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ABSTRACT 
Introduction. Lipid is an essential component of the cell and its organelles membrane. The uniqueness and selectivity of lip-
ids to specific functions and asymmetry of lipid distribution in the organelle’s membrane give the cell ability of being highly 
qualified and specified.              
Aim. The paper provides a comprehensive review of membrane lipids in different tissues and organelles of the cell in norm 
and disease. 
Material and methods. The paper analyzed the present literature data on membrane lipids behavior in physiology and pa-
thology. 
Analysis of the literature. The major structural and functional lipids of the cell membrane are phosphatidylcholine > phos-
phatidylethanolamine. The absence/deficiency or augmentation of a specific type of lipid results in serious defects and usually 
life-threatening with a permanent disability. The observations discussed here suggest, the lipid peroxidation severity depends 
on the membrane lipid composition of the cell. Some tissue cells can handle lipoperoxidation and protect themselves from the 
peroxidation damaging products better, while other cells cannot compensate. Therefore, some organs are highly sensitive to 
peroxidation and irreversible changes occur rapidly. 
Conclusion. To sum up, the understanding of lipid’s role in norm and disease is clinically crucial to evaluate a novel therapeu-
tic target to treat many metabolic disorders such as metabolic syndrome and some lysosomal storage disorders via targeting 
specific new signaling pathways, lipid molecules, and enzymes.  
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protein, PS (PtdSer) ‒ phosphatidylserine, PSD ‒ phos-
phatidylserine decarboxylase, PUFA ‒ polyunsaturat-
ed fatty acid, SL ‒ sphingolipid, SM ‒ sphingomyelin, 
VSMC ‒ Vascular smooth muscle cells, ARE‒ antioxi-
dant response element, NFE2‒ nuclear factor erythroid 
2, Nrf2‒ nuclear related factor 2, GPX4‒ Glutathione 
peroxidase 4, ER‒ endoplasmic reticulum

Introduction
In 1855, at the age of 34, Rudolf Virchow stated his pop-
ular aphorism “the whole pathology is the cell patholo-
gy”.1 For many years it was believed, all diseases begin on 
the cell level until recently when well developed the mo-
lecular biology field and the appearance of high-resolu-
tion images. In fact, the pathological process digs deeper 
inside the organelles of the cell that can be considered as 
complete structural and functional units that combined 
and give rise to this magical machinery unit called a cell. 
Usually, membrane lipids build in double layers to have 
more efficacy in their function. Since lipids constitute 
40% of the cell and its organelles membrane with their 
irreplaceable functions, this yielded the importance of 
studying the lipids structure, function, and their role in 
norm and pathology.2 The membrane lipids are the pri-
mary units of normal cell physiology and anatomy. The 
membrane lipids are extremely important because they 
condition the proper environment for the cellular pro-
cesses. Physiologically, the membrane lipids function 
differently from each and are unevenly distributed in 
different cell compartments according to their task in-
cluding receptor, signaling pathway as a first and second 
messenger, protection against prions, regulate permea-
bility and membrane surface charge, and ion supply to 
the cell. Disturbance to such crucial and complex units 
in the cell with no doubt results in serious defects (ex. 
Gaucher disease and Tay-Sachs disease). Lipids consist 
of oxygen, carbon, and hydrogen; some may have phos-
phate and nitrogen. In humans, there is approximately a 
thousand major lipid including phospholipids, triacyl-
glycerols (TAG), and sterols, besides the minor lipids.3  
The organelles lipid bilayer membrane contains variable 
admixtures of lipid depending on the task assigned to 
it. For instance, in the mitochondrion, the lipids com-
prise up to 25% of the inner mitochondrial membrane 
(IMM).3 While the endoplasmic reticulum (ER) has 
the same lipid structure of the outer nuclear membrane 
(ONM), but in less cholesterol (Chl) concentration due 
to different functions.4–6 The lysosome, peroxisome 
form a single phospholipid layer, and Golgi apparatus 
membrane lipid consists of phosphatidylserine (PS), ste-
rols, and sphingolipids.7 (Table 1) The major lipids of 
outer plasma membrane leaflet are phosphatidylcho-
line (PC), sphingolipids (SL), and cholesterol while in 
the cytosolic surface phosphatidylserine and phospha-
tidylethanolamine (PE). To sum up, the understanding 

of lipid’s role in norm and disease is clinically crucial to 
evaluate a novel therapeutic target to treat many meta-
bolic disorders such as metabolic syndrome and some 
lysosomal storage disorders via targeting specific new 
signaling pathways, lipid molecules, and enzymes. The 
lipidated proteins contribute to the appearance of a wide 
range of diseases since lipids build a critical percentage 
of the cell. The presence of lipids in such an amount de-
termines the function and health of cells therefore re-
vealed the importance of studying the composition and 
metabolism of membrane lipids in norm and disease be-
sides lipid homeostasis disorders has become an urgent 
problem in recent decades. 

Aim
The study aimed to analyze the literature data on the 
problem of homeostasis of membrane lipids in vari-
ous intracellular structures of body tissues in the norm 
and pathology in addition to the function of each in the 
pathogenesis of diseases.  The review comprehensively 
will discuss the major membrane lipid types, lipid bio-
synthesis and degradation, protein lipidation and lipid 
rafts, and lipid peroxidation.  

Material and methods
The paper analyzed the present literature data on mem-
brane lipids behavior in norm and pathology.

Membrane lipid synthesis and conditioning 
Every synthesis process begins from the nucleus by 
stimulating a specific sequence of DNA, which then 
passes through the central dogma and gives rise to pro-
teins that can serve and do their great duty. However, for 
the lipids, it is somehow different, since they are taken 
directly from the food that you intake as a chylomicron 
which contains TAG, then breaks down into free fatty 
acid and glycerol (therefore, the researcher believes that 
obesity is not hereditary, it’s just a metabolic disorder, 
may be explained by the disturbance in the regulation 
mechanisms of lipid synthesis). Besides, some of the 
fatty acids are synthesized from Acetyl Co-A and NA-
DPH.8 What is interesting that the cell uses only 5% of 
its genome to synthesis all these various types of lipids.9 
Scramblase; present on the cytosolic surface of the ER 
while the flippases and floppases are present in the cyto-
solic surface; responsible for picking up the phospholip-
ids and flipping them to the opposite side to balance the 
absolute number of phospholipids. There are up to 200 
different types of phospholipid molecules depending on 
the need of this particular cell.10After the inflows of the 
food to the cells then they break down by specific en-
zymes to form free fatty acids and phosphate. Then the 
fatty acid will bind with the phosphate group through 
specific enzymes present on the outer surface (cyto-
plasmic leaflet) of ER, so they will add phospholipids 
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only to the outer surface of the ER (It’s not known how 
the phosphoglycerolipids across the ER bilayer).11 Thus, 
lead to augment the density of the cytosolic leaflet and 
its bending. This tension and change in physical proper-
ties in the membrane are detected by scramblases. Then, 
scramblases will randomly pick up non-selective phos-
pholipids and flip them to the opposite side (luminal 
side) to sure the number of phospholipids on both sides 
is the same. Once the membrane has been made in the 
ER, it is sent through the cytoskeletal that connects with 
the Golgi apparatus (lipid trafficking/modifications).  

The Golgi apparatus does not synthesis a new phos-
pholipid membrane; it only modifies the lipid accord-
ing to the necessity in different types of cells. Two basic 
rules in Golgy work; different locations (nucleus, lyso-
somes, peroxisome, ER, plasma membrane) within the 
cells have different needs, therefore they have different 
chemistry. Asymmetry of the inner and the outer sur-
face working structure of the membrane (leaflet). It is 
responsible for conditioning the phospholipid bilayer, 
giving its specificity and selectivity even in the different 
parts of the same organelle or membrane. The question 
is how Golgi does that, and how does it know the desti-
nation to which it should send.10,16 

Flippases and floppases present on the cytosolic 
surface of the Golgi apparatus too, they are specific for 
every phospholipid molecule (because there different 
shapes and active site differences). Flippases flip specific 
phospholipid molecules (maybe all these specific phos-
pholipid molecules or just a percentage) from the out-
er surface to the inner surface (cytofacial), more exactly 
the PS and PE. Floppases work oppositely by flipping 
another specific phospholipids molecules from the cy-

tosolic surface (PC, SL, and Chl) to the outer surface to 
correct the asymmetry of deposition of the phospholip-
ids which has done by the scramblases. All these pro-
cesses are against gradient therefore they use ATP. The 
flip-flop process occurs less than once a month for any 
individual molecule.14 On the interior surface of Golgi 
present specific enzymes that can add sugar groups to 
the inner surface phosphate heads, later through a spe-
cific orientation, these sugar groups will found only on 
the outer membrane to form glycolipids. Therefore, the 
Golgi can modify the chemistry of phospholipids di-
rectly or indirectly to condition it to the location where 
it is needed to do its job.10  

When the lipids have synthesized in the ER, they are 
sent to their final destination (plasma membrane, nucle-
us membrane, ER membrane, lysosome membrane, per-
oxisome membrane, and to the Golgi complex structure 
membranes) through an elusive non-clear mechanism, 
suspected to be by one of these pathways; the serum al-
bumin, lipoproteins, vesicle transport, lipid transfer pro-
teins (LTPs), lipid lateral diffusion through membranes, 
free diffusion through the cytosol, membrane to mem-
brane contact, lipid flip-flop.3,17–19 Glycerophospholipids 
undergo base-exchange, methylation, and decarboxyl-
ation reactions for interconversion. These reactions and 
activities of phospholipases A2, C, and D are involved in 
the turnover, compositional maintenance, and rearrange-
ments of glycerophospholipids in the membrane.20

Membrane lipid degradation 
The etiological clues that damage the lipid layer struc-
ture of different organelles of the cell are: free radicals; 
reactive nitrogen species, reactive oxygen species, star-

Table 1. Lipid composition of subcellular fractions of rat and human liver cells, a membrane of human RBC, neuron, and 
myelin. Data from.3,12–15 N.D. indicates not detected and blank indicates not analyzeľd. (OMM; outer mitochondrial membrane, 
IMM; inner mitochondrial membrane, NE; nuclear envelope, ER; endoplasmic reticulum)
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PC 44 54 40 48-60 48 51 40 44 20 48 11 45-55 48 38 23
PE 35 29 34 19-23 13-17 21 24 17 18 21 17 15-25 19 29 13
PI 5 13 5 8-10 6 12 8 6 3 7 1 10-15 8 3 6
PS 2 2 3 2-4 0-3 6 9 4 7 5 9 5-10 4 0 -

Cardiolipin 14 <1 18 1 1-5 1 1 1 - 0 - 2-5 - 14 5
Phosphatidic acid <1 1 - 1 1 <1 1 - - - - 1-2 - - -

SM 1 3-5 23-24 8 17 3 18 4 8 5-10 5 0 23
mol % of total lipids 

Chl 3 N.D. N.D. 6 14 8 50 10 20 11 28 10-20 6 3 14
Glycolipid Trace Trace - 0 - Trace 3 3 20 - Trace Trace -

Others 21 10 16 43 - 11 11 1 6 - 10 13 16
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vation, ischemia, toxins, high intracellular Ca+2 level, 
some types of snake venom, etc.21 The process of deg-
radation of the membrane lipid may be enzymatically 
derived (physiologically) or non-enzymatically (patho-
logically) such as free radicals results of lipid membrane 
peroxidation.22 The chain of damage by free radicals 
continues if the protecting antioxidant defense system 
cannot eliminate the free radicals. In compensated state 
degradation done by the phospholipase group of en-
zymes PhA2, the most important one is the Ca+2 inde-
pendent PhA2 enzyme. When they do so this results in 
the formation of arachidonic acid, then enzymatical-
ly transferred into eicosanoids (leukotrienes, prosta-
cyclins, and prostaglandins). Three main pathways for 
eicosanoids formation, firstly by cyclooxygenase (COX) 
enzyme synthesis prostaglandins (PGs), thromboxane 
A2 (TXA2), and prostaglandins I 2 (PGI2) then via some 
reactions the PGs reduces into PGG2 and PGH2, these 
are unstable molecules and short-lived.23 Their synthe-
sis depends on the expression of specific PG-synthesiz-
ing enzymes.23,24 For instance, the TxA2 is synthesized 
in platelets and macrophages, whereas PGI2 is the 
dominant COX product of macrovascular endotheli-
al cells.24,25 Secondly, the lipoxygenase (LOX) enzymes 
such as 12-lipoxygenase and of particular importance 
5-lipoxygenase which responsible for the synthesis of 
leukotrienes (LT) that contribute to the host defense 
and immediate-type hypersensitivity reactions.25,26 Fi-
nally, through the cytochrome P450 enzymes can cat-
alyze the arachidonic acid and result in the formation 
of hydroxy or epoxy derivatives of arachidonic acid as 
their major products.27 In addition to the enzymatical 
pathway, there is a non-enzymatically pathway due to 
the effect of free radicals, lipid peroxidation, and lipids 
stress syndrome that can lead to the formation of PG-
like compounds called isoprostanes.28,29

Protein lipidation and lipid rafts
After lipids uptake by lipophagy, it is stored intracel-
lularly in the form of lipid droplets. Lipidation of pro-
tein is a term used to describe a protein conjugated with 
membrane lipids that physiologically attributes to mem-
brane trafficking, control localization, organelle speci-
ficity, and intracellular signaling pathways.30 In contrast, 
lipidation contributes to the development of various 
pathological disorders such as cancer progression and 
some neurodegenerative prion diseases, particularly via 
Rab25 gene mutation results in breast and ovarian can-
cers development, while mutation to palmitoylation of 
c-Src proto-oncogene tyrosine-protein kinase leads to 
prostate cancer. Besides, GPI-anchored disorders were 
found to be correlated with paroxysmal nocturnal he-
moglobinuria (PNH).31–33 The lipid rafts are glycolipo-
protein lipid microdomains that range from 10–200 nm 
in size, present on the plasma membrane; consisting of 

glycosphingolipids, cholesterol, and protein receptors. 
The lipid rafts participate in various signaling transduc-
tion such as EGF, IgE, T- and B-cell antigen receptor sig-
naling. Also, they serve as a platform for virus entry into 
the cells.34 

Membrane lipid alteration under peroxidation 
Peroxidation is a broad process that encompasses de-
stroying membrane lipids, membrane proteins, en-
zymes, receptors, and even the ion channels, therefore in 
the clinical setting can find elevation in the hydrophobic 
and hydrophilic products of peroxidation.35,36 Lipid per-
oxidation (LP) begins with initiation through the prop-
agation and eliminates with termination.37–39 LP starts 
after the abstraction of a hydrogen atom from a methy-
lene group of polyunsaturated fatty acid (PUFA) that re-
sults in the formation of unstable carbon-centered free 
radicals, peroxyl radicals, alkoxyl radicals, and lipid hy-
droperoxide derived from unsaturated fatty acids; phos-
pholipids; glycolipids; cholesterol esters, and cholesterol 
itself.37,40 The later degradation to hydrocarbons, alco-
hols, ethers, epoxides, F2-isoprostane, and aldehydes.41 
Malondialdehyde (MDA) and the 4-hydroxy-2-non-
enal (4-HNE) are the main functioning products of lip-
id peroxidation that can provoke apoptosis in addition 
to the inhibition of the gene expression process.42–44 The 
aldehydes can cause damage to a far distance from their 
origin due to their relative long-lived, that promote alde-
hydes binding to the macromolecules and cause further 
damage by lipid peroxidation. The endogenous origins 
of the reactive oxygen species are the mitochondria, ER, 
plasma membrane, peroxisomes.45 Melatonin and albu-
min show to have free radical scavenger and antioxidant 
effects.46–48 PhA2  serves as a secondary antioxidant via 
the elimination of the products of peroxidized fatty acid 
and forming a new one. If it is not completely replaced 
by a new fatty acid, it can act as a detergent and destroy 
the membrane. Other mechanisms of defense are gluta-
thione peroxidase, particularly the phosphohydrolipid 
glutathione peroxidase that scavenge the hydroperox-
ides.49 GPX4 is the only known enzyme that efficiently 
reduces lipid-hydroperoxides within biological mem-
branes.40 The few previous decades findings concluded 
that nuclear-related factor 2 (Nrf2) induces the detox-
ification and elimination of exogenous and endoge-
nous chemicals through enhancing drug-metabolized 
enzyme by antioxidant and electrophiles, while this re-
quires antioxidant response element (ARE) that parallel 
nuclear factor erythroid 2 (NFE2)-binding motive, cul-
minating in enhancing anti-oxidative stress response.50 
In various tissues and different types of inflammation, 
the lipid peroxidation effects are variable depends on 
cell membrane lipid type (hepatocytes, nephrons, lung 
cells, intestine cells, etc.). The natural detoxification or-
gans of lipid peroxidation products are the lung, liver, 
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kidney. Interestingly, some researchers go further and 
make it organ-specific, referred to as organ lipid dis-
tress syndrome. For instance, in the lung, higher PhA2 
activity and lower lipid peroxidation and oppositely 
in the liver.36 The primary indicators of detoxification 
impairment of peroxidation products are elevation in 
conjugated dienes, peracids, epoxides, plasma malond-
ialdehyde (MDA),  mono-keto/mono-hydroxy(epoxy) 
ratio, and high activity of PhA2.36,51,52 Moreover, a de-
crease in the cell protector antioxidant defense system 
level such as superoxide dismutase, Catalase in the per-
oxisome, myeloperoxidase, thioredoxin peroxidase, glu-
tathione peroxidase, urate oxidase, heat shock protein, 
haptoglobin, ceruloplasmin, transferrin, bilirubin, vi-
tamin E and C, etc.36,53 Researchers have shown, un-
der the uncompensated lipid peroxidation, the higher 
the cell content of lipid the more and intensive endo-
toxemia and damage to the organism, since the dam-
aged membranes lipids become a source of toxins.36 
More importantly in the clinical setting, urine and plas-
ma isoprostane levels have proven to be reliable mark-
ers of lipid peroxidation and oxidant stress in vivo.28,29 
The stable lipid peroxidation biomarkers help to mea-
sure the level of systematic or tissue-specific oxidative 
stress.53 For example, elevated levels of urinary isopros-
tanes were detected in women with android obesity and 
in individuals with alcohol-induced liver injury.54,55 
Both conditions are associated with increased oxidant 
stress and inflammation, as determined by other in-
dependent markers. Generally, when present lipid dis-
tress syndrome thus leads to elevate destroying of TAG, 
monoacylglycerol (MG), and diacylglycerol (DG), at the 
same time increase in the free fatty acid (FFA) level and 
variable effects on the cholesterol, sphingolipid (SL), 
and Chl-ester in the cell. The oxidative agent increas-
es the availability of PE in the outer leaflet of the plas-

ma membrane.56 For eliminating lipid peroxidation and 
or its products, some studies in vitro have shown that 
the reduced form of Co-Q (Co-QH2) can be described 
as an antioxidant.57 Co-QH2 is affecting the initiation 
process and inhibit the synthesis of lipid peroxyl radi-
cals. Therefore, the researchers suppose it has more ef-
ficacy than quenching these radicals by tocopherol.58,59 
In the few previous years, Vlasova in vivo showed that 
ethoxidol has a similar modification on mild lipid per-
oxidation products via enhancing the self-antioxidant 
defense system in a mechanism still not clear, expected 
to be by inhibiting the formation of free radicals prod-
ucts through its capacity to donate electron and protec-
tion the membrane lipid to not be peroxidized.36  Due to 
the role which is played by the balance between the sat-
urated and unsaturated fatty acids in the ER lipid mem-
brane, we may control lipid peroxidation through some 
medication that can minimize and inhibit the lipid per-
oxidation on the ER level. 60

The major types of the membrane lipid 
Phospholipids are the major structural and functional 
units of the membrane lipid in the plasma membrane, 
where they account for 60-75% of total lipids.16,61 Phos-
pholipids attribute to cell growth, proliferation, and cell 
permeability regulation depending on the fatty acid tail 
state. About 65% of the nuclear envelop lipids (NE) are 
phospholipids.62 Therefore, disruption of the phospho-
lipid composition is associated with a huge number of 
diseases.  

Plasmalogens comprise about 18% of the total phos-
pholipids mass in humans.63 Containing two head 
groups; plasmenylcholines and plasmenylethalomines. 
About 30-40% of human heart choline glycerophos-
pholipids are plasmalogens.3 Plasmalogen phospholip-
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ids are involved in HDL-mediated cholesterol efflux.64 
Plasmenylcholine (PlsC) is known as the necessary stor-
age for arachidonic acid in the heart.65,66 Myelin sheath 
of the brain neurons has a high concentration of plas-
menylethalomines and polyunsaturated fatty acid 
(PUFA) (Fig. 1).4 Researchers believe plasmalogen dis-
ruption has been linked to Alzheimer’s disease, Down 
syndrome, molecular signaling abnormalities, and can-
cer.67 Plasmalogens synthesized in the ER then trans-
ported to the plasma membrane, depends on cellular 
ATP level. Disturbance of plasmalogen homeostasis im-
pairs cholessterol biosynthesis.68 Plasmalogens repre-
sent a major source of arachidonic acid, an important 
second messenger; it is believed that plasmalogens have 
a crucial role in protecting against oxidative damage.69,70 

Sphingolipids (SL) are majorly founded in the outer 
leaflet of the plasma membrane, and devoid in the mi-
tochondrial membrane. SL makes up 10% of all lipids 
in mammalian cells.16 There are more than 60 different 
types of sphingolipids that function as a structure of dif-
ferent biological membranes, signal transduction, and 
biological recognition of these molecules.3,75–78 Sphingo-
myelin is one type of SL; present in the outer membrane 
of the lipid bilayer plasma membrane, mostly found-
ed in the nerve myelin sheath of myelinated neurons, 
lenses, and outer leaflet of the mammalian cell mem-
brane. New research approved the anti-oxidant effect of 
SM in the elimination of lipid peroxidation propagation 
via the formation of an H-bond network within mem-
branes as a biophysical antioxidant.11,52 The inhibition 
of sphingolipid synthesis in the neurocytes is correlat-
ed with α-synuclein formation. The researchers pointed 
out that sphingolipids may decline with age in the hu-
man brain in PD and possible deficits of SL. 

Ceramides are a key structural component of the stra-
tum corneum of the epidermis serves as a skin barri-
er where they account for 50% of total lipid. Ceramides 
are a class of potential degradation products of sulfati-
des with some other molecules that are vital for the nor-
mal brain and the whole nervous system development. 
Ceramide Alteration is believed to be responsible for 
atopic dermatitis development. Their elevation in the 
white matter is expected to be responsible for demen-
tia even the very mild dementia and AD.79–82 Ceramides 
have a significant and key role in signal transduction in 
apoptosis, cell differentiation and maturation, regulato-
ry function in the cell cycle, and cell stress.83,84 Studies 
have shown that elevation of ceramide level can stimu-
late apoptosis in purposeless cell growth, and vice versa, 
the attenuation of ceramide content results in limiting 
the apoptosis process. For instance, in the endothelial 
cells and fibroblasts, ceramides regulate differentiation, 
maturation, and cell cycle arrest.84–86 Ceramide synthesis 

inhibition prevents insulin resistance obesity, impairing 
the fatty acid oxidation, liver steatosis, and regulatory 
role in the inflammation.43 Research has shown, cera-
mide can serve as a second messenger and inhibition 
for vascular smooth muscle cells (VSMC) division.87–89 
The ceramides are biosynthesized in the ER then trans-
ferred to the Golgi apparatus to be converted into com-
plex sphingolipids then packed to their last destination. 
While GluCer and LacCer are the most common neu-
tral glycosphingolipids in higher organisms. Elevation 
in their level is used as a marker of Gaucher disease (a 
rare lysosomal storage disorder).90,91

Phosphatidylglycerol is a minor lipid that compris-
es 1–2 mol% of phospholipids in a mammalian cell, 
but it has an important role and more abundant (10 
mol%) in the lung surfactant. This indicates their sig-
nificant role in protecting the alveoli from collapse and 
keep them open during expiration.12,92 Also, researchers 
have demonstrated that under acute respiratory distress 
syndrome (ARDS) develop a depletion of phosphati-
dylglycerol (PG) and phosphatidylcholine (69 % from 
surfactant patient’s fluid) via the PLA2G2A protein, 
which is strongly correlated to the high secretory phos-
pholipase A2 (sPhA2) activity besides to extra alter-
ations (elevation) in PI and SM levels in the surfactant 
fluid due to alteration their synthesis pathway or de-
creases consumption. Moreover, a novel study revealed 
the anti-inflammatory role of the PG in pulmonary tis-
sue, in particular, viral infections and skin inflammato-
ry diseases by inhibiting the DAMP. PG synthesized by 
head group exchange of phosphatidylcholine enriched 
phospholipid, using the enzyme phospholipase D. The 
presence of PG in the mitochondria and 20 mol% of CL 
in the IMM, with a high ratio of phosphatidylcholine 
(PC)/phosphatidylethanolamine (PE), assures its origin 
from bacteria.93–96

Phosphatidylcholine (PC) is one of the major com-
ponents of the mammalian cell membrane (80%) 
and lipoproteins phospholipid, most of it in the out-
er leaflet (80%), while it accounts for 40-50% of total 
phosphoglycerolipids and is keenly involved in cell sig-
naling.9,11,97–99 About 40 mol% of the lipids in eukaryotic 
cells are phosphatidylcholines.100 Choline, pyrimidine, 
and PUFAs are the regulatory precursors for PC syn-
thesis. PC in the brain stimulate novel synapses forma-
tion, neurotransmitter formation and releasing, and 
cognition state of the individual, while thus can be of 
use in curing of AD. PC plays a key role in the alve-
oli surfactant, by forming its largest portion about 70-
80% of its total lipid (90% lipid and 5-10% protein).  PC 
forming approximately 40% of total lipids in the disks 
of the outer segment of the rods (light receptors, trans-
fer electromagnetic to electrochemical signals, and has 
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rhodopsin and phospholipid in ratio 1:70).101 Scientists 
have reported that PC microbial catabolite products; 
choline, trimethylamine oxide, and betaine elevate the 
atherosclerosis formation risk in mice, while its oral ad-
ministration is used to improve ulcerative colitis.102,103 
PtdCho is primarily synthesized in the ER via repeat-
ed methylation of ethanolamine glycerophospholipids 
by S-adenosylmethionine (S-AdoMet), in addition to a 
minor pathway that seems to be similar to PtdEtn and 
PtdSer glycerophosphatides in the nucleus.104 The rap-
id progress now being made in the area of chromatin 
organization as related to such factors as transcription 
regulation, RNA splicing, and nuclear transport mech-
anisms will simplify the role of lipid signaling in these 
processes.5,105–107 PC is the major ER membrane bilayer 
phospholipid.  Since the ER responsible for protein fold-
ing, therefore whatever discrepancy between its demand 
and supply for PC results in attenuation of its capaci-
ty for protein folding that culminates in unfolded pro-
tein response (UPR).108–110 PC is required to facilitate the 
translocation of protein chain across the ER membrane 
due to its fluidity like property, moreover, its deficiency 
in the ER results in promoting calcium transport.60 

Phosphatidylinositol (PI) is a major inner leaflet of 
plasma membrane phospholipid that comprises 10 %.100 
Usually found in brain tissue where it accounts for 10% 
of total phospholipids, while 98 % of the total in the liver 
and about 92 % in the brain are PI. PI is mostly founded 
in the INM and IMM where they are expected to be re-
sponsible for maintaining Ca2+ homeostasis in the nuc-
leoplasm.111 There are two important roles played by the 
plasma membrane PI when phosphorylated, first, they 
are the site for binding other enzymes, secondly, serve 
as a substrate for phospholipase C. When PI has been 
broken down this gives inositol triphosphate and dia-
cylglycerol each of which important for further signal-
ing events. Anderson and his colleagues have shown, a 
homozygous mutation in LPIAT1−/− (gene coding for 
variable PI species) reduces the  PtdIns and PtdInsP2 
content in the brain and liver approximately 26–44%, 
also  PC and PE levels by 47% and 55% respectively, and 
non-compensable elevation in the less abundant PI spe-
cies; lyso-PtdIns by 300% and 525% respectively, con-
firming reacylation disorder.112 After hydrolyzing PI 
into DAG and inositol triphosphate, they serve as a sec-
ond messenger in signal transduction, gene expression, 
hormone signaling transduction and metabolism, ion 
channels, pumps, transporters, control both endocytic 
and exocytic processes, and vesical traffic.8,113–120 While 
these events can initiate parallel metabolic cascades that 
can mobilize intracellular calcium stores, activate pro-
tein kinase C, and release arachidonic acid. PI compris-
es 7-15 % of total phospholipids in the mitochondria 
where it is synthesized in small quantities. PI biosynthe-

sized in the ER from phosphatidic acid via the interme-
diate cytidine diphosphate-diacylglycerol (CDP-DAG) 
derived by the rate-limiting enzyme CDP-diacylglycerol 
synthase (Fig. 2).12 Its synthesis rate is regulated by the 
relative concentrations of the precursors and products. 
The phosphatidylinositol cycle proteins are responsible 
for transferring lipids between the ER and plasma mem-
brane in both directions through membrane-associat-
ed family (PITPNM or nir2). The dysregulation of PI 
metabolism and signaling is a factor in many diseases, 
including cancer. Mutation in the phosphatidylinositol 
glycan class A (PIGA) gene results in Paroxysmal Noc-
turnal Hemoglobinuria.121 The PI widely present in the 
ER much of it in the cytoplasmic surface, its deficiency 
results in ER stress that ends with unfolded (misfolded) 
protein response (UPR) in addition to extra metabol-
ic disorders. While the external supply of PI precursor 
(myoinositol) could be beneficial for ER by enhancing 
its function and response to ER stress, insulin resistance 
(still ambiguous but thought to be through improving 
the putative inositol-containing mediators signaling 
pathway), and non-alcoholic liver steatosis. Alongside 
PI shown benignant effects on the weak spermatogen-
esis, polycystic ovary syndrome, gestational diabetes, 
metabolic syndrome, and retinopathy of prematurity.122 

Phosphatidylserine (PS) is one of the essential com-
ponents of membrane phospholipids where it accounts 
for 3-5 mol% of total phospholipids in the mammalian 
cell and approximately 2-15% of total phosphoglycolip-
ids in the plasma membrane mostly in the inner leaflet 
(80%).8,123 PS is most abundant in the brain tissue where 
it comprises 15% of total lipid.101 More than 36% of the 
PS in the gray matter consists of docosahexaenoyl acyl 
chain, it is believed they responsible for normal brain 
and visual system functioning and development.124 PS 
contributes to the activation of the synaptotagmin, dy-
namin-1, Annexin V, protein kinase C that regulates PS 
synthesis by phosphorylation (in vivo), and protein ki-
nase B (Akt).125–128  PS exposure to the cell surface has a 
significant role in platelet aggregation as well as in the 
elimination of apoptotic cells by the macrophages.129–133 
On the contrary, PS exposure to the inner leaflet results 
in plasma membrane bending and endosome forma-
tion.134 The intracellular function of PS had not been 
discovered until recently, its ability to target proteins to 
phagosomes, and enhancing ion channel synthesis in 
the plasma membrane by binding to the heat shock pro-
tein (Hsp70) as well as caveolae formation in the plas-
ma membrane through the signaling events.135–137 PS 
comprises 13% of the total phospholipids of the disks 
of the outer segment of the rods.99 Study by Zachowski 
on the erythrocyte membrane indicates that > 96% of 
PS resides on the inner leaflet of the bilayer lipid mem-
brane.138 PS lowest concentration in the mitochondria 
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particularly in the IMM.139 PS biosynthesized by cal-
cium-dependent base-exchange reactions in the ER 
where there is liberation for one polar head group cho-
line or ethanolamine from the pre-existing phospholip-
id by the enzymes PS synthase-1 and PS synthase-2 in 
the mitochondria-associated membrane (MAM).140,141 
Through direct ER/MAM contact sites PS is transferred 
to mitochondria for decarboxylation and PE synthe-
sis by phosphatidylserine decarboxylase (PSD).142 PS is 
obligatorily required for cell viability, and its synthesis 
is regulated by PS cellular level. PS synthase-1 mRNA is 
highly activated in the brain, liver, and kidney.143 While 
PS synthase-2 mRNA is expressed in the nurse cells of 
the testis and less in the liver and the brain.144–146 Disrup-
tion to PS synthase-1 impairs the PS synthesis in 95%  
and appears to be responsible for Lenz-Majewsky syn-
drome development.11,147 The elevation of osteoclast PS 
level showed to enhance bone formation with no change 
in the resorption rate.148–150 Studies have shown that in 
the first stages of cytotoxic T-cell apoptosis increases the 
PS as well as PE level on the outer leaflet of the plasma 
membrane. Other findings indicated that tumor vascu-
lature endothelial cells and cells under irradiation have 
elevated PE level on the outer leaflet plasma membrane 
too.151–153 

Phosphatidylethanolamine (PE) compromises about 
20-40 % of total phospholipids, while it accounts for 15-
25% of total phospholipids in the mammalian cell.11,100,154 
PE distributed asymmetrically between the inner and 
outer leaflet plasma membrane (approximately 80% in 
the inner leaflet).8,97,123 For instance, 5% out of the to-
tal phospholipids in the outer leaflet of the human RBC 
plasma membrane are PE.155  Diacyl, alkylacyl, and alke-
nylacyl are the three main PE subgroups. Alkenylacyl 
accounts for 0.8% of the hepatocytes, while in the brain 
plasmenyl PE comprises 70% of total ethanolamine 
phospholipids, particularly 30% of neurocyte plasma 
membrane from total phospholipids and 90% from the 
ethanolamine phospholipids.67,70 Researchers believe 
that the senile attenuation in PE level in the brain re-
sponsible for PD development via the formation of α-sy-
nuclein foci (unfolded or misfolded protein) in the Lewy 
bodies of the damaged dopaminergic neurons of pars 
compacta.156–160 PE is required in the cytokinesis for dis-
assembly of the contractile ring, also to evoke membrane 
curvature and fusion.161,162 PE makes about 45% of total 
phospholipids in the nervous tissue such as the white 
matter of the brain and spinal cord.  PE functions as an 
endogenous cofactor that by itself can facilitate prion 
propagation using PrP molecules from multiple animal 
species and without the assistance of any proteins or nu-
cleic acids.139,163 PE present in the inner mitochondri-
al membrane (IMM) in the highest concentration (40% 
of total phospholipid) than any other intracellular or-

ganelles lipid membrane.  Moreover, sometimes there is 
a possibility to develop antiPhosphatidylethanolamine 
autoantibodies result in phospholipid syndrome.164 PE 
accounts for 40% of the total phospholipid in the disks 
of the outer segment of the rods.99 PE biosynthesized by 
four different pathways, one in the mitochondria (PSD 
pathway contributes in 5%) and the others in the ER 
(CDP-ethanolamine pathway contributes to 50% of rat 
hepatocytes PE synthesis, base-exchange pathway con-
tribute to synthesis 8-9% of PE in the rat hepatocytes, 
and through the acylation of lyso-PE).165–168 Most like-
ly, it depends on the type of the cell to determine which 
pathway to use, for instance, fibroblast produces 80% of 
its PE through the PSD pathway.169 The de novo pathway 
is regulated by the NF-Y transcription factor, protein ki-
nase c-mediated phosphorylation.170,171 PE, phosphatid-
ic acid (PA), phosphatidylglycerol (PG), cardiolipin 
(CL), and CDP-DAG can be synthesized in the mito-
chondria as an auxiliary pathway.172,173 The disruption 
or decrease of PE synthesis in the mitochondria results 
in impairment of the mitochondrial respiration activi-
ty of proteins of ETC and even mitochondrial morpho-
logical alterations and its fragmentation, this endorses 
the hypothesis that mitochondrial PE synthesized in-
side of the mitochondria. The mitochondrial malfunc-
tion is thought to be correlated with the development of 
serious defects such as neurodegeneration progression, 
cardiovascular dysfunction (due to its cardioprotective 
role against ischemia/reperfusion injury through acti-
vating STAT-3 transcription factor).174–176 Besides, it has 
been shown that elevation in the PE ratio to the PC in 
the mitochondria could have opposite effects by stim-
ulating mitochondrial respiration activity of ETC pro-
teins and energy liberation. The PSD-derived PE plays 
an important role in the autophagy process through 
binding to LC3 protein and autophagosome formation, 
therefore PE deficiency leads to impairment autopha-
gy and processing of GPI-Aps.165,177–179 In addition to its 
role in the mitochondria, PE has a significant structur-
al and functional role in the ER membrane shows that 
the misbalance between the PE/PC ratio of 1.3 in the ER 
membrane can activate the UPR.60,180,181 And this would 
explain how the neurodegeneration progress under low 
PE level in the dopaminergic neuron and how choline 
could rescue the low content of PE in vitro. PE also con-
tributes to the cannabinoid receptors synthesis in the 
brain.182  Recent studies have shown that ferroptosis can 
oxidize the PE and forming cytotoxic species, which can 
be prevented by decreasing the content of long polyun-
saturated ω6  fatty acids with no need for Glutathione 
peroxidase 4 (GPX4). PE of the ER has been associated 
with the arachidonic acid and adrenic acid (AdA) oxida-
tion in ferroptosis results in oxidized PE hydroperoxides 
species formation that kill cells.60,183 Moreover, PE-AA-
OOH molecule has been shown to promote ferroptosis, 
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while vitamin E inhibits oxidation through lipoxygen-
ase (LOX) enzyme, which is considered an effective tool 
for ferroptosis prevention. It remains to be seen wheth-
er a link exists between ferroptosis and pathophysiolog-
ical events, such as in ischemic-reperfusion injury or 
neurodegenerative disease. 184,185 PE is a key regulator of 
membrane fluidity in eukaryotic cells and helps pre-os-
teoclast fusion to form osteoclasts.186,187

Cardiolipin (CL) binding of PG molecules to a PA mol-
ecule forms a CL that comprises 20% of total lipids.21 
Tetra-linoleyl-CL (TLCL) is the most abundant species 
of CL, accounts for 80–85% of total CLs, and is associat-
ed as a precursor of signaling molecules. CL is symmet-
rically founded with all four FA molecules enriched in 
the inner leaflet of the IMM mostly of the cardiomyo-
cytes, liver, and muscles.8,133 CL forming the CO-Q also 
referred to as the third complex in the IMM, which in-
volved in ETC as an electron carrier, extra-mitochon-
drial electron transport, endogenously synthesized 
lipid-soluble antioxidant, regulation mitochondrial per-
meability transition pores, and activation of mitochon-
drial uncoupling proteins, etc.57 Also, it contributes to 
the intrinsic apoptosis, therefore CL responsible for mi-
tochondrial stability and dynamics. The translocation of 
CL from IMM to the OMM is a sign of cell execution 
and completion of apoptosis.133,188 CL interacts with re-
spiratory chain complexes and substrate carrier proteins 
that are involved in the organization of the element of 
ETC into a higher assembly. Many enzymes of the re-
spiratory chain are activated by CL and its lack results 
in serious defects. CL insufficiency is suspected to be re-
sponsible for the development of Barth syndrome, prob-
ably due to impaired remodeling of its fatty acids.189 CL 
expression on the cytoplasmic surface of the mitochon-
dria is a positive signal for autophagy and PhA2 activity 
to eliminate the damaged mitochondria through the mi-
crotubule-associated protein 1 light chain 3 (LC3). CL 
biosynthesized from PG and cytidine diphosphate dia-
cylglycerol (CDP-DAG) in the inner leaflet of IMM be-
sides some reactions occur in the ER.190–192

Phosphatidic acid (PA) is an intermediate in glycerolip-
id synthesis and cell signaling.98,193 Studies have shown 
that the lacking form of PA for one fatty acid moiety 
(Lyso-PA) is highly involved as a signaling molecule, 
which contributes to the proliferation, migration, and 
survival of cells. Lyso-PA belongs to lysophospholipids 
(LPLs), where they normally provoke cell survival, ply 
mitogenic/antimitiogenic control of the cell cycle, af-
fect cell motility and shape, control cell specialization, 
regulate Ca+2 homeostasis, lipid second messenger, and 
regulate the immunological response.117,118,194 LPLs are 
shown to be correlated with tumor invasion, angiogen-
esis, neointima development, heart ventricles develop-

ment, resistance in radiation and chemotherapies, facial 
dysmorphism, nociception, and suckling behavior. The 
PA founded in little quantities in the mitochondria as a 
minor lipid serves as a precursor of CDP-diacylglycer-
ol for synthesis PI and PG in mitochondria.12,195 Finally, 
Lysobisphosphatidic acid (LBPA) is specific for lyso-
somal membrane and secondary endosomes, where it 
appears to play an important role in controlling the for-
mation of multivesicular bodies.

Cholesterol (Chl) is a non-polar sterol lipid and a ma-
jor membrane component; range from 0.1% to 40% 
depending on the cell species and which subcellular 
compartment is under consideration.16 Chl serves as a 
precursor for all steroid hormones. Approximately 20% 
of human erythrocyte weight is cholesterol.100 While 
trace amount of Chl in IMM present.3 In the NE can 
be founded only in the ONM and ganglioside (GM1) 
founded in the INM of neuronal cells. Chl is embedded 
in both cell membrane phospholipid bilayer structure, 
between phospholipids and phospholipid bilayers.100,196 
Cholesterol constitutes about 50% of the total lipid. 
About 10% (3 that of ER) of the NE lipids are cholester-
ol; lesser amounts of other neutral lipids (Chl-ester, dia-
cylglycerol (DG), and triacylglycerol (TAG)). Generally, 
sterols are minor lipid components in the mitochondrial 
membrane.3,12,62,197 Cholesterol supports and helps to sta-
bilize the cell membrane and imitates as a fluidity buf-
fer by regulating the permeability during high and low 
temperature and prevent leakage of small water-soluble 
molecules.2,197 Chl organizes clusters of transmembrane 
proteins into lipid rafts (segregated, ordered domains 
within the cellular membranes formed by SM and cho-
lesterol 50 mol %) and as a molecular “glue” that holds 
together membrane lipid rafts.3,115 Elevation in choles-
terol leads to serious pathological consequences such 
as atherosclerosis. Chl is unevenly disrupted in the ER, 
Golgi, and endosomes. In spite, Chl synthesized in the 
ER through the mevalonate pathway but it alternatively 
has low Chl content (<5 mol %). Cholesterol depletion 
inactivates Akt and strengthens membrane–cytoskele-
ton adhesion to be more rigid, while cholesterol incor-
poration activates Akt.198 In 1985 the laureates Brown 
and Goldstein won a Nobel Prize for their discovery 
“receptor-mediated endocytosis” of the LDL cholesterol 
which contributes to the building lipids of the cell mem-
brane, that later appeared to play a key pathological role 
in the familial hypercholesterolemia (FH) development 
via a mutation of LDL receptors that leads to high LDL 
plasma level and atherosclerosis formation.199 Extra in-
vestigations should be done to role-out the influence of 
changes in cellular cholesterol levels and cholesterol dis-
tribution among cellular membranes on cell signaling. 
Chl- ester is not a highly significant structural part of 
the cell membrane, but it constitutes a huge portion of 
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the adrenal glands, and they concentrate inside the fatty 
lesions of atherosclerotic plaques.200 

Triacylglycerol (TAG) has three free fatty acid chains 
and a glycerol group. These are the main fuel depot.  
FFA accounts for 15% of total lipid in the NE.62 Studies 
In vitro show, Pcyt2 gene mutation causes TAG and DG 
accumulation in the hepatocytes, indicating the impair-
ment of DG utilization into PE that leads to fatty liver 
development.201,202 In the few past years, scientists indi-
cated that whatever disturbance in the ER membrane 
saturated FA and/or cholesterol culminates in UPR di-
rectly (through the misbalance) or indirectly (due to 
UPR).203–207 The PUFA is a precursor in stimulating PC 
synthesis.  

Glycolipids are one of the three major lipids of the plas-
ma membrane and loosely founded in the mitochondri-
al membrane, comprise of carbohydrate and lipid with 
sphingosine backbone.12,14 Glycosphingolipids build 
about 5-10% of lipids in the outer surface of the plas-
ma membranes. Besides, glycolipids have an important 
role in intercellular communication and protect in the 
harsh environment on the surface of the epithelial cells. 
Alteration to glycolipid was shown to be related to CNS 
pathologies. Glycolipids are thought to be responsible 
for the cell recognition process in the cell-cell adhesion 
process. Gangliosides are the most complicated glyco-
lipids founded in the plasma membrane of the neuro-
cytes, due to their charge gangliosides are believed to be 
responsible for control membrane potential especially 
the Ca+2 at the membrane surface.14,208 

Prenol ‒ few data suggested that prenol is an important 
simple isoprenoid that functions as an antioxidant and 
precursor of vitamin A.209 When sugar groups bind di-
rectly to the membrane lipid this complex is known as 
a saccharolipid, which serves as a major structural com-
ponent of the outer leaflet of the plasma membrane.61 
Polyketides are synthesized by classic enzymes as well as 
iterative and multimodular enzymes with semiautono-
mous active sites that share mechanistic features with the 
fatty acid synthases, including the involvement of special-
ized acyl carrier proteins; commonly used polyketides or 
polyketide derivatives as antimicrobial, antiparasitic, and 
anticancer agents such as erythromycins, tetracyclines, 
nystatins, avermectins, and antitumor epothilones. Be-
sides some polyketides are potent toxins.210,211 

Conclusion
Thus, an analysis of the literature data showed that the 
lipid composition of membrane structures depends 
on the type and function of organelles and the cell as 
a whole, as well as the type of tissue. The uniqueness 
and selectivity of lipids to specific functions and asym-

metry of lipid distribution in the organelle’s membrane 
gives power to the cell to be highly qualified and spec-
ified. The major structural and functional lipids in the 
cell membrane are Phosphatidylcholine (PC) > Phos-
phatidylethanolamine (PE). The absence/deficiency or 
augmentation of a specific type of lipid results in serious 
defects usually life-threatening with a permanent dis-
ability. The apparent indicator under lipid peroxidation 
is the dramatic elevation of peroxidation products that 
smash the membrane lipids, particularly when the pro-
tecting antioxidant defense system is impaired and can-
not compensate to eliminate the highly reactive species. 
Further study of lipid homeostasis of cell membranes 
will reveal new intracellular signaling pathways, func-
tions of lipid molecules, expanding knowledge about 
their role in normal and pathological cells. To sum up, 
the understanding of lipid’s role in norm and disease is 
clinically crucial to evaluate a novel therapeutic target to 
treat many metabolic disorders such as metabolic syn-
drome and some lysosomal storage disorders via tar-
geting specific new signaling pathways, lipid molecules, 
and enzymes.  

Acknowledgements
My thanks go to my love, supervisor, and professor who 
supported me during the journey of the article writing 
Tatyana Ivanovna Vlasova, this work would not be possi-
ble without her positive stimuli and valuable suggestions.  

References 
1.	 Schultz M. Rudolf Virchow. Emerg Infect Dis. 2008;14(9): 

1480-1481. 
2.	 Membranes - Biology LibreTexts. Accessed October 18, 

2020. https://bio.libretexts.org/Courses/University_of_
California_Davis/BIS_2A%3A_Introductory_Biology_
(Easlon)/Readings/15.1%3A_Membranes

3.	 Stillwell W. An Introduction to Biological Membranes: 
Composition, Structure and Function: Second Edition.; 
2016. doi:10.1016/C2015-0-06226-8

4.	 Horrocks, L A, Sharma M. Phospholipids. 1st ed. (Haw-
thorne N, Ansell B, eds.). Elsevier Biomedical Press; 
1982.

5.	 Casolari JM, Brown CR, Komili S, West J, Hieronymus 
H, Silver PA. Genome-Wide Localization of the Nuclear 
Transport Machinery Couples Transcriptional Status and 
Nuclear Organization. Cell. 2004;117(4):427-439. 

6.	 Keenan TW, Berezney R, Crane FL. Lipid composition of 
further purified bovine liver nuclear membranes. Lipids. 
1972;7(3):212-215.

7.	 Sohrab Hossain M, Mohamed SH, Binti Khalid AM, 
Balakrishnan V, Zaidul Islam Sarker M, Kadir MOA. 
Avenues in Supercritical Carbon Dioxide Extraction and 
Fractionation of Lipids. In: Innovative Food Processing 
Technologies. Elsevier; 2021:584-596. doi:10.1016/B978-
0-08-100596-5.22980-6



69Membrane lipids under norm and pathology

8.	 Antonio B, Gustavo B. MEDICAL BIOCHEMISTRY. 1st 
ed. Academic Press; 2017. https://www.elsevier.com/
books/medical-biochemistry/blanco/978-0-12-803550-4

9.	 van Meer G, Voelker DR, Feigenson GW. Membrane lip-
ids: where they are and how they behave. Nat Rev Mol 
Cell Biol. 2008;9(2):112-124. 

10.	 	Dulai. Cell Membrane Lipid Synthesis and Conditioning 
- YouTube. Accessed October 18, 2020. https://www.you-
tube.com/watch?v=lFXLTragQ_A&t=981s

11.	 Vance JE. Historical perspective: phosphatidylserine and 
phosphatidylethanolamine from the 1800s to the present. 
J Lipid Res. 2018;59(6):923-944.

12.	 Daum G, Vance JE. Import of lipids into mitochondria. 
Prog Lipid Res. Published online 1997. doi:10.1016/
S0163-7827(97)00006-4

13.	 Krimm S. The hydrophobic effect: Formation of micelles 
and biological membranes, J Polym Sci Polym Lett Ed. 
1980;18(10):687-687. 

14.	 	Alberts B, Johnson A, Lewis J, et al. Molecular Biology of 
the Cell. (Wilson J, Hunt T, eds.). Garland Science; 2017. 
doi:10.1201/9781315735368

15.	 	Dixon SJ, Lemberg KM, Lamprecht MR, et al. Ferro-
ptosis: An Iron-Dependent Form of Nonapoptotic Cell 
Death. Cell. 2012;149(5):1060-1072.

16.	 	Phillips R. Membranes by the Numbers. In: Physics of 
Biological Membranes. Springer International Publishing; 
2018:73-105. doi:10.1007/978-3-030-00630-3_3

17.	 	Vallée B, Teyssier C, Maget-Dana R, Ramstein J, Bureaud 
N, Schoentgen F. Stability and physicochemical proper-
ties of the bovine brain phosphatidylethanolamine-bind-
ing protein. Eur J Biochem. Published online 1999. 
doi:10.1046/j.1432-1327.1999.00812.x

18.	 	Oram JF, Wolfbauer G, Vaughan AM, Tang C, Albers JJ. 
Phospholipid Transfer Protein Interacts with and Stabi-
lizes ATP-binding Cassette Transporter A1 and Enhances 
Cholesterol Efflux from Cells. J Biol Chem. Published on-
line 2003. doi:10.1074/jbc.M310695200

19.	 	Voelker DR. New perspectives on the regulation of inter-
membrane glycerophospholipid traffic. J Lipid Res. Pub-
lished online 2003. doi:10.1194/jlr.R200020-JLR200

20.	 	Kent C, Carman GM. Interactions among pathways for 
phosphatidylcholine metabolism, CTP synthesis and secre-
tion through the Golgi apparatus. Trends Biochem Sci. Pub-
lished online 1999. doi:10.1016/S0968-0004(99)01365-1

21.	 	Houtkooper RH, Vaz FM. Cardiolipin, the heart of mito-
chondrial metabolism. Cell Mol Life Sci. Published online 
2008. doi:10.1007/s00018-008-8030-5

22.	 	Strauss J, Barbieri R. Yen & Jaffe’s Reproductive Endocri-
nology. 7th ed. Saunders; 2013.

23.	 Smith WL, DeWitt DL, Garavito RM. Cyclooxygenases: 
Structural, Cellular, and Molecular Biology. Annu Rev 
Biochem. 2000;69(1):145-182. 

24.	 	Smith W. Molecular biology of prostanoid biosyn-
thetic enzymes and receptors. Adv Exp Med Biol. 
1997;400B(1997):989-1011. 

25.	 	Peters-Golden M, Henderson WR. Mechanisms of dis-
ease: Leukotrienes. N Engl J Med. Published online 2007.

26.	 	Funk CD. Prostaglandins and leukotrienes: Advances in 
eicosanoid biology. Science (80- ). Published online 2001. 
doi:10.1126/science.294.5548.1871

27.	 	Spector AA. Arachidonic acid cytochrome P450 epoxy-
genase pathway. J Lipid Res. 2009;50:52-56. 

28.	 Roberts LJ, Morrow JD. Isoprostanes. Ann N Y Acad Sci. 
1994;744(1 Cellular Gene):237-242. 

29.	 Milne GL, Yin H, Hardy KD, Davies SS, Roberts LJ. 
Isoprostane Generation and Function. Chem Rev. 
2011;111(10):5973-5996. 

30.	 Cheng KW, Lahad JP, Kuo W, et al. The RAB25 small 
GTPase determines aggressiveness of ovarian and breast 
cancers. Nat Med. 2004;10(11):1251-1256. 

31.	 Cai H, Smith DA, Memarzadeh S, Lowell CA, Cooper 
JA, Witte ON. Differential transformation capacity of Src 
family kinases during the initiation of prostate cancer. 
Proc Natl Acad Sci. 2011;108(16):6579-6584. 

32.	 	Puig B, Altmeppen H, Glatzel M. The GPI-anchoring 
of PrP Implications in sorting and pathogenesis. Prion. 
Published online 2014. doi:10.4161/pri.27892

33.	 	Brodsky RA. New insights into paroxysmal nocturnal 
hemoglobinuria. Hematology Am Soc Hematol Educ 
Program. Published online 2006. doi:10.1182/asheduca-
tion-2006.1.24

34.	 	Pike LJ. The challenge of lipid rafts. J Lipid Res. 
2009;50(Supplement):S323-S328. 

35.	 	Shakirov, D F. The state of the lipid peroxidation sys-
tem in the body of experimental animals after expo-
sure to cyclic hydrocarbons. Pathol Physiol Exp Ther. 
2003;3(1):26-28. 

36.	 	Vlasova T. organ lipid distress syndrome in the patho-
genesis of the progression of surgical endotoxicosis. Pub-
lished online 2015.

37.	 	Yin H, Xu L, Porter NA. Free Radical Lipid Peroxidation: 
Mechanisms and Analysis. Chem Rev. 2011;111(10):5944-
5972. 

38.	 	Girotti AW. Lipid hydroperoxide generation, turnover, 
and effector action in biological systems. J Lipid Res. Pub-
lished online 1998.

39.	 	Kanner J, German JB, Kinsella JE. Initiation of 
Lipid Peroxidation in Biological Systems. C R C 
Crit Rev Food Sci Nutr. Published online 1987. 
doi:10.1080/10408398709527457

40.	 Mostafa Abd El-Aal HAH. Lipid Peroxidation End-Prod-
ucts as a Key of Oxidative Stress: Effect of Antioxidant on 
Their Production and Transfer of Free Radicals. In: Lipid 
Peroxidation. InTech; 2012. doi:10.5772/45944

41.	 	Preedy VR. Pathology: Oxidative Stress and Dietary Anti-
oxidants. 1st ed. Academic Press; 2020. 

42.	 	Ayala A, Muñoz MF, Argüelles S. Lipid peroxidation: 
Production, metabolism, and signaling mechanisms of 
malondialdehyde and 4-hydroxy-2-nonenal. Oxid Med 
Cell Longev. 2014. doi:10.1155/2014/360438



70 European Journal of Clinical and Experimental Medicine 2021; 19 (1): 59–75

43.	 	Catalán V, Frühbeck G, Gómez-Ambrosi J. Inflammatory 
and Oxidative Stress Markers in Skeletal Muscle of Obese 
Subjects. In: Obesity. Elsevier; 2018:163-189. doi:10.1016/
B978-0-12-812504-5.00008-8

44.	 	Nair U, Bartsch H, Nair J. Lipid peroxidation-induced 
DNA damage in cancer-prone inflammatory diseases: 
A review of published adduct types and levels in humans. 
Free Radic Biol Med. 2007;43(8):1109-1120. 

45.	 	Moldovan L, Moldovan NI. Oxygen free radicals and re-
dox biology of organelles. Histochem Cell Biol. Published 
online 2004. doi:10.1007/s00418-004-0676-y

46.	 	Yang J, Lam EWN, Hammad HM, Oberley TD, Oberley 
LW. Antioxidant enzyme levels in oral squamous cell car-
cinoma and normal human oral epithelium. J Oral Pathol 
Med. 2002;31(2):71-77. 

47.	 	Koc M, Taysi S, Emin Buyukokuroglu M, Bakan N. 
The Effect of Melatonin against Oxidative Damage 
during Total-Body Irradiation in Rats. Radiat Res. 
2003;160(2):251-255. 

48.	 	Gounden V, Vashisht R, Jialal I. Hypoalbuminemia. Stat-
Pearls Publishing; 2020. Accessed October 18, 2020. 
http://www.ncbi.nlm.nih.gov/pubmed/30252336

49.	 	Brigelius-Flohé R. Tissue-specific functions of individu-
al glutathione peroxidases. In: Free Radical Biology and 
Medicine. ; 1999. doi:10.1016/S0891-5849(99)00173-2

50.	 	Ma Q. Role of Nrf2 in Oxidative Stress and Toxicity. Annu 
Rev Pharmacol Toxicol. 2013;53(1):401-426. 

51.	 	Hassan HA, Abdel-Aziz AF. Evaluation of free radi-
cal-scavenging and anti-oxidant properties of black berry 
against fluoride toxicity in rats. Food Chem Toxicol. Pub-
lished online 2010. doi:10.1016/j.fct.2010.05.018

52.	 	Coliva G, Lange M, Colombo S, Chervet J-P, Domingues 
MR, Fedorova M. Sphingomyelins Prevent Propagation 
of Lipid Peroxidation—LC-MS/MS Evaluation of Inhibi-
tion Mechanisms. Molecules. 2020;25(8):1925. 

53.	 	Knasmüller S, Nersesyan A, Mišík M, et al. Use of con-
ventional and -omics based methods for health claims 
of dietary antioxidants: a critical overview. Br J Nutr. 
2008;99(E-S1):ES3-ES52. 

54.	 	Davì G, Guagnano MT, Ciabattoni G, et al. Platelet Acti-
vation in Obese Women. JAMA. 2002;288(16):2008. 

55.	 	Meagher EA, Barry OP, Burke A, et al. Alcohol-induced 
generation of lipid peroxidation products in humans. J 
Clin Invest. 1999;104(6):805-813. 

56.	 	Jain SK. In vivo externalization of phosphatidylserine 
and phosphatidylethanolamine in the membrane bilayer 
and hypercoagulability by the lipid peroxidation of eryth-
rocytes in rats. J Clin Invest. 1985;76(1):281-286. 

57.	 	Turunen M, Olsson J, Dallner G. Metabolism and func-
tion of coenzyme Q. Biochim Biophys Acta - Biomembr. 
2004;1660(1-2):171-199. 

58.	 	Takayanagi R, Takeshige K, Minakami S. NADH- and 
NADPH-dependent lipid peroxidation in bovine heart 
submitochondrial particles. Dependence on the rate of 
electron flow in the respiratory chain and an antioxi-

dant role of ubiquinol. Biochem J. Published online 1980. 
doi:10.1042/bj1920853

59.	 	Cook NR. A Randomized Factorial Trial of Vitamins C 
and E and Beta Carotene in the Secondary Prevention 
of Cardiovascular Events in Women. Arch Intern Med. 
2007;167(15):1610. 

60.	 Patel D, Witt SN. Ethanolamine and Phosphatidyletha-
nolamine: Partners in Health and Disease. Oxid Med Cell 
Longev. 2017;2017:1-18. doi:10.1155/2017/4829180

61.	 Ridgway ND, McLeod RS. Biochemistry of Lipids, Lipo-
proteins and Membranes: Sixth Edition.; 2015.

62.	 Lajtha A, Tettamanti G, Goracci G. Handbook of Neu-
rochemistry and Molecular Neurobiology. 3rd ed. 
Springer US; 2009. https://www.springer.com/gp/
book/9780387303451

63.	 Lee T. Biosynthesis and possible biological functions of 
plasmalogens. Biochim Biophys Acta - Lipids Lipid Metab. 
1998;1394(2-3):129-145. 

64.	 Mandel H, Sharf R, Berant M, Wanders RJA, Vreken P, 
Aviram M. Plasmalogen phospholipids are involved in 
HDL-mediated cholesterol efflux: Insights from inves-
tigations with plasmalogen-deficient cells. Biochem Bio-
phys Res Commun. Published online 1998. doi:10.1006/
bbrc.1998.9321

65.	 Mueller HW, Purdon AD, Smith JB, Wykle RL. 1-O-al-
kyl-linked phosphoglycerides of human platelets: Distribu-
tion of arachidonate and other acyl residues in the ether-
linked and diacyl species. Lipids. 1983;18(11):814-819. 

66.	 	Gross RW. High plasmalogen and arachidonic acid 
content of canine myocardial sarcolemma: a fast atom 
bombardment mass spectroscopic and gas chromatogra-
phy-mass spectroscopic characterization. Biochemistry. 
1984;23(1):158-165. 

67.	 	Braverman NE, Moser AB. Functions of plasmalogen 
lipids in health and disease. Biochim Biophys Acta - Mol 
Basis Dis. Published online 2012. doi:10.1016/j.bba-
dis.2012.05.008

68.	 	Honsho M, Fujiki Y. Plasmalogen homeostasis – reg-
ulation of plasmalogen biosynthesis and its phys-
iological consequence in mammals. FEBS Lett. 
2017;591(18):2720-2729.

69.	 	Honsho M, Yagita Y, Kinoshita N, Fujiki Y. Isolation 
and characterization of mutant animal cell line defec-
tive in alkyl-dihydroxyacetonephosphate synthase: Lo-
calization and transport of plasmalogens to post-Golgi 
compartments. Biochim Biophys Acta - Mol Cell Res. 
2008;1783(10):1857-1865. 

70.	 	Brites P, Waterham HR, Wanders RJA. Functions and 
biosynthesis of plasmalogens in health and disease. Bio-
chim Biophys Acta - Mol Cell Biol Lipids. 2004;1636(2-
3):219-231. 

71.	 	Heymans HSA, Schutgens RBH, Tan R, van den Bosch 
H, Borst P. Severe plasmalogen deficiency in tissues of 
infants without peroxisomes (Zellweger syndrome). Na-
ture. 1983;306(5938):69-70. 



71Membrane lipids under norm and pathology

72.	 	Panganamala RV, Horrocks LA, Geer JC, Cornwell DG. 
Positions of double bonds in the monounsaturated alk-1-
enyl groups from the plasmalogens of human heart and 
brain. Chem Phys Lipids. 1971;6(2):97-102.

73.	 	Han X, Holtzman DM, McKeel DW. Plasmalogen de-
ficiency in early Alzheimer’s disease subjects and in 
animal models: molecular characterization using elec-
trospray ionization mass spectrometry. J Neurochem. 
2001;77(4):1168-1180. 

74.	 	Rapport MM, Lerner B. The structure of plasmalogens 
IV. Lipids in normal and neoplastic tissues of man and 
in normal tissues of rabbit and rat. Biochim Biophys Acta. 
1959;33(2):319-325. 

75.	 	Simons K, Ikonen E. Functional rafts in cell membranes. 
Nature. 1997;387(6633):569-572. 

76.	 	Brown DA, London E. Structure and Function of Sphin-
golipid- and Cholesterol-rich Membrane Rafts. J Biol 
Chem. 2000;275(23):17221-17224. 

77.	 	Spiegel S, Merrill AH. Sphingolipid metabolism and cell 
growth regulation. FASEB J. 1996;10(12):1388-1397. 

78.	 	Hakomori S. Traveling for the glycosphingolipid path. 
Glycoconj J. 2000;17(7-9):627-647. 

79.	 	Meckfessel MH, Brandt S. The structure, function, and 
importance of ceramides in skin and their use as thera-
peutic agents in skin-care products. J Am Acad Dermatol. 
Published online 2014. doi:10.1016/j.jaad.2014.01.891

80.	 Feingold KR. Thematic review series: Skin Lipids . The 
role of epidermal lipids in cutaneous permeability barrier 
homeostasis: Fig. 1. J Lipid Res. 2007;48(12):2531-2546.

81.	 Han X, M. Holtzman D, W. McKeel D, Kelley J, Morris 
JC. Substantial sulfatide deficiency and ceramide eleva-
tion in very early Alzheimer’s disease: potential role in 
disease pathogenesis. J Neurochem. 2002;82(4):809-818.

82.	 Goldstein AM, Abramovits W. Ceramides and the stra-
tum corneum: structure, function, and new methods to 
promote repair. Int J Dermatol. 2003;42(4):256-259. 

83.	 Kumari A. Ceramide Structure and Derivatives. In: Sweet 
Biochemistry. Elsevier; 2018:59-61. doi:10.1016/B978-0-
12-814453-4.00013-3

84.	 Perry DK, Hannun YA. The role of ceramide in cell 
signaling. Biochim Biophys Acta - Mol Cell Biol Lipids. 
1998;1436(1-2):233-243. 

85.	 Gulbins E. Regulation of death receptor signaling and 
apoptosis by ceramide. Pharmacol Res. 2003;47(5):393-399. 

86.	 Wang J, Zhen L, Klug MG, Wood D, Wu X, Mizrahi J. 
Involvement of caspase 3- and 8-like proteases in cera-
mide-induced apoptosis of cardiomyocytes. J Card Fail. 
Published online 2000. doi:10.1054/jcaf.2000.9502

87.	 Johns DG, Osborn H, Webb RC. Ceramide: A Novel Cell 
Signaling Mechanism for Vasodilation. Biochem Biophys 
Res Commun. 1997;237(1):95-97. 

88.	 Johns DG, Webb RC, Charpie JR. Impaired ceramide 
signalling in spontaneously hypertensive rat vascular 
smooth muscle: a possible mechanism for augmented cell 
proliferation. J Hypertens. 2001;19(1):63-70.

89.	 Charles R, Sandirasegarane L, Yun J, et al. Ceramide-coat-
ed balloon catheters limit neointimal hyperplasia after 
stretch injury in carotid arteries. Circ Res. Published on-
line 2000. doi:10.1161/01.RES.87.4.282

90.	 Roshan Lal TR, Lopez G, Sidransky E. Glucocerebrosi-
dase Gene Mutations and Parkinsonism. In: Reference 
Module in Neuroscience and Biobehavioral Psychol-
ogy. Elsevier; 2017. doi:10.1016/B978-0-12-809324-
5.00611-8

91.	 Scriver CR, Beaudet AL, Sly WS, Valle D. The Metabolic 
Basis of Inherited Disease. 6th ed. McGraw-Hill; 1989.

92.	 Vekey K, Telekes A, Vertes A. Medical Applications of Mass 
Spectrometry. 1st ed. Elsevier Science; 2007. https://www.
elsevier.com/books/medical-applications-of-mass-spec-
trometry/vekey/978-0-444-51980-1

93.	 Choudhary V, Uaratanawong R, Patel RR, et al. Phos-
phatidylglycerol Inhibits Toll-Like Receptor–Mediated 
Inflammation by Danger-Associated Molecular Patterns. 
J Invest Dermatol. 2019;139(4):868-877. 

94.	 Spyridakis S, Leondaritis G, Nakos G, Lekka ME, Gala-
nopoulou D. A specific phospholipase C activity reg-
ulates phosphatidylinositol levels in lung surfactant of 
patients with acute respiratory distress syndrome. Am J 
Respir Cell Mol Biol. Published online 2010. doi:10.1165/
rcmb.2009-0078OC

95.	 Kuronuma K, Mitsuzawa H, Takeda K, et al. Anionic 
pulmonary surfactant phospholipids inhibit inflammato-
ry responses from alveolar macrophages and U937 cells 
by binding the lipopolysaccharide-interacting proteins 
CD14 and MD-2. J Biol Chem. Published online 2009. 
doi:10.1074/jbc.M109.040832

96.	 Long DL, Hite RD, Grier BL, et al. Secretory Phospholi-
pase A2-Mediated Depletion of Phosphatidylglycerol in 
Early Acute Respiratory Distress Syndrome. Am J Med 
Sci. 2012;343(6):446-451. 

97.	 Horvath SE, Daum G. Lipids of mitochondria. Prog Lipid 
Res. 2013;52(4):590-614. 

98.	 Foster DA, Xu L. Phospholipase D in cell proliferation 
and cancer. Mol Cancer Res. 2003;1(11):789-800. 

99.	 Robert L. Systemic Lupus Erythematosus. 4th ed. Aca-
demic Press; 2004. https://www.elsevier.com/books/sys-
temic-lupus-erythematosus/lahita/978-0-12-433901-9

100.	 Heimburg T. Physical Properties of Biological Mem-
branes. Published online February 16, 2009. Accessed 
October 18, 2020. http://arxiv.org/abs/0902.2454

101.	 Bhagavan NV. Lipids II: Phospholipids, Glycosphingolip-
ids, and Cholesterol. In: Medical Biochemistry. Elsevier; 
2002:401-427. doi:10.1016/B978-012095440-7/50021-4

102.	 Wang Z, Klipfell E, Bennett BJ, et al. Gut flora metab-
olism of phosphatidylcholine promotes cardiovascular 
disease. Nature. 2011;472(7341):57-63. 

103.	 Kokkinidis DG, Bosdelekidou EE, Iliopoulou SM, et al. 
Emerging treatments for ulcerative colitis: a systematic 
review. Scand J Gastroenterol. Published online May 14, 
2017:1-9. doi:10.1080/00365521.2017.1326163



72 European Journal of Clinical and Experimental Medicine 2021; 19 (1): 59–75

104.	Shields DJ, Agellon LB, Vance DE. Structure, expres-
sion profile and alternative processing of the human 
phosphatidylethanolamine N-methyltransferase 
(PEMT) gene1Sequence data from this article have 
been deposited with the GenBank Data Library under 
accession numbers AF294460–AF294468 incl. Bio-
chim Biophys Acta - Mol Cell Biol Lipids. 2001;1532(1-
2):105-114. 

105.	 Carter K, Bowman D, Carrington W, et al. A three-di-
mensional view of precursor messenger RNA metab-
olism within the mammalian nucleus. Science (80- ). 
1993;259(5099):1330-1335. 

106.	 Xing Y, Johnson C, Dobner P, Lawrence J. Higher level 
organization of individual gene transcription and RNA 
splicing. Science (80- ). 1993;259(5099):1326-1330.

107.	 Shopland LS, Lawrence JB. Seeking Common Ground in 
Nuclear Complexity. J Cell Biol. 2000;150(1):F1-F4. 

108.	 Bernales S, Papa FR, Walter P. Intracellular signaling 
by the unfolded protein response. Annu Rev Cell Dev 
Biol. Published online 2006. doi:10.1146/annurev.cell-
bio.21.122303.120200

109.	 Schröder M, Kaufman RJ. THE MAMMALIAN UN-
FOLDED PROTEIN RESPONSE. Annu Rev Biochem. 
2005;74(1):739-789. 

110.	 Fu S, Watkins SM, Hotamisligil GS. The role of endoplas-
mic reticulum in hepatic lipid homeostasis and stress sig-
naling. Cell Metab. Published online 2012. doi:10.1016/j.
cmet.2012.03.007

111.	 	Jamieson GA, Robinson DM. Mammalian Cell Mem-
branes. 1st ed. Butterworth-Heinemann; 1976. https://
www.elsevier.com/books/mammalian-cell-membranes/
jamieson/978-0-408-70722-0

112.	 	Anderson KE, Kielkowska A, Durrant TN, et al. Lyso-
phosphatidylinositol-Acyltransferase-1 (LPIAT1) Is Re-
quired to Maintain Physiological Levels of PtdIns and Pt-
dInsP2 in the Mouse. PLoS One. Published online 2013. 
doi:10.1371/journal.pone.0058425

113.	 	Vivanco I, Sawyers CL. The phosphatidylinositol 3-ki-
nase-AKT pathway in humancancer. Nat Rev Cancer. 
Published online 2002. doi:10.1038/nrc839

114.	 	Kuksis A. Inositol Phospholipid Metabolism and Phospha-
tidyl Inositol Kinases. 1st ed. Elsevier Science; 2003.

115.	 	Wenk MR, Lucast L, Di Paolo G, et al. Phosphoinosit-
ide profiling in complex lipid mixtures using electro-
spray ionization mass spectrometry. Nat Biotechnol. 
2003;21(7):813-817.

116.	 	Meer G van, Sprong H. Membrane lipids and vesicular 
traffic. Curr Opin Cell Biol. 2004;16(4):373-378. 

117.	 	Berridge MJ, Irvine RF. Inositol trisphosphate, a novel 
second messenger in cellular signal transduction. Nature. 
1984;312(5992):315-321. 

118.	 	Nishizuka Y. Intracellular signaling by hydrolysis of 
phospholipids and activation of protein kinase C. Sci-
ence (80-). Published online 1992. doi:10.1126/sci-
ence.1411571

119.	 	Feigenson GW. Phase behavior of lipid mixtures. Nat 
Chem Biol. Published online 2006. doi:10.1038/nchem-
bio1106-560

120.	Balla T. Phosphoinositides: Tiny Lipids With Giant Impact 
on Cell Regulation. Physiol Rev. 2013;93(3):1019-1137. 

121.	 Brodsky RA. Paroxysmal nocturnal hemoglobinuria. 
Blood. 2014;124(18):2804-2811. 

122.	William WC. Phosphatidylinositol and Related Phospho-
inositides. Published 2020. Accessed October 18, 2020. 
https://www.lipidmaps.org/resources/lipidweb/index.
php?page=lipids/complex/pi/index.htm

123.	 Op den Kamp JA. Lipid asymmetry in membranes. Annu 
Rev Biochem. Published online 1979. doi:10.1146/an-
nurev.bi.48.070179.000403

124.	Kimura AK, Kim H-Y. Phosphatidylserine synthase 
2: high efficiency for synthesizing phosphatidylser-
ine containing docosahexaenoic acid. J Lipid Res. 
2013;54(1):214-222. 

125.	 Swairjo MA, Concha NO, Kaetzel MA, Dedman JR, Sea-
ton BA. Ca2+-bridging mechanism and phospholipid 
head group recognition in the membrane-binding pro-
tein annexin V. Nat Struct Mol Biol. 1995;2(11):968-974. 

126.	Powell KA, Valova VA, Malladi CS, Jensen ON, Lars-
en MR, Robinson PJ. Phosphorylation of dynamin I on 
Ser-795 by protein kinase C blocks its association with 
phospholipids. J Biol Chem. Published online 2000. 
doi:10.1074/jbc.275.16.11610

127.	 Kanfer JN, McCartney D, Hattori H. Regulation of the 
choline, ethanolamine and serine base exchange enzyme 
activities of rat brain microsomes by phosphorylation and 
dephosphorylation. FEBS Lett. 1988;240(1-2):101-104. 

128.	Huang BX, Akbar M, Kevala K, Kim HY. Phosphati-
dylserine is a critical modulator for Akt activation. J Cell 
Biol. Published online 2011. doi:10.1083/jcb.201005100

129.	 Hsu F-F, Turk J. Studies on phosphatidylserine by tandem 
quadrupole and multiple stage quadrupole ion-trap mass 
spectrometry with electrospray ionization: Structural 
characterization and the fragmentation processes. J Am 
Soc Mass Spectrom. 2005;16(9):1510-1522. 

130.	 	Silbernagl S, Lang F. Color Atlas of Pathophysiology. 
Georg Thieme Verlag; 2015. doi:10.1055/b-005-148940

131.	 	Simmen T, Aslan JE, Blagoveshchenskaya AD, et al. 
PACS-2 controls endoplasmic reticulum-mitochondria 
communication and Bid-mediated apoptosis. EMBO J. 
Published online 2005. doi:10.1038/sj.emboj.7600559

132.	 	Csordás G, Renken C, Várnai P, et al. Structural and func-
tional features and significance of the physical linkage be-
tween ER and mitochondria. J Cell Biol. Published online 
2006. doi:10.1083/jcb.200604016

133.	 	Kagan VE, Chu CT, Tyurina YY, Cheikhi A, Bayir H. 
Cardiolipin asymmetry, oxidation and signaling. Chem 
Phys Lipids. 2014;179:64-69. 

134.	 	Pomorski T, Menon AK. Lipid flippases and their biolog-
ical functions. Cell Mol Life Sci. Published online 2006. 
doi:10.1007/s00018-006-6167-7



73Membrane lipids under norm and pathology

135.	 	Yeung T, Gilbert GE, Shi J, Silvius J, Kapus A, Grinstein 
S. Membrane phosphatidylserine regulates surface charge 
and protein localization. Science (80- ). Published online 
2008. doi:10.1126/science.1152066

136.	 	Arispe N, Doh M, Simakova O, Kurganov B, Maio A De. 
Hsc70 and Hsp70 interact with phosphatidylserine on 
the surface of PC12 cells resulting in a decrease of viabil-
ity. FASEB J. 2004;18(14):1636-1645. 

137.	 	Hirama T, Das R, Yang Y, et al. Phosphatidylserine 
dictates the assembly and dynamics of caveolae in the 
plasma membrane. J Biol Chem. Published online 2017. 
doi:10.1074/jbc.M117.791400

138.	 	Zachowski A. Phospholipids in animal eukaryotic mem-
branes: Transverse asymmetry and movement. Biochem 
J. Published online 1993. doi:10.1042/bj2940001

139.	 	Vance JE, Tasseva G. Formation and function of phos-
phatidylserine and phosphatidylethanolamine in mam-
malian cells. Biochim Biophys Acta - Mol Cell Biol Lipids. 
2013;1831(3):543-554. 

140.	 Hübscher G, Dils RR, Pover WFR. Studies on the bio-
synthesis of phosphatidyl serine. Biochim Biophys Acta. 
1959;36(2):518-528. 

141.	 Stone SJ, Vance JE. Phosphatidylserine Synthase-1 and -2 
Are Localized to Mitochondria-associated Membranes. J 
Biol Chem. 2000;275(44):34534-34540.

142.	 Vance JE. Newly made phosphatidylserine and phos-
phatidylethanolamine are preferentially translocated 
between rat liver mitochondria and endoplasmic retic-
ulum. J Biol Chem. 1991;266(1):89-97. http://www.ncbi.
nlm.nih.gov/pubmed/1898727

143.	 Kuge O, Saito K, Nishijima M. Cloning of a Chinese ham-
ster ovary (CHO) cDNA encoding phosphatidylserine 
synthase (PSS) II, overexpression of which suppresses the 
phosphatidylserine biosynthetic defect of a PSS I-lacking 
mutant of CHO-K1 cells. J Biol Chem. Published online 
1997. doi:10.1074/jbc.272.31.19133

144.	 Stone SJ, Vance JE. Cloning and expression of murine liv-
er phosphatidylserine synthase (PSS)-2: Differential reg-
ulation of phospholipid metabolism by PSS1 and PSS2. 
Biochem J. Published online 1999. doi:10.1042/0264-
6021:3420057

145.	 Sturbois-Balcerzak B, Stone SJ, Sreenivas A, Vance JE. 
Structure and Expression of the Murine Phosphatidylser-
ine Synthase-1 Gene. J Biol Chem. Published online 2001. 
doi:10.1074/jbc.M009776200

146.	 Bergo MO, Gavino BJ, Steenbergen R, et al. Defining the 
importance of phosphatidylserine synthase 2 in mice. 
J Biol Chem. Published online 2002. doi:10.1074/jbc.
M207734200

147.	 Lenz WD, Majewski F. A generalized disorders of the 
connective tissues with progeria, choanal atresia, sympha-
langism, hypoplasia of dentine and craniodiaphyseal hypos-
tosis. Birth Defects Orig Artic Ser. 1974;10(12):133-136. 

148.	 Whyte MP, Blythe A, McAlister WH, Nenninger AR, 
Bijanki VN, Mumm S. Lenz-Majewski Hyperostotic 

Dwarfism with Hyperphosphoserinuria from a Novel 
Mutation in PTDSS1 Encoding Phosphatidylserine Syn-
thase 1. J Bone Miner Res. 2015;30(4):606-614. 

149.	 Sohn M, Ivanova P, Brown HA, et al. Lenz-Majewski mu-
tations in PTDSS1 affect phosphatidylinositol 4-phos-
phate metabolism at ER-PM and ER-Golgi junctions. 
Proc Natl Acad Sci. 2016;113(16):4314-4319. 

150.	 Piard J, Lespinasse J, Vlckova M, et al. Cutis laxa and 
excessive bone growth due to de novo mutations in 
PTDSS1. Am J Med Genet Part A. Published online 2018. 
doi:10.1002/ajmg.a.38604

151.	 Emoto K, Toyama-Sorimachi N, Karasuyama H, In-
oue K, Umeda M. Exposure of Phosphatidylethanol-
amine on the Surface of Apoptotic Cells. Exp Cell Res. 
1997;232(2):430-434. 

152.	 Stafford JH, Thorpe PE. Increased exposure of phosphatidy-
lethanolamine on the surface of tumor vascular endothelium. 
Neoplasia. Published online 2011. doi:10.1593/neo.101366

153.	 Marconescu A, Thorpe PE. Coincident exposure of 
phosphatidylethanolamine and anionic phospholipids 
on the surface of irradiated cells. Biochim Biophys Acta - 
Biomembr. 2008;1778(10):2217-2224. 

154.	Vance JE. Phospholipid Synthesis and Transport in Mam-
malian Cells. Traffic. 2015;16(1):1-18. 

155.	 Verkleij A., Zwaal RF., Roelofsen B, Comfurius P, Kas-
telijn D, van Deenen LL. The asymmetric distribution 
of phospholipids in the human red cell membrane. A 
combined study using phospholipases and freeze-etch 
electron microscopy. Biochim Biophys Acta - Biomembr. 
1973;323(2):178-193. 

156.	Riekkinen P, Rinne UK, Pelliniemi TT, Sonninen V. In-
teraction Between Dopamine and Phospholipids: Studies 
of the Substantia Nigra in Parkinson Disease Patients. 
Arch Neurol. Published online 1975. doi:10.1001/arch-
neur.1975.00490430047006

157.	 Hattingen E, Magerkurth J, Pilatus U, et al. Phosphorus 
and proton magnetic resonance spectroscopy demon-
strates mitochondrial dysfunction in early and advanced 
Parkinson’s disease. Brain. 2009;132(12):3285-3297.

158.	 Manyam B V. Cerebrospinal Fluid Amino Compounds 
in Parkinson’s Disease. Arch Neurol. 1988;45(1):48. 
doi:10.1001/archneur.1988.00520250054021

159.	 Pollard AK, Ortori CA, Stöger R, Barrett DA, Chakrabar-
ti L. Mouse mitochondrial lipid composition is de-
fined by age in brain and muscle. Aging (Albany NY). 
2017;9(3):986-998.

160.	 Ross BM, Mamalias N, Moszczynska A, Rajput AH, Kish 
SJ. Elevated activity of phospholipid biosynthetic en-
zymes in substantia nigra of patients with Parkinson’s dis-
ease. Neuroscience. Published online 2001. doi:10.1016/
S0306-4522(00)00501-7

161.	 Emoto K, Kobayashi T, Yamaji A, et al. Redistribution 
of phosphatidylethanolamine at the cleavage furrow of 
dividing cells during cytokinesis. Proc Natl Acad Sci. 
1996;93(23):12867-12872. 



74 European Journal of Clinical and Experimental Medicine 2021; 19 (1): 59–75

162.	 Martens S, McMahon HT. Mechanisms of membrane fu-
sion: disparate players and common principles. Nat Rev 
Mol Cell Biol. 2008;9(7):543-556.

163.	 Deleault NR, Piro JR, Walsh DJ, et al. Isolation of phospha-
tidylethanolamine as a solitary cofactor for prion forma-
tion in the absence of nucleic acids. Proc Natl Acad Sci U 
S A. Published online 2012. doi:10.1073/pnas.1204498109

164.	Triplett D. Many faces of lupus anticoagulants. Lupus. 
1998;7(2_suppl):18-22. 

165.	 Calzada E, Onguka O, Claypool SM. Phosphatidyleth-
anolamine Metabolism in Health and Disease. In: ; 
2016:29-88. doi:10.1016/bs.ircmb.2015.10.001

166.	 Riekhof WR, Wu J, Jones JL, Voelker DR. Identification 
and characterization of the major lysophosphatidyleth-
anolamine acyltransferase in Saccharomyces cerevisiae. 
J Biol Chem. Published online 2007. doi:10.1074/jbc.
M705256200

167.	 Sundler R, Åkesson B, Nilsson Å. Quantitative role of 
base exchange in phosphatidylethanolamine synthesis 
in isolated rat hepatocytes. FEBS Lett. Published online 
1974. doi:10.1016/0014-5793(74)80667-8

168.	 Bleijerveld OB, Brouwers JFHM, Vaandrager AB, Helms 
JB, Houweling M. The CDP-ethanolamine pathway 
and phosphatidylserine decarboxylation generate dif-
ferent phosphatidylethanolamine molecular species. 
J Biol Chem. Published online 2007. doi:10.1074/jbc.
M703786200

169.	 Miller MA, Kent C. Characterization of the pathways for 
phosphatidylethanolamine biosynthesis in Chinese ham-
ster ovary mutant and parental cell lines. J Biol Chem. 
Published online 1986.

170.	 Ando H, Aoyama C, Horibata Y, et al. Transcriptional 
suppression of CTP:Phosphoethanolamine cytidylyl-
transferase by 25-hydroxycholesterol is mediated by nu-
clear factor-Y and Yin Yang. Biochem J. Published online 
2015. doi:10.1042/BJ20150318

171.	 Pavlovic Z, Zhu L, Pereira L, Singh RK, Cornel RB, Ba-
kovic M. Isoform-specific and protein kinase C-mediated 
regulation of CTP:Phosphoethanolamine cytidylyltrans-
ferase phosphorylation. J Biol Chem. Published online 
2014. doi:10.1074/jbc.M113.544932

172.	 Henry SA, Kohlwein SD, Carman GM. Metabolism and 
regulation of glycerolipids in the yeast Saccharomyces 
cerevisiae. Genetics. Published online 2012. doi:10.1534/
genetics.111.130286

173.	 Vance JE, Vance DE. Phospholipid biosynthesis in mam-
malian cells. Biochem Cell Biol. Published online 2004. 
doi:10.1139/o03-073

174.	 Steenbergen R, Nanowski TS, Beigneux A, Kulinski 
A, Young SG, Vance JE. Disruption of the Phosphati-
dylserine Decarboxylase Gene in Mice Causes Embry-
onic Lethality and Mitochondrial Defects. J Biol Chem. 
2005;280(48):40032-40040. 

175.	 Tasseva G, Bai HD, Davidescu M, Haromy A, Mi-
chelakis E, Vance JE. Phosphatidylethanolamine defi-

ciency in mammalian mitochondria impairs oxidative 
phosphorylation and alters mitochondrial morphology. 
J Biol Chem. Published online 2013. doi:10.1074/jbc.
M112.434183

176.	 Kelly RF, Lamont KT, Somers S, et al. Ethanolamine is 
a novel STAT-3 dependent cardioprotective agent. Basic 
Res Cardiol. 2010;105(6):763-770. 

177.	 Hailey DW, Rambold AS, Satpute-Krishnan P, et al. Mi-
tochondria Supply Membranes for Autophagosome Bio-
genesis during Starvation. Cell. Published online 2010. 
doi:10.1016/j.cell.2010.04.009

178.	 Birner R, Bürgermeister M, Schneiter R, Daum G. Roles 
of Phosphatidylethanolamine and of Its Several Biosyn-
thetic Pathways in Saccharomyces cerevisiae. Pringle J, 
ed. Mol Biol Cell. 2001;12(4):997-1007. 

179.	 Ichimura Y, Kirisako T, Takao T, et al. A ubiqui-
tin-like system mediates protein lipidation. Nature. 
2000;408(6811):488-492.

180.	 	Fu S, Yang L, Li P, et al. Aberrant lipid metabolism disrupts 
calcium homeostasis causing liver endoplasmic reticulum 
stress in obesity. Nature. 2011;473(7348):528-531. 

181.	 	Wang S, Zhang S, Liou L-C, et al. Phosphatidylethanol-
amine deficiency disrupts -synuclein homeostasis in 
yeast and worm models of Parkinson disease. Proc Natl 
Acad Sci. 2014;111(38):E3976-E3985. 

182.	 	Jin X-H, Okamoto Y, Morishita J, Tsuboi K, Tonai T, 
Ueda N. Discovery and Characterization of a Ca2+-in-
dependent Phosphatidylethanolamine N-Acyltransferase 
Generating the Anandamide Precursor and Its Conge-
ners. J Biol Chem. 2006;282(6):3614-3623. 

183.	 	Doll S, Proneth B, Tyurina YY, et al. ACSL4 dictates fer-
roptosis sensitivity by shaping cellular lipid composition. 
Nat Chem Biol. 2017;13(1):91-98. 

184.	 	Kagan VE, Mao G, Qu F, et al. Oxidized arachidonic and 
adrenic PEs navigate cells to ferroptosis. Nat Chem Biol. 
2017;13(1):81-90. 

185.	 	Zielinski ZAM, Pratt DA. Lipid Peroxidation: Kinetics, 
Mechanisms, and Products. J Org Chem. 2017;82(6):2817-
2825. 

186.	 	Dawaliby R, Trubbia C, Delporte C, et al. Phosphatidy-
lethanolamine is a key regulator of membrane fluidity in 
eukaryotic cells. J Biol Chem. 2016;291(7):3658-3667. 

187.	 	Irie A, Yamamoto K, Miki Y, Murakami M. Phosphati-
dylethanolamine dynamics are required for osteoclast 
fusion. Sci Rep. 2017;7. doi:10.1038/srep46715

188.	 	Paradies G, Paradies V, De Benedictis V, Ruggiero FM, 
Petrosillo G. Functional role of cardiolipin in mitochon-
drial bioenergetics. Biochim Biophys Acta - Bioenerg. 
2014;1837(4):408-417. 

189.	 	Valianpour F, Wanders RJA, Overmars H, Vaz FM, Barth 
PG, van Gennip AH. Linoleic acid supplemention of 
Barth syndrome fibroblasts restores cardiolipin levels. J 
Lipid Res. 2003;44(3):560-566. 

190.	Chu CT, Ji J, Dagda RK, et al. Cardiolipin externalization 
to the outer mitochondrial membrane acts as an elimina-



75Membrane lipids under norm and pathology

tion signal for mitophagy in neuronal cells. Nat Cell Biol. 
Published online 2013. doi:10.1038/ncb2837

191.	 Malhotra A, Edelman-Novemsky I, Xu Y, et al. Role of cal-
cium-independent phospholipase A2 in the pathogenesis of 
Barth syndrome. Proc Natl Acad Sci. 2009;106(7):2337-2341. 

192.	Cao J, Liu Y, Lockwood J, Burn P, Shi Y. A novel cardiolip-
in-remodeling pathway revealed by a gene encoding an 
endoplasmic reticulum-associated acyl-CoA:lysocardio-
lipin acyltransferase (ALCAT1) in mouse. J Biol Chem. 
Published online 2004. doi:10.1074/jbc.M402930200

193.	 Matsuo H. Role of LBPA and Alix in Multivesicular Li-
posome Formation and Endosome Organization. Science 
(80- ). 2004;303(5657):531-534. 

194.	Moolenaar WH, van Meeteren LA, Giepmans BNG. The 
ins and outs of lysophosphatidic acid signaling. BioEs-
says. 2004;26(8):870-881. 

195.	 Tigyi GJ. Lysophospholipid Receptors. In: Reference Mod-
ule in Biomedical Sciences. Elsevier; 2018. doi:10.1016/
B978-0-12-801238-3.11136-5

196.	Fielding CJ. Preface. Lipid Rafts Caveolae From 
Membr Biophys to Cell Biol. Published online 2006. 
doi:10.1002/3527608079

197.	 Jacquelyn, L B, Lee-Ellen, C C. Pathophysiology. 6th ed.; 
2019.

198.	 Morinaga T, Yamaguchi N, Nakayama Y, Tagawa M, 
Yamaguchi N. Role of Membrane Cholesterol Levels in 
Activation of Lyn upon Cell Detachment. Int J Mol Sci. 
2018;19(6):1811. 

199.	 Brown MS, Goldstein JL. A receptor-mediated pathway 
for cholesterol homeostasis.1985. Accessed November 
6, 2020. https://www.nobelprize.org/uploads/2018/06/
brown-goldstein-lecture-1.pdf

200.	Melchior DL, Rottem S. The Organization of Cholesterol 
Esters in Membranes of Mycoplasma capricolum. Eur J 
Biochem. 2005;117(1):147-153. 

201.	 	Fullerton MD, Bakovic M. Complementation of the 
metabolic defect in CTP:phosphoethanolamine cytidyl-

yltransferase (Pcyt2)–deficient primary hepatocytes. Me-
tabolism. 2010;59(12):1691-1700. 

202.		Fullerton MD, Hakimuddin F, Bonen A, Bakovic M. The 
Development of a Metabolic Disease Phenotype in CT-
P:Phosphoethanolamine Cytidylyltransferase-deficient 
Mice. J Biol Chem. 2009;284(38):25704-25713. 

203.	 	Borradaile NM, Han X, Harp JD, Gale SE, Ory DS, Schaf-
fer JE. Disruption of endoplasmic reticulum structure 
and integrity in lipotoxic cell death. J Lipid Res. Published 
online 2006. doi:10.1194/jlr.M600299-JLR200

204.		Kitai Y, Ariyama H, Kono N, Oikawa D, Iwawaki T, Arai 
H. Membrane lipid saturation activates IRE1α without 
inducing clustering. Genes to Cells. Published online 
2013. doi:10.1111/gtc.12074

205.	 	Feng B, Yao PM, Li Y, et al. The endoplasmic reticulum 
is the site of cholesterol-induced cytotoxicity in macro-
phages. Nat Cell Biol. 2003;5(9):781-792. 

206.	Wei Y, Wang D, Topczewski F, Pagliassotti MJ. Saturat-
ed fatty acids induce endoplasmic reticulum stress and 
apoptosis independently of ceramide in liver cells. Am 
J Physiol - Endocrinol Metab. Published online 2006. 
doi:10.1152/ajpendo.00644.2005

207.	 Deguil J, Pineau L, Rowland Snyder EC, et al. Modulation 
of Lipid-Induced ER Stress by Fatty Acid Shape. Traffic. 
2011;12(3):349-362. 

208.	Engelking LR. Textbook of Veterinary Physiological Chem-
istry. Elsevier; 2015. doi:10.1016/C2010-0-66047-0

209.	 Demmig-Adams B. Antioxidants in Photosynthesis and 
Human Nutrition. Science (80- ). 2002;298(5601):2149-
2153. 

210.	 Walsh CT. Polyketide and Nonribosomal Peptide Antibi-
otics: Modularity and Versatility. Science (80- ). Published 
online 2004. doi:10.1126/science.1094318

211.	 Khosla C, Gokhale RS, Jacobsen JR, Cane DE. Tolerance 
and Specificity of Polyketide Synthases. Annu Rev Bio-
chem. 1999;68(1):219-253. 


