oxidant response which provided the 

cell with efficient ROS scavenging that almost completely prevented oxidative damage, 

reflected as low lipid peroxidation, would enable macromolecules to retain high 

structural integrity. This leads to improved efficiency of cellular reactions which 

among the respiratory complexes was observed as lower oxygen uptake at complex I 

required for normal cell respiration and high complex IV activity. The activity of 

complex II was mostly unaffected by the high anti-oxidant environment. High 
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structural integrity of macromolecules also affords protection from cellular insults. 

Thus severe MCP poisoning did not increase oxidative damage in the muscle although 

nitrosative stress was apparent in the stressed muscle. However post-translational NO 

modifications of the respiratory complexes were not examined in the stressed muscle.  

High glutathione peroxidase levels, an efficient antioxidant enzyme in the muscle, 

clearly reduced need for other antioxidants leading to their down regulation as seen 

with SOD. The GSH/GSSG redox potential of the stressed muscle was not measured in 

the studies of this thesis. It is assumed that high glutathione peroxidase would increase 

GSH to levels that maintain a high redox potential in the stressed muscle.  These 

studies demonstrate the effective role of maintaining a high redox potential in the 

muscle to protect against MCP induced paralysis in rats.  

The importance of glutathione peroxidase as an antioxidant is seen in glutathione 

peroxidase knockout mice exposed to high levels of paraquat. In these mice although 

other antioxidant enzymes catalase and SOD were induced, they showed less survival 

compared to wild type mice (231, 232). It was also found that neurons from glutathione 

peroxidase knockout mice were sensitive to H2O2 unlike neurons from wild type mice 

(231). Mice exposed to endotoxin or galactosamine exhibited oxidative stress induced 

liver injury that was greatly enhanced in glutathione peroxidase knockout mice. These 

studies indicated the importance of glutathione peroxidase as an antioxidant that 

protects against oxidative stress (233). Stress induced molecular protection is also 

through induction of chaperones but has not been explored in this thesis.  

As discussed in Chapter I rodents efficiently detoxify organophosphate compounds 

which would also importantly contribute to their reversible muscle pathology following 
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MCP poisoning. High redox potential of cells that protect the structural integrity of 

macromolecules would also improve efficacy of detoxification. This may be yet 

another reason to pursue anti-oxidant therapy for OPP poisoning. 

MCP poisoning and AChE 

Inhibition of muscle AChE the cardinal reaction responsible for OPP toxicity, indicated 

critical aspects of the inhibition that may be important in recovery from OPP induced 

muscle weakness. Wistar rats orally administered high concentrations of MCP rapidly 

exhibited cholinergic crisis and muscle weakness that progressed to paralysis. 

Inhibition of muscle AChE decreased (i.e. activity increased) with recovery of muscle 

strength and occurred with no treatment. In this thesis recovery of muscle AChE 

activity is considered important for recovery of muscle strength. In rodents this may 

occur by synthesis of new enzyme in environments where rapid detoxification of OPP 

prevents their inhibition of newly formed enzyme.  

Sound stress clearly protected both blood and muscle cholinesterases from severe MCP 

inhibition that occurred in absence of stress.  Sound stress also protected monomer 

AChE levels in the muscle. Increased cholinesterase activities and protein levels that 

accompany the absence of paralysis and recovery of normal muscle strength in stressed 

rats, and which imply protection of the enzyme, also support exploring anti-oxidant 

treatment for OPP poisoning.  

 

 

 



80 

 

CONCLUSION SUMMARY 

The pathogenesis of non-cholinergic mechanisms of muscle weakness induced by OPP 

toxicity was studied in a rodent model of poisoning. Wistar rats orally administered 

0.8LD50 MCP manifested classical cholinergic crisis and developed muscle weakness 

that progressed to paralysis. Prolonged severe inhibition of blood cholinesterases 

provided biochemical confirmation of OPP poisoning. Recovery from cholinergic 

symptoms and muscle weakness occurred with decline in inhibition of muscle AChE 

(and with no treatment) which indicates the importance for treatment that limits 

inhibition of muscle AChE at the earliest after poisoning.  

Muscle weakness was associated with disruption of mitochondrial activities, significant 

complex I inhibition and activation of complex II. This ying-yang response of 

mitochondrial respiratory complex activities enabled normal cellular respiration to be 

maintained during MCP poisoning which indicated that cellular respiration per se did 

not to contribute muscle weakness. Normal cellular respiration in the background of 

respiratory complex disruption would be important in recovery of muscle power.   

Disruption of mitochondrial respiratory complex activities may contribute to oxidative 

stress that occurred in muscle of MCP poisoned rats. The oxidative stress did not 

induce oxidative damage and was associated with reversible muscle weakness in rats. 

The absence of oxidative damage occurred in the absence of antioxidant induction 

which indicated efficient scavenging of ROS and NO by basal levels of antioxidants. 

Although the mechanism of complex I inhibition is not clear, the activation of complex 

II may in part arise from basal antioxidant reduction of S-nitrosylation. 
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Increase in the anti-oxidant potential of the muscle protected rats from MCP poisoning. 

Delay in development of symptoms and the absence of paralysis were the hallmarks of 

protection. Protection was due to increased integrity of cellular structure and efficiency 

of cellular reactions through detoxification of free radicals and prevention of oxidative 

damage. 

This study indicates a role for non-cholinergic pathology involving the mitochondria 

and oxidative stress in muscle weakness that develops on OPP poisoning. Treatment 

for this pathology should explore early delivery of high levels of antioxidants to muscle 

to protect AChE from severe inhibition and prevent mitochondrial disruption to prevent 

prolonged severe muscle weakness. N-acetylcysteine is a drug that could be tried for 

treatment of these non-cholinergic pathogenic mechanisms of OPP poisoning. 
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