
Advances in Biological Chemistry, 2013, 3, 22-35                                                             ABC 
http://dx.doi.org/10.4236/abc.2013.33A004 Published Online June 2013 (http://www.scirp.org/journal/abc/) 

Phosphoinositide and phospholipid phosphorylation and 
hydrolysis pathways 
—Organophosphate and organochlorine pesticides effects 

Teresa Fonovich1, Gladis Magnarelli2,3 
 

1Escuela de Ciencia y Tecnología. Universidad Nacional de San Martín, San Martín, Buenos Aires, Argentina 
2Instituto Multidisciplinario de Investigación y Desarrollo de la Patagonia Norte (IDEPA), Consejo Nacional de Investigaciones 
Científicas y Técnicas (CONICET), Universidad Nacional del Comahue, Neuquén, Argentina 
3Facultad de Ciencias Médicas, Universidad Nacional del Comahue, Cipolletti, Río Negro, Argentina 
Email: tfonovic@unsam.edu.ar  
 
Received 25 April 2013; revised 30 May 2013; accepted 10 June 2013 
 
Copyright © 2013 Teresa Fonovich, Gladis Magnarelli. This is an open access article distributed under the Creative Commons Attri-
bution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly 
cited. 

ABSTRACT 

Phospholipid and phosphoinositide phosphorylation 
pathways have been shown to be of crucial impor- 
tance on producing lipid mediators. The earlier find- 
ings reported on lipid molecules playing roles in dif- 
ferent metabolic pathways used to assign them the 
exclusive role of second messenger generators. Seve- 
ral researchers have recently described how direct in- 
teraction of phospholipids and phosphoinositides with 
molecules or organelles, without the need for produ- 
cing second messenger molecules, is responsible for 
their mechanism of action. Organophosphate and or- 
ganochlorine pesticide toxicity mechanisms have been 
extensively studied in relation to their well known 
effects on cholinesterase activities and on the alterations 
of electric activity in the nervous system of different 
organisms respectively. There is little but consistent 
evidence that some compounds, including in both 
groups of pesticides, are also able to interact with pho- 
spholipid and phosphoinositide phosphorylation pa- 
thways in several organisms and tissues. The present 
review consists of an actualization of basic research 
on phospholipid and phosphoinositide phosphoryla- 
tion and hydrolysis pathways, as well as a description 
of some reported evidences for the effects of the above 
mentioned pesticides on them.  
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1. INTRODUCTION 

Phosphoinositides are the phosphorylated derivatives of 

phosphatidylinositol (PtdIns). They consist of negatively 
charged molecules whose amounts present in eukaryotic 
cells represent less than 10% of the total phospholipids. 
Phosphhoinositides include  
phosphatidylinositol-3-phosphate (PtdIns-3-P),  
phosphatidylinositol-4-phosphate (PtdIns-4-P),  
phosphatidylinositol-5-phosphate (PtdIns-5-P),  
phosphatidylinositol-3,5-bisphosphate (PtdIns-3,5-P2),  
phosphatidylinositol-4,5-bisphosphate (PtdIns-4,5-P2),  
phosphatidylinositol-3,4-bisphosphate (PtdIns-3,4-P2),  
and phosphatidylinositol-3,4,5-trisphosphate(PtdIns-3,4,5- 
P3). These molecules are involved in different cellular 
processes as signal transduction (which was the one dis-
covered in the first place), intracellular membrane traf-
ficking, exo- and endo-cytosis, nuclear events, cytoske- 
leton remodeling, cell growth, cell polarity, etc. [1,2]. 
Major similarities between mammalian, yeast and higher 
plant phosphoinositide signaling reveal the early ap-
pearance and evolutionary conservation of this language. 
However, there have also been found major differences 
that suggest that organisms may have evolved different 
PtdIns-4-P and PtdIns-4,5-P2 functions [3]. The aim of 
the present review is to report an actualization of both 
the basic research on phospholipid and phosphoinositide 
phosph- orylation and hydrolysis pathways and some 
effects of organophosphate and organochlorine pesticides 
that have been described on these pathways. 

2. PHOSPHOLIPIDS AND  
PHOSPHOINOSITIDES 

2.1. Pathways Involving Phosphorylation and 
Hydrolisis 

The enzymes responsible for the phosphorylation and 
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dephosphorylation of phosphoinositides are different ki- 
nases and phosphatases. PtdIns-5-kinase and PtdIns-4- 
kinase catalize the phosphorylation of PtdIns-4-P and 
PtdIns-5-P thus producing PtdIns-4,5-P2. On the other 
hand, phospholipase C (PLC) is the phosphatase which 
substrate is PtdIns-4,5-P2 and produces, as the cones- 
quence of an appropriate stimulus, the second messenger 
molecules: diacylglycerol (DAG) and Inositol-1,4,5-tris- 
phosphate (InsP3). A protein family of phosphoinosi-
tide-3-kinases is responsible for the production of PtdIns- 
3-P, PtdIns-3,4-P2, and PtdIns-3,4,5-P3 [4]. All of the 
3-phosphorylated phosphoinositides act as intracellular 
signaling molecules [5]. 

The levels of PtdIns-3-P, PtdIns-4-P, PtdIns-3,5-P2 
and PtdIns-4,5-P2 are relatively stable at specific mem- 
branes where they are distributed under normal cell 
growth conditions. These phosphoinositides are concen-
trated in different cell membranes. PtdIns-3-P and PtdIns- 
4-P are concentrated at endosomes and Golgi membranes 
respectively, while PtdIns-3,5-P2 concentrates at late en-
docytic compartments and PtdIns-4,5-P2 at the plasma 
membrane. Effector proteins that bind phosphoinositides 
govern the selective distribution of these phospholipids 
in different membranes. On the other hand, PtdIns- 
3,4-P2, and PtdIns-3,4,5-P3 concentration is more unsta-
ble, they are synthesized in response to extracellular sti- 
muli and are involved in cell proliferation and survival 
[6]. Shenker et al. [7] have previously reported these 
kinds of responses for PtdIns-3,4,5-P3 and proposed that 
this phosphoinositide may represent a potent target for 
developing therapeutic approaches to down regulate mast 
cell function and, in turn, reduce the severity of mast cell 
dependent disease. 

Cell migration is a dynamic and highly orchestrated 
cellular process, which is involved in a variety of mor- 
phogenic events during organ and tissue development. 
Studies on disruption of Golgi were accompanied by the 
inhibition of cell migration and allowed researchers to 
conclude that Golgi has an active role in cell migration, 
in association with the centrosome, when its structural 
integrity is intact. There is increasing evidence for the 
role of signal transduction in regulating the Golgi during 
cell migration. GOLPH3 is a Golgi protein that binds 
PtdIns-4-P and depends on this phosphoinositide for its 
Golgi localization. Dippold et al. [8] have recently dem-
onstrated that GOLPH3 binds myosin (thus connecting 
Golgi to F-actin), as well as the need of this linkage for 
the normal Golgi morphology and trafficking function. 
GOLPH3 was also shown to regulate the mammalian 
target of rapamycin (mTOR) signaling, and link PtdIns 
4-kinase activity present in this organelle with the regu-
lation of cell growth. Endocytic trafficking of transmem-
brane receptors has a role in cell migration and is also 
regulated by GOLPH3 [9]. Piao and Mayinger [10] de- 

monstrated that only a restricted pool of PtdIns-4-P at the 
trans-Golgi network (TGN) is required for Golgi integ-
rity. In mammalian cells, the stress-activated mitogen- 
activated protein kinase (MAPK) p38 plays a critical role 
in transmitting nutrient signals to the phosphoinositide 
signaling machinery at Golgi and the ER. 

Regulation of PtdIns-3-P has a role in early endosomal 
traffic and autophagy. PtdIns-3-P is synthesized by class 
III PI 3-kinase Vps34 in yeast and mammals and Vps34 
forms specific complexes with co-factors. Phospholipase 
D1 (PLD1) and mTOR complex 1 (mTORC1) are invo- 
lved in metabolic signaling of PtdIns-3-P. Several phos-
phatases belonging to the myotubularin (MTM) and 
myotubularin-related protein (MTMR) family are able to 
dephosphorylate PtdIns-3-P. Regulation of PtdIns-3,5-P2 
has a function in late endosomal dynamics and in auto-
phagy and its synthesis and turnover are tightly coupled. 
Different authors’ results suggest that endolysosome lo- 
calized, mucolipin transient receptor potential (TRPML) 
channels, are PtdIns-3,5-P2 effectors that control Ca2+- 
dependent membrane dynamics in response to extracel-
lular stimuli. Both 5-phosphatases and myotubularins 
dephosphorylate PtdIns-3,5-P2. While the first ones gen-
erate PtdIns-3-P, the second enzymes dephosphorylate 
this molecule 3-position of the inositol headgroup to pro- 
duce PtdIns [6]. 

PtdIns-5-P is known for its role in nuclear signaling 
and membrane dynamics. This molecule can be synthe- 
sized by phosphatases via dephosphorylation of PtdIns- 
3,5-P2 or PtdIns-4,5-P2, depending on the organism. Re- 
cently, mammalian type I and II PtdIns-4-phosphatases 
have been identified that generate PtdIns-5-P in vitro us- 
ing PtdIns-4,5-P2 as substrate. PtdIns-5-P is able to bind 
to the nuclear adaptor denominated inhibitor of growth 
protein-2 (ING2) that regulates chromatin rearrangement 
in response to stress. But there is also increasing evi- 
dence that PtdIns-5-P may play an important role in re- 
gulating membrane dynamics in both endocytic and exo- 
cytic processes [6]. 

Phosphatidylcholine (PC) is the principal source of 
free fatty acids (FFA) which in turn may act as second 
messengers or as precursors of bioactive molecules like 
prostaglandins, thromboxanes and leukotrienes. Polyun-
saturated fatty acids (PUFA) derive from the sn-2 glyc-
erol carbon of cell membrane phospholipids and are 
precursors of a number of eicosanoids. Other FFA such 
as docosahexaenoic acid (DHA), docosapentaenoic acid 
(DPA), are precursors of various other lipid mediators. 
Phospholipase D (PLD) is the enzyme located at the 
plasma membrane, which is responsible for PC hydroly-
sis rendering phosphatidic acid (PA) and is activated 
through external stimulation of appropriate receptors. PA 
is then metabolized through dephosphorylation to DAG. 
Another pathway for agonist mediated PC hydrolysis is 
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the activation of phospholipase A2 (PLA2) leading to 
FFA release and lysophospholipids formation. DAG 
from this source activates protein kinase C (PKC) in the 
same way as DAG produced by phosphoinositides hy-
drolysis and FFA positively regulates this activation 
[11]. 

2.2. Nuclear Major Phosphoinositides and Lipids 

Certain phosphoinositide species can regulate protein- 
chromatin and protein-nucleic acid interactions, and spe-
cific nuclear target proteins link nuclear signaling lipids 
to gene expression [12]. 

It has been demonstrated that nuclear PtdIns-4,5-P2 is 
a crucial molecule that acts both as a messenger and as a 
precursor for many additional messengers. There is some 
evidence suggesting that nuclear phosphoinositides oc-
cupy several functionally distinct compartments [13]. 
Nuclear phosphoinositides and inositol phosphates de- 
rived from them have been implicated in cell prolifera- 
tion, differentiation, apoptosis, gene expression, etc. [14]. 
Nuclear phosphoinositide signaling depends on PtdIns- 
4,5-P2 generation and at least four kinases, which prod- 
uct is this phosphoinositide, are located at the nucleous; 
however, they also have cytoplasmic functions. The en- 
zymes that do not have a defined nuclear localization 
sequence, depends on different mechanisms, including 
one associated to oxidative stress. There is some evi- 
dence indicating that the phosphoinositide cycle has two 
versions within the nucleous, one of them associated 
with nuclear membranes and the other one separated 
from them. Phosphatidylinositol phosphate kinase IIβ 
(PIPK IIβ) is inhibited through MAPK dependent phos- 
phorylation upon cellular stress, thus leading to inhibit- 
tion of PtdIns-4,5-P2 formation. Also, cellular stress is 
responsible for the translocation of type I 4-phospho- 
inositide phosphatase to the nucleous, which catalyses 
PtdIns-4,5-P2 degradation. Both mechanisms act toge- 
ther and maintain an increased PtdIns-5-P pool in this 
organelle. Increased PtdIns-5-P concentration causes the 
translocation of a nuclear PtdIns-5-P binding protein to a 
chromatin-enriched fraction, which in turn induces apop- 
tosis through p53 acetylation. On the other hand, there is 
new evidence demonstrating that PtdIns-5-P also plays a 
role modulating ubiquitinilation.  

Few nuclear proteins that bind phosphoinositides have 
been identified. One of them is the enzyme star-PAP 
which is specifically regulated by PtdIns-4,5-P2. Star- 
PAP-dependent genes are localized in mammalian near 
the nuclear pore, resulting in PtdIns-4,5-P2-stimulated 
polyadenylation at the envelope. PtdIns-4,5-P2 also plays 
a role in RNA exportation from the nucleus as it is the 
precursor of InsP3, and this molecule is in turn the pre- 
cursor of inositol 1,2,3,4,5,6-hexakisphosphate (InsP6), 

which is a positive mediator of mRNA export [13].  
The PtdIns cycle has been linked to actin dynamics, at 

the first time in the cytoplasm, were PtdIns-4,5-P2 regu- 
lates the activity of many regulatory proteins that control 
actin polymerization and binding to other proteins, and 
later in the nucleus. Profilin I, a regulatory component of 
actin organization in the nucleus, co-localizes with 
PtdIns-4,5-P2 at nuclear speckles and is regulated by this 
phosphoinositide. Besides, chromatin remodeling com- 
plexes contain β-actin as an integral component. PtdIns- 
4,5-P2 modulates chromatin remodeling possibly through 
regulation of the PtdIns-4,5-P2 actin binding site on the 
chromatin remodeling protein BRG1 [13].   

Sphingomyelins are phospholipids different from gly- 
cerophospholipids, present in plasma membranes of most 
cells. They affect the lateral structure of membranes, and 
regulate cholesterol distribution within membranes. How- 
ever, they have other functions but many of them are cur-
rently unknown. Sphingomyelins and other sphingol- 
ipids, in contrast to glycerophospholipids, have impor- 
tant hydrogen bonding properties, conferring them, spe- 
cific functional properties [15]. Sphingomyelin and the 
ganglioside GM1 have been reported as major signaling 
lipids in the nuclear envelope. Other classes of lipidic 
compounds, as terpenoids and steroids, eicosanoids, and 
lysophospholipids, act mainly through two mechanisms: 
first, direct interaction between the bioactive lipid and a 
specific protein; and second, the formation of lipid mi- 
crodomains or rafts. However, a new third mechanism 
has been recently described and it involves lipid second 
messengers as regulators for the energy and redox bal- 
ance of differentiating neural stem cells (NSCs) [16].   

Genes, nuclear factors and receptors influence on sig- 
nal pathways. Fatty acids generated from triacylglycerol 
and phospholipids can significantly affect cell signaling 
not only due to activation of PKC at the plasma mem- 
brane, but also through their effects on transcription fac- 
tors. Long chain unsaturated FA (C20-22) and their me- 
tabolites are effective ligands of nuclear receptors of 
some transcription factors as peroxisome proliferator- 
activated receptor (PPAR) -α, -β/δ, -γ1 and -γ2; liver X 
receptors (LXR) type α and hepatic nuclear factor (HNF) 
4α; sterol regulatory element binding protein (SREBP) -1 
and -2 and carbohydrate regulatory element binding pro-
tein/Maxlike factor X (ChREBP/MLX) [11]. 

2.3. Organochlorine and Organophosphate  
Pesticides Effect 

Souza et al. [17] have described the effect of organo- 
phosphorous (OP) and organochlorine (OC) pesticides 
on phosphoinositides metabolism in human placenta, by 
incubating 32P labelled cell-free homogenates with si- 
milar pesticides concentrations to those reported in vivo. 
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The OC Heptachlor (HC) and dichloro-diphenyl-trichlo- 
roethane (o-p’ DDT) increased PtdIns, PtdIns-4-P and 
PtdIns-4,5-P2 phosphorylation while the OP azinphos- 
methyl (AM) increased PtdIns-4,5-P2 labeling, associ-
ated to an activation of PtdIns-4-kinase activity. The 
strongest effect was seen with o-p’ DDT in nuclear frac- 
tion PtdIns-4-kinase activity. Authors proposed that the 
binding of o-p’ DDT to the estrogen receptor may facili- 
tate the pesticide transport to the nucleus. 

3. PTDINS-4,5-P2 

Different authors had documented the role of phospho- 
inositides as lipid mediators that generate second mes- 
sengers as the result of different agonist stimulations in a 
variety of cells [18,19]. InsP3 and DAG generation by 
PtdIns-4,5-P2 hydrolysis, together with the activation of 
calcium release and PKC, generated by these second 
messengers, have been the pathways reported to be re- 
sponsible for this phosphoinositide participation in hor- 
mone signaling and exocytosis [20,21]. More recently 
different authors have demonstrated that phosphoinositi- 
des and especially PtdIns-4-P and PtdIns-4,5-P2 are not 
only precursors of second messengers but also directly 
interact with many protein effectors and their localisation 
and/or activity [3,22]. Although muscarinic stimulation 
of PLC-coupled M1 receptors in neurons leads to PtdIns- 
4,5-P2 hydrolysis, InsP3 release and diacylglycerol (DAG) 
generation, almost none Ca2+ rises were detected as the 
result of such stimulation. On the contrary, stimulation of 
PLC-coupled bradykinin B2 or purinergic P2Y receptors 
produced reliable Ca2+ signals. One Hypothesis postu-
lated by Zaika et al. [22] involves subcellular clustering 
of certain plasma membrane PLC-linked receptors into 
microdomains together with endoplasmic reticulum mem- 
brane InsP3 receptors, allowing B2 but not M1 receptors, 
to physically interact with InsP3 receptors. In agreement 
with this theory, the two proteins have been shown to 
strongly co-localize, when they were studied under con-
focal microscopy. On the other hand, several regulators 
of InsP3 receptors have been recently characterized as 
modifiers of the efficacy of InsP3 to open its receptor. 
InsP3 receptor-binding protein (IRBIT) is released to- 
gether with InsP3 and has been postulated as a possible 
candidate responsible for tuning the extent of receptor- 
induced Ca2+ rises [22]. 

Regulation of PtdIns-4,5-P2 has an important role  in 
vesicular traffic. This phosphoinositide is synthesized by 
different kinases, depending on the organisms. PtdIns- 
4,5-P2 is enriched at the plasma membrane, a localiza- 
tion where it has other different functions from the ones 
cited above, as the regulation of clathrin-mediated endo- 
cytosis and exocytosis of synaptic vesicles and secretory 
granules. Also, its rapid turnover by lipid phosphatases 

from the synaptojanin family is important for rapid recy- 
cling of endocytic vesicles. Early endosomal trafficking 
and recycling was also demonstrated to be regulated by 
the lipid phosphatase OCRL1 [6]. Removal of foreign 
particles by phagocytosis plays a central role in innate 
immunity and also mediates the clearance of apoptotic 
bodies that is essential for tissue remodeling and homeo- 
stasis. Mammalian cells express two types of phagocytic 
receptors and the signal transduction pathways of both of 
them elicit actin remodeling mediated by GTPases. Dif- 
ferent authors demonstrated that PtdIns-3,4,5-P3 is re- 
quired for these events to take place and that it is formed 
by phosphorylation of PtdIns-4,5-P2 by class I phospho- 
inositide 3-kinases [23,24]. Wen et al. [25] have also 
described novel aspects of neuroexocytosis. Apart from 
the well known role of PtdIns-4,5-P2 in the mobilization 
of secretory vesicles to the plasma membrane, other 
phosphoinositides have also been involved in this path- 
way. Positive and negative control of neuroexocytosis 
have been attributed to PtdIns-3-P and PtdIns-3,5-P2 res- 
pectively. 

Calcium entry into the cells, activated through PLC- 
coupled receptors is mediated by DAG activation of ca- 
nonical transient receptor potential proteins (TRCP). 
Trebak et al. [26] have proposed membrane phospho- 
inositides playing at least two functions in the regulation 
of this pathway. They found that depletion of PtdIns-4-P 
and PtdIns-4,5-P2, caused by inhibition of phosphatidy- 
linositol 4-kinase, activated calcium entry and membrane 
currents in TRPC5-expressing but not in TRPC3- or 
TRPC7-expressing cells. Paradoxically, depletion of 
PtdIns-4,5-P2 with a directed 5-phosphatase strategy in- 
hibited TRPC5. Then, they concluded that their findings 
indicate complex functions for regulation of TRPC5 by 
PtdIns-4,5-P2, and proposed distinct functions for phos-
phoinositide regulation of TRPC5. 

3.1. Organochlorine Pesticides Effects 

Criswell et al. [27] tested the hypothesis that the OC lin- 
dane (or gamma-hexachlorocyclohexane) inhibits gap 
junctional communication in myometrial myocytes due 
to the release of phosphoinositide-dependent second mes- 
sengers. They studied the effect of lindane in cultured rat 
myometrial smooth muscle cells by monitoring transfer 
of the fluorescent dye Lucifer yellow. Their results showed 
a rapid, concentration-dependent, but reversible inhibit- 
tion of dye transfer at 4-min exposures, and complete 
inhibition at 10 μM lindane. They also reported that lin- 
dane stimulated the production of the Ca2+-releasing spe-
cies InsP3 which peaked at 5 min (100 pmol/mg protein) 
and remained elevated after a 15-min exposure. Ca2+ 
ionophore 4-br-A23187 also inhibited gap junctional 
communication, but inhibition was not complete even at 
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concentrations that appeared cytotoxic (70% inhibition at 
2 μM A23187). Then they loaded cells with the Ca2+ 
chelator BAPTA-AM, which blocked the lindane-in- 
duced rise in calcium, and repeated dye transfer experi-
ments with lindane in Ca2+-free medium. Their results 
demonstrated that the inhibition of dye transfer was still 
complete under these conditions, showing that increased 
intracellular calcium was not required for lindane-in- 
duced inhibition of gap junctional communication. In 
addition, working with 10 μM lindane was shown to pro- 
duce a sustained increase in PKC activity and known 
activators of PKC, 12-O-tetradecanoylphorbol 13-acetate 
(TPA) and 1,2-dioctanoyl-sn-glycerol, abolished gap jun- 
ctional communication at nanomolar concentrations. Af- 
terwards they worked with PKC inhibitor staurosporine, 
which failed to reverse lindane’s inhibitory action, in 
contrast to depletion of PKC activity through prolonged 
exposure to TPA, which partially reversed lindane’s ef- 
fect. The authors suggested that PKC activation was able 
to potentiate but did not solely mediate lindane’s inhibi- 
tory action on gap junctional communication. 

3.2. Organophosphate Pesticides Effects 

Balduini et al. [28] examined muscarinic receptor number, 
receptor-stimulated phosphoinositide hydrolysis and m1 
mRNA expression in the cerebral cortex and hippocampus 
of rats treated during postnatal development or in adult 
age with the organophosphate diisopropyl fluorophosphate. 
They treated adult animals for 14 days and developing 
rats from postnatal days 4 - 9 or from postnatal days 4 - 
20, and then they were killed on days 10 and 21, respec-
tively, 24 h after the last administration of diisopropyl 
fluorophosphate. They found that acetylcholinesterase 
activity and muscarinic receptor number were signifi-
cantly reduced in all groups of treatment. However, their 
results showed that muscarinic receptor-stimulated phos- 
phorinositide turnover, was significantly reduced in post- 
natal days 4 - 20 and adult treated rats but not in the 
postnatal days 4 - 9 group. Conversely, they reported that 
m1 mRNA expression was significantly reduced both in 
the cerebral cortex and hippocampus of postnatal days 4 
- 9 treated rats, but not of postnatal days 4 - 20 and adult 
treated rats. These results lead the authors to report that 
chronic inhibition of acetylcholinesterase in developing 
rats resulted in significant alterations in muscarinic neu- 
rotransmission and that these alterations may account for 
some of the long-lasting neurotoxic effects observed af- 
ter developmental exposure to OP pesticides. 

Sun et al. [29] studied the effects of the OP paraoxon 
on the salivary gland. They examined the effects of ex- 
posure to low concentrations of the paraoxon on inositol 
InsP3 formation and Ca2+ mobilization in response to 
acetylcholine (Ach) or ATP in the human parotid cell- 

line HSY. Their results showed that exposure to 0.1 and 1 
nM, but not 10 nM, paraoxon for 24 hr significantly ele- 
vated the basal cytosolic free Ca2+ ([Ca2+](i)) through this 
cation release from the InsP3-sensitive store and that this 
increase was abolished by the muscarinic receptor an-
tagonist atropine. The authors suggested that paraoxon 
increases the sensitivity of InsP3 receptors, as the pesti- 
cide inhibited InsP3 formation but did not alter mChR 
expression. In addition, Ca2+ release elicited by InsP3 in 
streptolysin O toxin-permeabilized cells was significan- 
tly larger in cells pre-exposed to 0.1 nM paraoxon. They 
also reported that paraoxon exposure induced a concen-
tration-dependent reduction in the total capacity of intra-
cellular Ca2+ stores, whereas the capacity of the InsP3- 
sensitive Ca2+ store was not altered by paraoxon, as ju- 
dged by discharging of the InsP3-sensitive Ca2+ store 
with thapsigargin (TG). Their results also showed that 
Ca2+ influx stimulated by Ach or ATP was also enhanced 
by 0.1 nM, but not by 1 and 10 nM paraoxon, but, on the 
other hand, Ca2+ influx activated by TG was enhanced by 
exposure to all concentrations of paraoxon, indicating 
that paraoxon modulates the Ca2+ entry pathway. The 
authors then concluded that low concentrations of para- 
oxon interact with elements of the PtdIns pathway, en-
hancing Ca2+ release and influx mechanisms.  

Zhang et al. [30] treated neonatal (7-day), juvenile 
(21-day) and adult (90-day) rats with either peanut oil or 
chlorpyrifos (CPF) at 0.3× or 1× the maximum tolerated 
dosage (MTD: 45, 127 and 279 mg/kg for 7-day, 21-day 
and 90-day rats, respectively), to evaluate the effect of 
this OP on phosphoinositide hydrolysis and cAMP for- 
mation. They selected different neurochemical end-points 
including acetylcholinesterase (AChE) activity, mus- 
carinic receptor ([3H]quinuclidinyl benzilate (QNB), and 
[3H]oxotremorine) binding, phosphoinositide hydrolysis, 
and cAMP formation in cortex were evaluated at 4 h, 24 
h, or 96 h after treatment. Their results showed maximal 
degrees of cholinesterase (ChE) inhibition, with varying 
times to peak inhibition among these age groups (24 h in 
neonates and juveniles, 96 h in adults). Total muscarinic 
receptor (QNB) binding was reduced in all three age 
groups with 1x MTD exposure, at both 24 h and 96 h in 
neonates and juveniles, but only at 96 h in adults. Oxot- 
remorine binding was also reduced at 96 h after MTD 
exposure in all three age groups. Their results also showed 
that basal cAMP formation significantly increased by 
MTD exposure in all three age groups 4 h after exposure, 
and at 4 h, 24 h, and 96 h after exposure in juveniles and 
Forskolin/Mn2+-stimulated cAMP formation was increa- 
sed in neonates and juveniles at 96 h, and in juveniles 
also at 24 h, but was significantly decreased in adults at 
96 h after MTD exposure. In contrast, neither basal nor 
carbachol-stimulated inositol phosphates accumulation 
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was affected in any age group or at any time point fol- 
lowing CPF exposure. The authors concluded that the 
PtdIns pathway is unaffected by CPF under their assay 
conditions, but cortical cAMP signaling pathway may be 
particularly sensitive to CPF exposure in neonatal, juve-
nile, and adult rats, possibly due to a direct interaction 
between CPF (or its oxon) and mAChRs or other com-
ponents of the adenylyl cyclase cascade. 

4. PHOSPHOINOSITIDE AND  
PHOSPHATIDYLCHOLINE SPECIFIC 
PHOSPHOLIPASES C 

Phosphoinositide-specific phospholipase isozymes have 
been identified, and they are divided into six groups: PLC- 
beta, -gamma, -delta, -epsilon, -zeta and -eta. PLC iso- 
zymes contain the X and Y domains that are response- 
ble for catalytic activity. Other domains include the PH 
domain, the C2 domain and EF hand motifs and are in- 
volved in various biological functions of PLC isozymes 
as signaling proteins. PLC isozymes distribution is tissue 
and organ specific and each PLC isozyme bears a unique 
function in the modulation of physiological responses 
[31].  

Almost all known signaling proteins, consist of one or 
more conserved structural domains attached to an active 
site that, in some way, modulate their catalytic activity. 
PLCs can be found at all stages in evolution. The sim- 
plest bacterial PLCs consist solely on the catalytic lipase 
domain which requires Ca2+ for activity. As species pro-
gressed PLCs became larger and more complex, when 
regulatory domains were added. Mammalian PLCs iso- 
forms differ in structural organization, regulation, activa- 
tion and tissue distribution. PLC-δs can be found in all 
tissue types, require Ca2+ for their activity and are inac- 
tive at basal levels of Ca2+. The increase in intracellular 
Ca2+ resulting from the activation of other PLCs acti- 
vates PLC-δ, thus locating this enzyme downstream of 
other PLCs in signaling pathways. Different protein 
regulators change the level of Ca2+ required for PLC-δ 
activation. PLC-βs are the major effectors of the Gαq 
family of heterotrimeric G proteins. This family is cou- 
pled to receptors that bind ligands such as angiotensin II, 
catecholamines, endothelin 1 and prostaglandin F2α, etc. 
There are four known family members of PLC-β that 
differ in their response to G proteins. All of them are 
strongly activated by GTPbound Gαq. PLC-β2 and PLC- 
β3 are also activated by Gβγ subunits [32]. 

There have been identified several protein regulators 
for PLC-δ1 but none of them appear to significantly con-
trol its cellular activity. Some regulators lower the level 
of Ca2+ needed for PLC-δ1 activation. PLC-β2 and PLC- 
β3 are PLC-δ1 inhibitors. It was shown that PLC-δ1 and 
PLC-β2 associate on membrane surfaces and that this 

association inhibits the activity of PLC-δ1, but not PLC- 
β2. Gβγ subunits released upon cell stimulation displace 
PLC-δ1 bound to PLC-β2. Inhibition of PLC-δ1 may 
prevent spurious or premature activation of this enzyme, 
thus better controlling cellular Ca2+ levels. The main cel- 
lular activators of PLC-β enzymes are Ras-like GTPase 
of the Rho family and heterotrimeric G proteins. Rac1, 2, 
3, and to a lesser extent Cdc42Hs, were shown to acti-
vate PLC-β2 and β3 by binding to their PH domains, 
probably by recruiting PLC-βs to the membrane surface. 
On the other hand, heterotrimeric G proteins activate 
PLC-βs without promoting its binding to membranes and 
also without affecting the calcium dependence of its ac-
tivity. The strength of activation of PLC-β2 and -β3, at 
least by Gβγ subunits, seems to be directly proportional 
to the strength of association between the proteins [32].  

Several signal transduction pathways involve the hy- 
drolysis of phosphatidylcholine (PC) instead of the gen- 
eration of second messengers from PtdIns-4,5-P2. Phos- 
phatidylcholine specific phospholipase C (PC-PLC) has 
been studied by several authors and different functions 
have been attributed to this enzyme according to its tis- 
sue or cell localization. Suzuki et al. [33] have recently 
evaluated the Involvement of PC-PLC in thromboxane 
A2 receptor-mediated extracellular Ca²+ influx in rat 
aorta. They concluded that DAG produced by PC-PLC 
seems to activate two types of cation channels inde- 
pendently of PKC, which in turn leads to VDCC-de- 
pendent and independent Ca2+ influx, thereby eliciting 
contraction. Strielkov et al. [34] investigated the role of 
PC-PLC in hypoxic pulmonary vasoconstriction (HPV) 
and concluded that PC-PLC plays an important role in 
sustained HPV possibly through the activation of PKC- 
independent mechanism, which may be coupled with 
phosphocholine release. Xia et al. [35] evaluated the in- 
volvement of PC-PLC in osteoclastogenesis induced by 
TNF-α through upregulating InsP3R1 expression and 
their results lead them to suggest that TNF-α promotes 
RANKL-induced osteoclastogenesis, at least partially, 
through PC-PLC/InsP3R1/NFATc1 pathway. 

Some of the results cited above on PC-PLC role in 
different tissues as well as other recent investigation re- 
sults encouraged the authors to suggest new therapeutic 
approaches for different diseases [36-39]. 

4.1. Organochlorine Pesticides Effects 

Moya de Juri et al. [40] evaluated the ability of the OC 
heptachlor (HC) to interfere with platelet phosphoinosi- 
tides metabolism and related signaling events stimulated 
by thrombin. They found that HC 1 and 10 μM increased 
PKC activity and PtdIns-4,5-P2 and PA phosphorylation 
but 100 μM HC increased PtdIns-4,5-P2 phosphorylation 
and reduced serine/threonine kinases activity. The au- 
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thors proposed that signal transduction steps downstream 
PLC were unphysiologically activated by heptachlor and 
facilitated by the increase in PtdIns-4,5-P2, the substrate 
for PLC activity, thus producing an accumulation of pho- 
sphatidic acid. The elevated level of this compound itself 
or the transient increase in DAG produced may cause 
calcium mobilization and the activation of PKC. Besides 
the alterations they described in phosphoinositide and 
phospholipid phosphorylation, they could not detect any 
change in the aggregation properties of the platelets. 

Lu et al. [41] studied the effect of lindane on Ca2+ mo- 
bilization in Madin-Darby canine kidney cells, through 
examination by fluorimetry using fura-2 as a Ca2+ indi- 
cator. They found that lindane was able to trigger Ca2+ 
influx and Ca2+ release. In Ca2+-free medium, 0.15 mM 
lindane increased [Ca2+]i after pretreatment with carbon-
ylcyanide m-chlorophenylhydrazone (CCCP, 2 μM), a 
mitochondrial uncoupler, and two endoplasmic reticulum 
Ca2+ pump inhibitors, thapsigargin and cyclo- piazonic 
acid. Conversely, pretreatment with lindane abolished 
CCCP- and thapsigargin-induced Ca2+ release. These 
results suggested that 0.15 mM lindane released Ca2+ 
from the endoplasmic reticulum, mitochondria and other 
stores. However, Lindane (0.15 mM)-induced Ca2+ re- 
lease was not reduced by inhibiting PLC with 2 μM 
U73122, thus also indicating that a mechanism similar to 
the activation of PLC, but different from this one, as the 
responsible for the OC effect.  

Hansen and Matsumura [42] evaluated the effects of 
the OC liver tumor promoter heptachlor epoxide (HE; 0, 
0.1, 1, 10, and 50 μM) on several cellular tumor pro- 
moter-sensitive parameters in mouse 1c1c7 hepatoma 
cells. They studied the levels of Ca2+ in the endoplasmic 
reticulum (ER) store, connexin43 (Cx43), PLCgamma(1), 
nPKCvarepsilon, and AP-1 DNA binding in the nucleus. 
Their results showed that particulate PLCgamma(1) and 
AP-1 DNA binding were found to be the most sensitive 
parameters affected by HE on both dose and temporal 
bases. The authors suggested then that the tyrosine ki- 
nase growth factor receptor pathway is the probable cri- 
tical pathway for HE-induce tumor promotion with the 
critical target most likely being upstream of PLC gamma 
(1) and AP-1. 

4.2. Organophosphate Pesticides Effects 

Katz and Marquis [43] studied the effect of paraoxon on 
muscarinic receptor-mediated phosphoinositide hydroly- 
sis in the SK-N-SH neuroblastoma cell line. They reported 
that at 0.1 nM (no effect concentration for the classical 
muscarinic receptor agonist carbachol), paraoxon caused 
a time-dependent increase in the accumulation of inositol 
phosphates. In contrast, carbachol-induced increases in 
phosphoinositide hydrolysis at higher concentrations (1 

mM) were markedly larger (five-fold) than the increases 
induced by paraoxon. The authors also found that only 
50% of the maximal increase in the accumulation of 
inositol phosphates due to paraoxon treatment was an- 
tagonized by saturating concentrations of muscarinic 
receptor antagonists, while the response to carbachol was 
completely antagonized. Additional studies consisting on 
treatment of the cells with pertussis toxin blocked 75% 
of the stimulatory effects of carbachol, but inhibited only 
38% of the paraoxon-induced response. Neomycin (a 
PLC inhibitor), rendered completely blockage of both the 
paraoxon and carbachol-induced stimulation of phos- 
phoinositide hydrolysis. The results allowed the authors 
to suggest that paraoxon can modulate signal transduc- 
tion by indirect activation of muscarinic receptors as well 
as by acting at a distal site along the pathway.   

An association between changes in PtdIns kinase ac- 
tivity, the turnover rate of phosphatidylinositols and al- 
terations in erythrocyte morphology induced by phosme- 
toxon 300 nM were proposed by Magnarelli de Potás and 
Pechén de D’ Angelo [44]. They described that the lipid 
that rendered the highest 32P phosphate incorporation 
was PtdIns, followed by PtdIns-4-P and PtdIns-4,5-P2 
and that 150 and 300 nM phosmetoxon activate PtdIns 
kinase. The authors did not find any change in PI-PLC 
activity and suggested an association between changes in 
PtdIns kinase activity, the phosphorylation cycle of phos- 
phatidylinositols and alterations in erythrocyte morpho- 
logy induced by the pesticide. 

5. DAG GENERATION FROM  
PHOSPHATIDIC ACID 

5.1. Enzymes Involved 

DAG is a ubiquitous lipid that plays different roles, as 
being the precursor molecule in the synthetic pathway of 
other lipids or a second messenger transient generated in 
a variety of cells. Phosphatidic acid (PA) phosphatases 
represent a family of enzymes called lipins, which are 
conserved from yeasts to humans, their activity is regu-
lated by phosphorylation and dephosphorylation and they 
produce DAG though PA hydrolysis [45]. Lipins family 
members (lipin 1 and 2) interact in vivo in different or-
gans of mammalian and maintain lipid (triacylglycerol 
and phospholipids) homeostasis [46]. Lipins and their 
regulators play roles in nuclear envelope organization, 
gene expression and the maintenance of lipid homeosta-
sis [47]. Valdearcos et al. [48] described the subcellular 
localization of lipin-1 in macrophages´ lipid droplets and 
the lipin-mediated regulation of the activity of a phos-
pholipase A. Domart et al. [49] have described two con-
served functions for DAG: a structural role in organelle 
morphology and a role related to membrane fusion, both 
in mammalian and echinoderm. Disassembly of the nu-
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clear lamina, a key step during open mitosis in higher 
eukaryotes, is triggered by different kinases, including 
PKC. DAG activates PKC and is also responsible for the 
lamin B1 phosphorylation-dependent disassembly. This 
finding provides evidence for a lipid-mediated mitotic 
signaling event, in which lipins are responsible for the 
activation of a PKC-dependent pathway during mitotic 
lamin disassembly [50]. 

The activation of numerous G-protein-coupled-re- 
ceptors and tyrosine kinase receptors allows DAG ge- 
neration from distinct phospholipid hydrolysis, which in 
turn activates not only PKC but also protein kinase D 
(PKD). Kunkel and Newton [51] have described basally 
elevated DAG levels at Golgi membranes (probably at-
tributed to phosphatidic acid phosphatase and sphyn-
gomielin synthase activities). They also reported Golgi- 
localized DAG levels increase as the consequence of 
Ca2+ rise coupled to G-protein-coupled-receptors signal- 
ing from the plasma membrane and concluded that Ca2+ 
is a key second messenger of that pathway, that render 
both PKC and PKD activation. 

5.2. Organophosphate Pesticides Effects 

Chlorpyrifos oxon (CPO) activates extracellular signal- 
regulated kinase (ERK 44/42) in Chinese hamster ovary 
(CHOK1) cells but the mechanism is not defined. Bom- 
ser et al. [52] performed an evaluation to test the hy-
pothesis that DAG is the secondary messenger responsi-
ble for CPO-induced ERK 44/42 activation. As it is 
known that DAG is sequentially hydrolyzed by DAG 
lipase and monoacylglycerol (MAG) lipase, both of 
which are OP sensitive, the authors postulated that the 
inhibition of these enzymes might therefore lead to the 
accumulation of DAG and MAG, being only DAG a 
secondary messenger. Their experiments showed that 
treatment of CHOK1 cells with CPO significantly inhib-
ited DAG/MAG lipase activity and elevated cellular 
DAG levels. Additional pretreatment studies of CHOK1 
cells with CPO or a carbamate known to be a DAG li- 
pase inhibitor, followed by treatment with a cell-perme- 
able DAG (1,2-dihexanoyl-sn-glycerol), resulted in syn-
ergistic activation of ERK 44/42. CPO-potentiated DAG- 
induced ERK 44/42 activation was both time and con- 
centration dependent and was blocked by inhibitors of 
PKC and mitogen-activated protein kinase, suggesting 
that these enzymes are important in CPO/DAG cellular 
signaling. The results described above as well as the fact 
that the activation by a stable DAG analogue (phorbol 
ester) was not altered by CPO, allowed the authors to 
suggest that DAG metabolism is the probable target for 
CPO-potentiated DAG-induced ERK 44/42 activation 
and that these observations support the hypothesis that 
CPO potentiates DAG signaling in CHOK1 cells by in-

hibiting a CPO-sensitive DAG lipase, thereby providing 
a potential mechanism of toxicity not associated with 
acetylcholinesterase inhibition. 

6. OOCYTES´PHOSPHOINOSITIDES 
SIGNALING DURING  
REPRODUCTION 

Ramos et al. [53] demonstrated the presence of intracel- 
lular calcium storages, as well as their localization and 
their migration during Bufo arenarum oocytes maturation. 
They also observed that these storages were located near 
the cortical region in mature oocytes and that they were 
ready for release during fertilization. Both the intracellu- 
lar calcium role during cortical granule exocytosis taking 
place during fertilization and calcium waves generated in 
response to InsP3 stimuli elicited by sperm union to the 
oocyte, have been extensively studied [54-56].  

PtdIns-4,5-P2 hydrolysis is catalized by PLCγ in sea 
urchin eggs [57], starfish eggs [58], Chaetopterus [59], 
and Xenopus eggs, which is probably activated through 
tyrosine residues phosphorylation, mediated by a SRC 
kinase family [60]. This hydrolysis leads to InsP3 and 
DAG generation. 

Halet et al. [61] have demonstrated that cortical gran- 
ule exocytosis, occurring in recently fertilized mouse 
oocytes, elicits PtdIns-4,5-P2 resynthesis. 

Ito et al. [62] reported that the InsP3 receptor R1 is 
implicated in the release of calcium from intracellular 
storages. Wakai et al. [63] have localized this receptor in 
the endoplasmic reticulum. Lee et al. [64] and Ito et al. 
[62] described MAPK as regulators of both mitotic spin- 
dle organization and InsP3 receptor cortical redistribu- 
tion.  

Other PLC, called PLCzeta (PLCζ, has been described 
as the spermatic factor responsable for calcium release in 
the recently fertilized oocyte. Igarashi et al. [65] de- 
ribed the first evidences in mouse fertilization for the 
joint activity of both oocyte’s PLCβ1 and sperm PLCζ 
Also, Kashir et al. [66] described a failure in the fertili- 
tion of human oocytes, due to diminished expression and 
activity of PLCζ. 

The most recently findings on the involvement of 
PtdIns-4,5-P2 during fertilization have described the bi- 
phasic rise of this lipid mediator together with InsP3 
formation and the regulation of actin-binding proteins. 
Chun et al. [67], working on starfish eggs, have studied 
the roles of PtdIns-4,5-P2 at fertilization by using fluo- 
rescently tagged pleckstrin homology (PH) domain of 
PLC-δ1, which has specific binding affinity to PtdIns- 
4,5-P2, in combination with Ca2+ and F-actin imaging 
techniques and transmission electron microscopy. They 
have reported that PtdIns-4,5-P2 increased at the plasma 
membrane in two phases. The first increase was quickly 
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followed by a decrease about 40 seconds after sperm-egg 
contact and these changes took place only after the Ca2+ 
wave had already initiated and propagated. Their results 
have shown that fertilized eggs then displayed a pro-
longed increase of PtdIns-4,5-P2 that was accompa- nied 
by numerous spikes in the perivitelline space during the 
elevation of the fertilization envelope (FE) and also that 
these spikes, protruding from the plasma membrane, 
were filled with microfilaments.  

Other lipid mediators, different from phosphoinositi- 
des, were also reported as molecules responsible for the 
generation of second messengers during fertilization. 
PLD catalyzed PC hydrolysis rendered intracellular rise 
of choline in different cells, including recently fertilized 
oocytes. Stith et al. [68] described the intracellular rise in 
choline, DAG and InsP3 in recently fertilized Xenopus 
oocytes. They reported that the increase in InsP3 forma- 
tion was 280-fold smaller than the DAG increase, that 
PC did not rise in those cells and that artificial elevation 
of intracellular calcium ([Ca2+]i) increased DAG levels 
but prevention of the [Ca2+]i increase after fertilization 
did not block DAG production. They concluded that 
sperm stimulate production of DAG and choline through 
[Ca2+]i-independent and [Ca2+]i-dependent paths.  

Morrill and Kostellow [69] reported a cascade of pho- 
spholipid mediators’ response as the consequence of 
Xenopus oocytes’ stimulation with progesterone, leading 
to DAG production from multiple sources. They descri- 
bed that membrane-receptor binding of progesterone 
caused the successive activation of: 1) N-methyltrans- 
ferases, which converted phosphatidylethanolamine (PE) 
to PC; 2) an exchange reaction between PC and ceramide 
to form sphingomyelin (SM) and 1,2-diacylglycerol (DAG); 
3) PLD/phosphatidate phosphohydrolase, releasing a se- 
cond DAG transient; and 4) PI-PLC, generating inositol 
trisphosphate and a third DAG transient. They also re-
ported that diglyceride kinase converted newly formed 
DAG species to phosphatidic acid within minutes, thus 
turning off the successive DAG signals and that an early 
transient fall in intracellular ceramide was followed by a 
sustained rise in intracellular ceramide lasting 3 - 4 h. 
They proposed ceramide as an important molecule in 
later cyclin-dependent steps. 

6.1. Organochlorine Pesticides Effects 

Dieldrin effects on phospholipid and phosphoinositide 
metabolism were studied in Bufo arenarum oocytes [70]. 
Oocytes were incubated during 20 hours in Ringer solu- 
tion or in Dieldrin 4 mg/L prepared in Ringer solution. 
32P phospholipid and phosphoinositide 2 hours incor- 
poration studies were performed. The results showed that 
Dieldrin pretreated oocytes incorporated significantly 
lower 32P radioactivity in phospholipids than did control 
ones, while no differences between the groups were found 

for phosphoinositides labeling. Also Dieldrin shifted 32P 
incorporation towards PtdIns and PA in contrast to the 
preferentially labeling of PE and PC found in control 
oocytes. Carbachol stimulation of control and Dieldrin 
treated oocytes rendered an active turnover of both 
PtdIns-4-P and PtdIns-4,5-P2 only in control ones. Fo- 
novich de Schroeder and Pechén de D’Angelo [71] then 
studied both phosphoinositides hydrolysis and DAG 
formation in Dieldrin treated and control oocytes prela- 
belled with both 3H (with 3H-glycerol) through in vivo 
injection to the female) and 32P by in vitro incu- bation of 
the oocytes. PtdIns-4,5-P2 rendered lower t = 0 32P ra-
dioactivity in treated than in control oocytes, while 
PtdIns and PtdIns-4-P showed no difference between 
groups. Carbachol stimulation of both groups rendered a 
decrease in 32P PtdIns-4,5-P2 in control oocytes and a 
rapid increase in its phosphoinositide labeling in Dieldrin 
treated ones. Simultaneously, 3H-DAG increased only in 
control cells, in agreement with PtdIns-4,5-P2 probable 
hydrolysis. PtdIns kinase activity was also evaluated in 
vivo and in vitro (using oocyte membranes as substrate). 
Dieldrin effect was studied at different concentrations 
and no effect of the pesticide could be observed. Fono-
vich de Schroeder and Pechén de D’Angelo [72] also 
evaluated in vitro the effects of Dieldrin on the activity 
of a PC-PLC, using enriched plasma membrane fraction 
obtained from Bufo arenarum oocytes as the substrate 
and quantifying the final concentration of phosphorus in 
chloroform:methanol (2:1) extracts (phospholipidic pho- 
sphorus). In addition, PC, PE and SPH phosphorus were 
also quantified after these phospholipids separation by 
thin layer chromatography. The enzyme preferentially 
degraded PC and PE in control tubes. The pesticide not 
only increased the enzyme activity but also made it pos- 
sible to the enzyme to degrade SPH instead of PE. Fono- 
vich de Schroeder and Pechén de D’Angelo [73] then 
performed a new assay to study the effects of Dieldrin on 
the glycerol moiety of phospholipids and acylglycerols 
and in fatty acids exchange from these molecules. 3H- 
glycerol and 3H-palmitic acid prelabelled oocytes were 
exposed to Dieldrin or not (control ones), cholorom: me- 
thanol (2:1) lipid extracts were prepared, phospholipids, 
acylglycerols and free fatty acids were separated by thin 
layer chromatography and radioactivity was finally 
quantified for each group of compounds. All the indivi- 
dual phospholipids and lysophospholipids rendered lower 
radioactivities in Dieldrin treated oocytes, while no dif-
ferences were found for acylglycerols (MAG, 1,2-DAG, 
1,3-diacyl- glycerol (1,3-DAG) and triacylglycerol. Di-
eldrin treated oocytes also showed an increased free fatty 
acids fraction as well as increased turnover of palmitic 
acid between phospholipids and acylglycerols. 

7. CONCLUSION 

Phosphoinositide, phospholipid, acylglycerols and fatty 
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acids different roles have been recently reported by sev- 
eral authors in a wide range of organisms and cells. Sig- 
nal transduction pathways, intracellular membrane traf- 
ficking, exo- and endocytosis, nuclear events, cytoskele- 
ton remodeling, cell growth, cell polarity, etc., are some 
of the newly discovered cellular sites of action of these 

these old categories, there is evidence confirming that 
they are still in use (illegally) in some developing coun-
tries. Besides, they accumulate in living organisms due 
to their high hydrophobicity and they are also very per-
sistent in different environmental compartments. The 
evidence presented here demonstrates that some pesti- 
cides from both organophosphate and organochlorine 
groups produce different effects on phospholipid and 
phosphoinositide phosphorylation and hydrolysis, as well 
as on acylglycerols and fatty acid metabolisms. Figures 
1 and 2 show the molecular targets of organochlorine and  

hydrophobic molecules. However, little information is 
available nowadays about the interference that widely 
distributed xenobiotics, also consisting of hydrophobic 
molecules like OP and OC can produce them. Although 
pesticides permitted in most countries do not include  
 

 

Figure 1. Plasma membrane and nuclear phospholipid and phosphoinositide pathways. Organo- 
chlorine pesticides effect. PC: phosphatydilcholine, SPM: sphyngomielin, LPC: lysophosphaty- 
dilcholine, GM1: ganclioside GM1, FFA: free fatty acids, PLC: phospholipase C, PLD: phospholipase D, 
PLA2: phospholipase A2, DAG: diacylglycerol. TG: triacylglycerol, HC: heptachloro. 
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Figure 2. Plasma membrane and nuclear phospholipid and phosphoinositide pathways. 
Organophosphate pesticides effect. PC: phosphatydilcholine, SPM: sphyngomielin, LPC: lyso- 
phosphatydilcholine, GM1: ganclioside GM1, FFA: free fatty acids, PLC: phospholipase C, PLD: 
phospholipase D, PLA2: phospholipase A2, DAG: diacylglycerol. TG: triacylglycerol, PO: 
paraoxon, AM: azynphos methyl. 

 
organophosphate pesticides reported in different eukaryotic 
cells. The mechanisms of action of the majority of the 
studied pesticides on these pathways remain to be eluci- 
dated and should probably constitute very useful tools to 
better understand their toxicity. 

8. FUTURE CHALLENGES 

Only few mechanisms of action of individual hydropho- 
bic xenobiotic compounds, including pesticides, are com- 
monly considered as the responsible ones for their toxic-
ity. However, other effects, and especially those that take 
place on cell membranes, should probably also account 
for important effects also related to cell damage and 
death. Phospholipid and phosphoinositide phosphoryla-
tion pathways and hydrolysis had not been considered 

until the last decades as mechanisms involved in signal-
ing processes. Pesticides use rises continuously in ac-
cordance to the continuous increase on food demand all 
over the world. Environmental pollutant residues and 
particularly pesticide ones can be frequently found as 
food contaminants and can therefore be responsible for 
animal and human toxicity. New studies on pesticide 
effects on phospholipid and phosphoinositide mediated 
signaling processes must certainly contribute to better 
understand their toxicity and help decision-making insti- 
tutions to actualize legislations on their use and their 
residue limits in food. 
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