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General Introduction

Metabolomics 
Metabolomics is defined as “the study of a set of metabolites in cells, tissue or 
organisms at a given state at a given time” [1]. Metabolites are present in cells in 
great numbers and variety. They are small molecules, which are intermediates or 
products of metabolism and are essential for normal growth and function. Metabo-
lomics is an emerging research field that is fast becoming an important application 
in toxicology, nutrition, diagnostics, drug discovery and fundamental research of 
underlying mechanisms of various pathologies. 
The combination of analytical tools is the foundation of metabolomics. Metabolites 
vary substantially in terms of polarity, volatility, size and other physico-chemical 
properties. Due to their high dynamic range and diversity, analysis of metabolites 
requires different combinations of gas chromatographic (GC) or liquid chromato-
graphic (LC) separation before detection by mass spectrometry (MS) or Nuclear 
Magnetic Resonance (NMR) to generate a metabolic profile. 
Chromatographic separation involves the interaction of the metabolites with a sta-
tionary and mobile phase. Separation occurs as a result of the differences in affinity 
the various metabolites have to the different phases. In LC the mobile phase con-
sist of a combination of aqueous and organic eluents, which push the metabolites 
through a column packed with the stationary phase. A gradient of the ratio between 
the aqueous and organic eluents are applied over a period of time. Stationary phases 
are available with a range of polarities, from very polar to non-polar. Non-polar 
metabolites are in general separated using reverse phase chromatography and polar 
compounds are separated using normal phase chromatography. In reverse phase 
chromatography the stationary phase is non-polar and the eluent gradient starts 
with a low percentage organic eluent, which gradually increases. This causes polar 
analytes to elute earlier than non-polar compounds, which are retained for longer 
by the non-polar stationary phase. Recent improvements in LC include the imple-
mentation of stationary phases with ultra small particle sizes, smaller than 2 μm, 
for improved separation and sensitivity. The smaller particles can be tightly packed 
into the column ensuring more interaction between the analytes and the stationary 
phase and therefore sharper and narrower peaks for better separation.
Mass spectrometry is the most common means of metabolite detection. After chro-
matographic separation metabolites are ionized to generate charged molecules. 
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Ionization takes place in the ion source where after the mass analyzers use mag-
netic or electric fields to transfer the ions to the detector. In combination with GC, 
ionization can be achieved by electron impact ionization (EI) or chemical ioniza-
tion (CI). When combined with LC, molecules can be ionized by electrospray ion-
ization (ESI), atmospheric pressure chemical ionization (APCI) or matrix-assisted 
laser desorption/ionization (MALDI). Mass analyzers use the mass-to-charge ratio 
(m/z) of the molecules to discriminate between them. There are various types of 
mass analyzers including quadrupole mass filters, time-of-flight (TOF), ion traps 
(ITMS) and Fourier transform mass spectrometry (FTMS). Multiple mass analyz-
ers can be used in tandem and in different combinations. 
Metabolic profiling can be non-targeted or targeted. Non-targeted metabolomics 
is a quick non-bias approach to measure all present metabolites in a sample and 
is often used for identification of biomarkers. Targeted metabolomics are mainly 
quantitative and applies various extraction techniques to enrich for the class of 
metabolites of interest. 
In this thesis we focus on applying targeted metabolomics to study lipid peroxi-
dation in different biological systems including the nematode Caenorhabditis el-
egans, cellular systems and human plasma and urine. We use reverse phase ultra 
performance liquid chromatography tandem mass spectrometry (UPLC-MS/MS) 
to quantify isoprostanes as peroxidation products of polyunsaturated fatty acids 
(PUFA’s) as markers of oxidative stress. 

Oxidative stress
During normal cellular metabolism reactive oxygen species (ROS) are inevitably 
formed as by-products. The primary ROS formed in cells is superoxide anion (O2

-

), which can be reduced to hydrogen peroxide (H2O2). Other ROS includes the 
hydroxyl radical (•OH), peroxy nitrite (NOO-), lipid hydroperoxides and lipid per-
oxyl radicals (reviewed in Chapter 1). These reactive species can react with DNA, 
proteins and lipids to cause irreversible oxidative damage. To limit the damage 
caused by these molecules, cells have developed an antioxidant defense mecha-
nism for scavenging of ROS. When there is an over production of or an insufficient 
protection against ROS, oxidative stress occurs. Oxidative stress is associated with 
various pathological conditions including cancer, diabetes, atherosclerosis, coro-
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nary heart disease and aging. Oxidative stress can be reversed through lifestyle and 
therapeutic intervention and it is therefore an important parameter to monitor to en-
sure good health. ROS being very reactive and short-lived molecules are extremely 
difficult to measure directly and can be primarily assessed indirectly.  There are 
two approaches to measure ROS indirectly for determining the oxidative status. 
One is the use of molecular ROS probes and the other is by measuring products of 
oxidative damage. ROS probes are molecules designed to be taken up by cells and 
to emit a signal upon oxidation by ROS. This approach is very useful in in vitro set-
tings to give information about ROS levels. However, for in vivo studies products 
of oxidative damage to DNA, protein and lipids are more often measured. 

Isoprostanes 
Isoprostanes are formed from non-enzymatic oxidation of PUFA’s and are chemi-
cally stable prostaglandin-like molecules that were first discovered in 1990 [2, 3]. 
Prostaglandin F2-like molecules were found to be increased after storage of plas-
ma samples at -20ºC and it later became clear that it was F2-isoprostanes formed 
from autoxidation of Arachidonic acid (AA) [2]. AA is a 20 carbon omega-6 fatty 
acid with 4 double bonds (C20:4-n6) and is abundant in membrane phospholip-
ids. It plays an important role in the fluidity and integrity of the membranes in 
mammalian cells. The high level of unsaturation renders it sensitive to oxidation. 
Upon oxidation on one of the double bonds of AA, a proton is extracted to form a 
carbon centered radical. In the presence of oxygen this carbon centered radical can 
undergo structural reconfiguration to form F2-isoprostanes as stable end products. 
The mechanism of the formation of the isoprostanes was first proposed by Pryor 
and colleagues [4] and later by Morrow et al. [5] and is outlined in Figure 1. Four 
F2-isoprostane isomeric classes can be formed, each containing 8 diasteriomeric 
forms for a total of 64 distinct isomers. Omega-3 PUFA’s like Eicosapentaenoic 
acid (EPA) and Docosahexaenoic acid (DHA) can also give rise to F3- and F4-iso-
prostanes respectively. 

Quantifying isoprostanes
In pathological conditions the reaction process of lipid peroxidation by free radicals 
is faster than oxidation of DNA, proteins and carbohydrates [6] and is therefore a 
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good indicator of oxidative stress.  Commonly available assays that are used for 
quantification of lipid peroxidation include thiobarbituric-acid-reacting substanc-
es (TBARS), malondialdehyde (MDA), lipid hydroperoxides and alkenes. These 
methods are hampered, especially in vivo, by lack of specificity and sensitivity and 
it was shown that the lipid content of the diet greatly affected the results of these 
assays [6]. In contrast, F2-isoprostane levels are not affected by diet and proved 
to be superior to other methods regarding sensitivity, specificity and stability. This 
was illustrated when F2-isoprostane levels increased by more than 80-fold after 
administration of CCl4 to rats whereas MDA only increased 2.7 fold [5].  Two 
approaches are utilized for isoprostanes detection namely mass spectrometry and 
immunological detection [5, 7]. 

Figure 1: Molecular mechanism of isoprostane formation.

Antibodies used in immunological assays tend cross react with other prosta-
glandins to cause an over estimation [8]. Mass spectrometry on the other hand 
is more selective and robust. Various GC-MS methods are described in literature 
and although they are very sensitive, they require elaborate and time-consuming 
extraction and derivatization steps performed by experienced personnel [8]. This 
limits the amount of samples that can be analyzed per day and therefore are not 
suitable for large clinical cohorts. LC-MS methods have also been described pre-
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viously and although it is less labor intensive it is unable to equal the sensitivity of 
GC-MS and often require large sample volumes, rendering it unsuitable to use for 
mice and other small volume studies.
In this thesis I identified the F3 class of isoprostanes in the model organism C. 
elegans and showed that they are novel and excellent markers for oxidative stress 
in this nematode. Moreover, I developed UPLC-MS/MS methods and a unique ex-
traction protocol that is rapid, reproducible, accurate and highly sensitive requiring 
a minute sample volume optimized for different biological systems. I anticipate 
that the developed methods, which require minimal sample preparation without 
compromising on sensitivity, will be an important tool for studying the role of ox-
idative stress in various biological processes and should be used in every research 
laboratory. 

The outline of this thesis
In this thesis I discuss the use of targeted metabolomics to study oxidative damage 
in biological systems. I set up and optimized a UPLC-MS/MS method to quantify 
lipid peroxidation through isoprostanes measurement. This method was applied 
in different biological systems, including C. elegans, cellular systems and human 
plasma. 
Chapter 1 is a review on current methods for measuring oxidative damage and 
reactive oxygen species in the nematode C. elegans and other model organisms 
of aging. Reactive oxygen species have been associated with aging ever since the 
formulation of the Free Radical Theory of Aging, which explains aging as the ac-
cumulation of damaged macro-molecules as a result of oxidative damage by ROS 
leading to an alteration in function and stability and ultimately manifesting as the 
phenotype of aging [9]. This theory was recently challenged by work done mainly 
in C. elegans. However, many of the statements are based on indirect measurement 
of ROS or oxidative damage through stress resistant assays and by using knockout 
and transgenic mutant strains of antioxidant enzymes. This is due to the technical 
challenge that exists for accurate in vivo measurement of ROS and oxidative dam-
age. In this chapter I discuss recent advances in development of new technologies 
and the improvement of previous methods. 
In chapter 2 I describe for the first time the formation of F3-isoprostanes in C. 
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elegans and validated the method by treating worms with various pro- and an-
ti-oxidants and by measuring steady-state oxidative damage levels in transgenic 
and knockout strains for antioxidant enzymes. This is a novel method for accurate 
measurement of lipid peroxidation in C. elegans. Finally we use this method to 
look at oxidative damage during aging in a longitudinal manner and note an oxida-
tive damage response in a long-lived nematode strain consistent with the Hormesis 
Theory of Aging. 
In chapter 3 I describe a protocol for measuring F2-isoprostanes in cellular sys-
tems. Although various methods exist to measure F2-isoprostanes, all of them are 
optimized for plasma and urine specifically. In this protocol for cellular systems 
we implement mechanical lysis of the cells and use a rapid sample preparation and 
extraction protocol, which proved to be very sensitive for accurate F2-isoprostane 
measurement in a small number of cells. This protocol was further validated by 
pro- and anti-oxidant treatment and we also assessed the chemical stability of the 
F2-isoprostanes and its metabolic fate in cellular systems. Lastly we showed that 
the sensitivity of this protocol and UPLC-MS/MS method allowed for measuring 
transcription factor regulated redox changes in cells. 
In chapter 4 I applied this UPLC-MS/MS method for isoprostanes measurement 
in human plasma and urine. We introduce and describe an improved sample prepa-
ration protocol and fully validated the method according to FDA guidelines. The 
use of UPLC-MS/MS and the optimization of the extraction protocol allowed for 
rapid, accurate, robust and 30-fold more sensitive measurements than previously 
described methods. We applied this method to assess levels of oxidative damage in 
patients with coronary heart disease that suffered from acute myocardial infarction 
(AMI) and compared it to levels in coronary heart disease patients without AMI.
Lastly, chapter 5 is a summarizing discussion on the significant findings of this 
thesis.
 Overall this thesis demonstrates that 1) F2- and F3- isoprostanes are reliable mark-
ers for oxidative damage quantification 2) the use of LC-MS for targeted metabolo-
mics to be a powerful analytical combination particularly when applied on recently 
developed UPLC and ultra sensitive triple-quadropole mass analyzers. 
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Abstract
Accumulation of oxidative damage has been proposed to be causal to aging as de-
fined by the Free radical Theory of Aging, which has been subject to recent debate. 
However, a major hurdle in understanding the biological roles of reactive oxygen 
species (ROS) signaling and their oxidative damage has been the widely recog-
nized methodological difficulties to measure oxidative damage and ROS in vivo. 
In this review we describe the various novel approaches that have recently been 
developed to overcome this challenge in the nematode Caenorhabditis elegans, 
which is a paradigm invertebrate model organism for studying aging and age-relat-
ed disease given its short lifespan, easy genetics and transparency. In addition, we 
also discuss these methods in other important model organisms of aging, including 
the budding yeast Saccharomyces cerevisiae, the fruit fly Drosophila melanogas-
ter and the mouse Mus musculus. After an introduction on the various ROS that 
can be encountered, we discuss approaches for the detection and quantification of 
ROS and ROS damage of DNA, lipids and proteins, highlighting examples from 
literature to demonstrate the applicability and caveats of each method. As will be-
come clear, combinations of approaches have now become possible and will prove 
essential for thoroughly understanding the involvement of ROS and ROS damage 
in the biology of aging and disease.

Keywords: Aging, ROS, oxidative damage, Caenorhabditis elegans
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Introduction

The role of ROS damage in disease and aging
The occurrence of oxidative damage in a biological setting was first described in 
1954 when the presence of the hydroxyl radical •OH was discovered in biological 
materials [1].  Soon thereafter in 1956, Denham Harman formulated the Free Rad-
ical Theory of Aging, which explains aging through the accumulation of oxidative 
damaged macromolecules leading to a compromise in their function and stability 
and ultimately causing the phenotype of aging [2]. This became more conceiv-
able after the discovery of the enzyme superoxide dismutase (SOD) in 1969. This 
proved to be the first compelling evidence of in vivo superoxide generation, indi-
cating that specialized enzymes are required for the neutralization of these reactive 
species [3]. By using SOD localization to determine sub cellular sites of superox-
ide production, it was found that the mitochondria are the main source of oxidants 
in the cell [4, 5]. A great deal of research in redox biology followed and in 1985 
the concept ‘oxidative stress’ was first used in biological systems to define any 
condition in which there is an over production of reactive oxygen species or an 
insufficient antioxidant defense leading to oxidative damage [6]. The Free Radical 
Theory of Aging was later modified to the oxidative stress theory of aging [7]. This 
remains an influential theory and is still considered today when studying the mech-
anism of aging, although several groups have provided evidence that challenge 
this theory [8-13]. Oxidative damage is also believed to play an important role in 
various pathological conditions including many age-related and neurodegenerative 
diseases [14]. There is for instance a strong correlation between oxidative damage 
and diseases such as Alzheimer’s and Parkinson’s disease, diabetes, metabolic syn-
drome and atherosclerosis [15-17]. A discrepancy however still remains whether 
the relationship between oxidative damage and disease is causal or consequential 
[18]. 

Caenorhabditis elegans and other model organism of aging.
The nematode C. elegans has proven to be a powerful invertebrate model organism 
in studying various biological processes including development, aging and a range 
of pathological conditions [19-23]. C. elegans offers several experimental advan-
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tages including low cost, straightforward maintenance, the ability to scale up and 
its transparency, which allows microscopy without dissection. They furthermore 
have a short lifespan (±20 days at 20°C), which is a key advantage in aging studies. 
In addition, many different cell types can be distinguished in C. elegans including 
neurons, muscle cells, gut and excretory cells [23], which have been well charac-
terized.  In 1986 for instance, the complete nervous system with all its connections 
and branches was described [24, 25]. Another advantageous characteristic of this 
organism is the availability of a detailed genetic map and its completely sequenced 
genome [26]. All these factors played an important role in establishing C. elegans 
as a critical model organism that made great inroads in the fields of development, 
neurology and aging [23]. 
In addition to C. elegans, several other model organisms are used to study aging. 
The most important are the budding yeast Saccharomyces cerevisiae, the fruit fly 
Drosophila melanogaster and the mouse Mus musculus with lifespans that range 
from days to years[27]. The unicellular Saccharomyces cerevisiae is an attractive 
eukaryotic model organism for studying aging as it has a short (3 days) lifespan 
and ease in handling and culturing. Two models have evolved: The asymmetric cell 
division of the budding yeast S. cerevisiae enables the study of replicative lifespan 
i.e. the number of divisions before the cell undergoes replicative senescence. . In 
addition, an alternative assay, called chronological lifespan is used which measures 
the number of days a cell remains viable in the post-replicative state. However, 
replicative lifespan in S. cerevisiae is fueled almost exclusively by anaerobic gly-
colysis while mitochondrial respiration is repressed, rendering it unlikely as a suit-
able model for energy metabolism in aging [28]. Nevertheless, both models have 
been used in multiple aging studies and led to the identification of conserved aging 
pathways.
The fruit fly Drosophila melanogaster is another powerful invertebrate model or-
ganism for developmental biology and aging with valuable gene-knockout and mu-
tagenesis systems in a short-living (3 months) organism which has tissue structure 
that approaches vertebrates [28, 29]. However, much of the knowledge is derived 
from studies in embryos and larvae while the adult fly, the subject of aging studies, 
is substantially less well defined. Drosophila has extensively been used to test the 
Free Radical Theory of Aging by antioxidant supplementation studies although 
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this is thoroughly reviewed elsewhere [30, 31].  Here we focus on detection and 
quantification methods for ROS and ROS damage.
The mouse is an important vertebrate model organism, which shares 99% of its 
genes with humans. The considerably longer average lifespan of mice (3 years) 
than the abovementioned model organisms, however, poses a significant weakness. 
Even so, they are critical animals to test the knowledge obtained from the lower 
model organisms [32].  
In this review we will discuss the different means of measuring ROS and oxida-
tive damage in C. elegans, which has predominantly fueled the recent debate on 
the role of ROS, and its damage in aging. If applicable, we also discuss the use of 
these and other methods in yeast, flies and mice. Although there are a great number 
of techniques available for in vitro studies, we focus here only on those methods 
that are currently utilized in the abovementioned model organisms. We report each 
method with its advantages, disadvantages and applicability. 

Reactive oxygen species
Although oxygen is central to aerobic respiration and energy production for the 
survival of multicellular organisms including C. elegans, it also poses a threat 
through conversion into ROS. Below we discuss the formation and scavenging of 
the most important cellular ROS including superoxide anion, hydrogen peroxide, 
hydroxyl radical, lipid hydroperoxides, peroxyl radicals and peroxynitrite.

Superoxide anion (O2
−)

The mitochondrion is the main site of adenosine triphosphate (ATP) production by 
the process of oxidative phosphorylation in all cells, under aerobic conditions [33]. 
This process takes place on the inner membrane of the mitochondria where a linked 
set of protein complexes known as the electron transport chain (ETC) work togeth-
er to generate an energy potential in the form of a pH gradient [34]. Electrons are 
transferred from electron donors via the ETC to an electron acceptor. This enables 
complexes I, III and IV to pump protons from the matrix to the inter-membrane 
space creating a pH gradient, which provides energy for the enzyme, ATP synthase 
to catalyze ATP production. Oxygen is essential for the efficiency of this process 
and acts as the final electron acceptor at which point it is reduced to water. During 
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the transfer of electrons, a small fraction of electrons inevitably leak out and react 
with molecular oxygen (O2) to form superoxide anion (O2

−) by an one-electron 
reduction step [35] (Fig. 1). Superoxide anion is a free radical that is extremely 
reactive, short-lived and unable to cross membranes [11]. Superoxide anion is not 
exclusively formed in the mitochondria but also as a by-product of various en-
zymatic reactions in the cytosol and other organelles [36]. Specialized enzymes, 
which scavenge O2

− by reducing it to hydrogen peroxide (H2O2), have evolved and 
are known as superoxide dismutase (SOD) [3, 37]. They contain a transition metal 
ion cofactor in their catalytic domain that reacts with O2

− reducing it to H2O2. Five 
SOD-encoding genes are found in C. elegans, two Cu/ZnSOD genes (sod-1 and 
sod-5) in the cytosol, two MnSOD genes (sod-2 and sod-3) in the mitochondria and 
an extracellular Cu/ZnSOD (sod-4) [38]. Interestingly, only three SOD isoforms 
occur in mammals and in Drosophila (dSOD1, dSOD2 and dSOD3) and two in S. 
cerevisiae (SOD1p and SOD2p) [39, 40]. It is not entirely clear why C. elegans 
need five different SOD iso-enzymes, but it strongly suggests that scavenging of 
O2

− is important in several distinct cell types. Indeed, SOD-5 appears exclusively 
expressed in distinct ASN neurons [8] and nematodes knockout for sod-5 showed 
high levels of oxidative damage in whole nematodes [41].  

Hydrogen peroxide (H2O2)
Hydrogen peroxide is generated from the reduction of O2

− by SOD (Fig. 1). It is a 
non-free radical reactive oxygen species, which is relatively stable and has the abil-
ity to readily cross cell membranes [42]. This property makes it a powerful second 
messenger and an increasing body of evidence suggests it to be an essential signal-
ing molecule mediating various physiological processes [43]. H2O2 acts as a second 
messenger by reacting with thiol groups of cysteine residues on proteins involved 
in redox signaling, thereby altering their primary function. Important examples are 
the protein tyrosine phosphatases and protein tyrosine kinases, which abolish or 
enhance tyrosine phosphorylation respectively, in a H2O2 dependent manner [44]. 
Recently Putker and colleagues showed that the nuclear localization and activation 
of the lifespan regulating DAF-16 transcription factor is dependent on forming 
protein-protein interactions with the nuclear transport receptor transportin-1, by 
disulfide bridges in a redox-dependent manner. This conserved shuttling mecha-
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nism directly connects redox signaling to lifespan regulation in C. elegans [45]. 
Hydrogen peroxide is furthermore extremely important in host defense by immune 
cells such as neutrophils. These cells rely on the NADPH oxidase complex to gen-
erate high levels of H2O2 in phagosomes for microbial killing [36]. Despite all 
above-mentioned beneficial functions, H2O2 remains a reactive molecule and can 
cause damage. H2O2 can react with transition metal ions to form the very reactive 
and harmful hydroxyl radical ŸOH [46]. The abundantly available catalase enzyme 
and the glutathione peroxidase pathway are mainly responsible for the disposal 
of free circulating H2O2 [42]. C. elegans possesses three catalase encoding genes, 
which is distinct from other metazoans including S. cerevisiae expressing two and 
Drosophila and mammals expressing a single catalase gene [47] [48]. CTL-1 is a 
cytosolic catalase while CTL-2 is peroxisomal and accounts for 80% of the total 
catalase activity. The specific cellular localization of CTL-3 has not been defined to 
date [48-50]. In addition to these three catalase genes, C. elegans furthermore ex-
presses eight glutathione peroxidase proteins, which use glutathione as an electron 
donor to reduce H2O2 into H2O [51]. 

Hydroxyl radicals (•OH)
•OH is mainly formed from the reaction between H2O2 and transition metal ions in 
cells (Fig. 1). It is a free radical and reacts indiscriminately to all macromolecules 
causing irreversible damage and therefore excluding it as a likely redox-signaling 
molecule [43]. It can initiate lipid peroxidation, cause protein oxidation and ag-
gregate formation and promote deletions in DNA, which causes double stranded 
breaks. 

Lipid hydroperoxides (LOOH) and peroxyl radicals (LOO•)
A free radical contains an unpaired electron and is consequently highly reactive by 
either donating an electron, abstracting an electron or simply adding itself onto a 
neighboring molecule. A free radical that comes into contact with a lipid molecule 
would abstract a hydrogen atom from the lipid leaving it with an unpaired electron 
(Fig. 1). This carbon-centered lipid radical will then react with O2 in aerobic con-
ditions and become a peroxyl radical (LOO•). Peroxyl radicals in turn, abstract a 
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hydrogen atom from an adjacent fatty acid to propagate a lipid peroxidation chain 
reaction and become a lipid hydroperoxide (LOOH). Thus, a great number of lipid 
hydroperoxides can result from a single initiation event [52]. Lipid hydroperoxides 
can easily react again with transition metal ions to form radicals that can initiate 
a peroxidation event. They are also likely to be involved in signal transduction, 
where the level of lipid hydroperoxides may be an indicating signal to the fate of 
the cell, whether it is antioxidant induction, programmed cell death or in severe 

Figure 1: Schematic representation of ROS formation in the cell. 

cases necrosis [53, 54]. These hydroperoxides are known to be reduced and detox-
ified by the ubiquitous peroxiredoxin enzymes. Peroxiredoxins contain cysteine 
residues in their active sites that can be oxidized to a sulfenic acid by peroxides. A 
1-Cys and two typical 2-Cys peroxiredoxin isoform are found in C. elegans [51] 
and are considered to play an important role in redox signaling [54, 55]. 
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Peroxynitrite (ONOO-)  
Under normal conditions, O2

- is reduced to H2O2 by SOD, but during over produc-
tion of superoxide anion, it can react with nitric oxide (NO) to form peroxynitrite 
(ONOO-) (Fig. 1) [56]. Regardless of its strong oxidative power, peroxynitrite is 
surprisingly stable in solution, compared to O2

− [57]. The stability results from a 
unique structural configuration of the molecule and formation of hydrogen bonds 
with three waters molecules, making it a selective oxidant with important biologi-
cal effects. Peroxynitrite can oxidize macromolecules through two distinct mecha-
nisms: either by direct oxidation or indirectly by decomposing into highly reactive 
radicals [58, 59]. Peroxynitrite targets lipids [60], leading to lipid peroxidation 
[59], DNA and proteins [61].

ROS detection in C. elegans
ROS are extremely reactive and short-lived molecules and directly measuring in 
vivo levels in biological samples is almost technically impossible. Methods like 
spin trapping can directly measure O2

- in isolated enzymatic or chemical solutions 
but detecting O2

- in biological samples remains a challenge [62]. Indirect measure-
ment of ROS levels is possible by making use of reporter probes. These molecular 
probes are designed to be taken up by the cell and to emit a fluorescent signal upon 
oxidation by ROS. The transparency of C. elegans renders them particularly favor-
able for the use of these molecular probes, allowing for site-specific visualization 
of ROS formation. This is a significant advantage compared to fruitflies and mice 
where only isolated cells or tissue homogenates can be used. Below we discuss the 
different probes, which have been used in C. elegans, each with their advantages 
and pitfalls.

Fluorescent and chemiluminescent probes

Dihydrofluorescein
Reduced fluoresceins (dihydrofluorescein) are the prototypical probes for oxidizing 
radicals and other ROS. These dyes are colorless when in reduced form and highly 
fluorescent when oxidized [62]. In C. elegans 2,7-Dichlorodihydrofluorescein di-
acetate (H2DCFDA) has been used as a reporter for ROS [11]. The diacetate form 
of the compound ensures stability and enables cell membrane-permeability, which 
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is converted to H2DCF, a membrane-impermeable fluorescent molecule upon oxi-
dation (Fig. 2A) [62]. ROS levels were visualized with H2DCFDA by fluorescence 
microscopy in wild type C. elegans feeding on gram-negative bacteria including 
Serovar Typhimurium (S. Typhimurium) [63]. Using this method, it was shown that 
the pathogenicity of S. Typhimurium relies on disseminated oxidative stress in the 
host C. elegans. Schulz et al. published a study where they showed an increase 
in ROS levels in C. elegans treated with 2-deoxy-D-glucose, an inhibitor of the 
glycolysis pathway and a powerful caloric restriction mimetic, linking increased 
mitochondrial activity and subsequent increased ROS production to lifespan ex-
tension [64]. In this study H2DCFDA fluorescence was measured with a microplate 
reader. In another approach, mitochondrial ROS was determined by FACS anal-
ysis of isolated C. elegans mitochondria loaded with H2DCFDA [65]. They used 
this strategy to measure baseline levels of mitochondrial ROS in different mutant 
worms with altered life span, to show that mitochondrial ROS signals triggers in-
creased longevity after they found an increase in mitochondrial ROS production in 
long-lived mutants. These data are supportive of the notion that ROS are essential 
signaling molecules, which trigger an adaptive response that can increase lifespan 
[13]. Caloric restriction studies and administration of 2-deoxy-D-glucos in rodents 
and other model organisms showed an increase in antioxidant capacity, which like-
ly represent part of the adaptive response triggered by increased ROS production 
as a result of higher mitochondrial activity [13, 66]. These studies mentioned above 
are examples to show the benefits of using H2DCFDA as a ROS reporter in C. el-
egans, mostly thanks to the transparency of this nematode. A particular advantage 
in using microscopy is the information on the localization of ROS produced in the 
body of the worm. However, interpretation should be done with care since H2DCF-
DA relies on ingestion, uptake and membrane permeability to enter into the worm 
and diffusion rates in different organs or cell types may be different. Levels of 
fluorescence that are determined by the efficiency of the probe to reach the site of 
ROS production rather than the amount of ROS production may lead to misinter-
pretation. Measuring fluorescence in whole worm populations using a microplate 
reader will provide information on generic ROS formation at a specific time. This 
is a straightforward technique and can be used in every lab with the availability of 
a fluorescent microplate reader.
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Figure 2: Selected probes used for ROS detection in C. elegans. (A) H2DCFDA enters the cell and loses a 
diacetate group to become membrane impermeable and fluorescent upon reacting with ROS. MitoSox is a di-
hydroethidium (DHE) molecule targeted to the mitochondria by addition of a triphenylphosphonium group 
and is converted to 2-hydroxyethidium (2-OHE) upon oxidation by superoxide. Amplex red is converted into 
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resorufin catalyzed by horseradish peroxidase in the presence of H2O2 excreted by the cell in the extracellular 
medium. (B) HyPer is a genetically encoded fluorescent H2O2 sensor that consist of OxyRD fused to cpYFP 
and forms an intramolecular disulfide bond upon oxidation resulting in an increase in excitation wavelength 
500 nm proportionally to the decrease of excitation wavelength 420 nm. (C) Grx1-roGFP fusion protein de-
tects levels of oxidized glutathione (GSSG) as a measure of the glutathione redox potential

An alternative option is to lyse worms before adding the probe to ensure maximum 
release of intracellular ROS [67, 68]. During lysis however, free transition ions 
like FeII can be released, which can also oxidize the H2DCFDA molecule and lead 
to a significant overestimation of ROS. FACS analysis of isolated mitochondria 
to measure mitochondrial ROS can be very important since the mitochondria are 
the main source of ROS production in the cell. The main concern however in this 
approach is that isolation of mitochondria as well as the change in oxygen avail-
ability can lead to artifact formation and altered ROS production [69]. Two general 
limitations of using H2DCFDA are that they may exert free radical properties by 
themselves [70] and lack specificity. H2DCFDA was initially believed to be specif-
ic for H2O2 but later studies revealed that it could also be oxidized by peroxidases 
and other ROS including  HO, ROO  and ONOO-  [71]. The editorial board of 
the journal Free Radical Biology and Medicine actually declared this agent to be 
unreliable for use as a measure of H2O2 [62].

MitoSox
MitoSox is a dihydroethidium (DHE) molecule that is targeted to the mitochon-
dria by addition of a triphenylphosphonium group (Fig. 2A). Upon oxidation of 
DHE by O2

-, ethidium is formed, which is a fluorescent compound [72]. This re-
action however, was found not to be specific to O2

- since cytochrome c is also 
capable of oxidizing DHE to form ethidium [73, 74]. An O2

- specific oxidation 
product, 2-hydroxyethidium (2-OH-E+), was later discovered that is distinctly dif-
ferent from ethidium [75]. In the case of MitoSox the O2

- specific oxidation product 
is 2-OH-Mito-E+. As a result of overlapping fluorescent spectra of ethidium and 
2-OH-E+, simple fluorescent detection methods are not suitable for 2-OH-E+ mea-
surements. By making use of high performance liquid chromatography (HPLC), 
the oxidation products of DHE can be separated and detected by fluorescence, ab-
sorbance or mass spectrometry [75]. MitoSox was fed to C. elegans and O2

- levels 
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were visualized in whole worms with confocal microscopy [76]. They confirmed 
2-OH-mito-E+ production by HPLC-MS, which was used to show that dysfunction 
in the mitochondrial respiratory chain increased oxidative stress in C. elegans [76]. 
MitoSox was also used to measure O2

- production in isolated mitochondria of dif-
ferent C. elegans mutants using FACS-analysis [65]. In this study, mitochondria 
were isolated and incubated in the presence of MitoSox and subsequently analyzed 
with FACS to show that a mitochondrial O2

- signal extends lifespan in C. elegans. 
Although this is an effective way to measure O2

- production in mitochondria, it 
may not necessary reflect in vivo levels in the cell [11]. Other general concerns of 
DHE and MitoSox usage include the instability of the probes and their products 
[74]. It was found that ferricytochrome c (cyt c3+) is able to oxidize DHE, MitoSox 
and their ethidium products to form homo- and heterodimeric products [74]. A free 
radical intermediate of the probes is formed during interaction with O2

-, which 
might have an influence on the antioxidant capacity and affect the overall redox 
state of the cell. Peroxidase activity in the cell can also affect the ratio of ethidium 
and 2-hydroxyethidium and can therefore hamper reliable O2

- quantification [77].  

Lucigenin and Methyl-cypridine-luciferin analogue (MCLA)
The chemiluminescenct indicator lucigenin is widely used for detection of O2

- pro-
duction [72]. Upon oxidation by O2

-, activated N-methylacridone is formed, which 
emits light [78]. This reaction however, it is not specific for O2

- and even has the 
potential to generate O2

- [72]. Vanfleteren et al. used this method to determine the 
superoxide production rate potential in C. elegans and reported that superoxide 
production is controlled by lipid kinase gene age-1 [78].  MCLA is another che-
miluminescenct probe used for O2

- and singlet oxygen detection. However, some 
uncertainty also exists regarding its specificity [72]. Upon reaction with O2

- a light 
with maximum intensity at 465 nm is emitted and used for quantification. Mi-
tochondrial-superoxide levels were measured in two different mitochondrial mu-
tants, gas-1 and mev-1 to determine its effect on the translocation of DAF-16 from 
the cytoplasm to the nucleus [79]. This method was used to study O2

- in isolated 
mitochondria and submitochondrial particles (SMP) through analysis with a pho-
ton counter. O2

- levels in SMP of the gas-1 mutant were higher than that of intact 
mitochondria of the same mutant possibility due to the higher expression of Mn-
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SOD in this mutant, which are lost during isolation of the SMP [79]. This kind of 
discrepancy is also likely to be expected in total cellular levels compared to isolat-
ed mitochondria.

Amplex Red for H2O2 detection
This assay is based on the oxidation of 10-acetyl-3,7-dihydroxypenoxazine cata-
lyzed by horseradish peroxidase in the presence of H2O2 to produce a red fluores-
cent oxidation product, resorufin (Fig. 2A). H2O2 molecules react with the horse-
radish peroxidase to form peroxidase compound 1, which produce resorufin. The 
stoichiometry of H2O2 to resorufin is 1:1. Resorufin has an excitation and emission 
maximum of 571 and 585 nm respectively and because of its high extinction coef-
ficient, it can be measured both fluorometrically and spectrophotometrically [62]. 
Chavez et al. implemented this method, where they showed that C. elegans fed 
with Enterococcus faecalis produced higher levels of H2O2 compared to worms 
fed with E. coli OP50 strain due to a microbial immune response [80]. The same 
protocol was used to show that increased ROS levels, due to mitochondrial impair-
ment, triggers a resistance to the antimitotic drug hemiasterlin [81]. The protocol as 
it is used in both cases measures H2O2 levels that are excreted into the surrounding 
medium. This approach relies on the H2O2 excretion rate, which might differ from 
one mutant to the other. Also, H2O2 formed in certain cells might never reach the 
external environment that contains the Amplex Red and will consequently remain 
undetected. Another limitation in using Amplex Red is that O2

- can also react with 
peroxidase and ultimately affect the stoichiometry of H2O2 detection. This effect 
can be limited by addition of Cu/Zn-SOD to the assay [62]. Amplex Red is light 
sensitive and continuous exposure to light can cause auto-oxidation and a self-am-
plification of the fluorescent signal. Furthermore, irradiation in the presence of a 
reducing agent such as NADH can lead to superoxide formation [82]. 

HyPer (H2O2 sensor protein)
HyPer, named after hydrogen peroxide, is a genetically encoded fluorescent H2O2 
sensor. It consists of a cpYFP (circularly permuted yellow fluorescent protein) in-
serted into the regulatory domain of OxyR-RD and has a high affinity and selec-
tivity for H2O2 (Fig. 2B) [83]. The OxyR is a redox sensing transcription factor in 
E. coli, which induces the expression of a wide variety of genes involved in anti-
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oxidant defense and repair [84]. HyPer has two excitation peaks, one at 420 and 
one at 500 nm and upon stimulation with H2O2, an intramolecular disulfide bond 
forms and the peak at 420 nm decreases proportionally to the increase in the peak 
at 500 nm [83]. Knoefler and colleagues cloned the HyPer gene under the control 
of the UNC-54 promoter, which targets HyPer expression to the body muscle cells 
of C. elegans and they monitored the production of hydrogen peroxide during the 
entire life span of N2, daf-2 and daf-16 mutants [85]. They discovered that all three 
mutants had higher levels of hydrogen peroxide during the developmental stage 
and that reducing conditions were obtained in young adults at the start of the repro-
ductive phase. The long-lived daf-2 mutant maintained these reducing conditions 
for longer compared to N2 and daf-16. Back and colleagues followed a similar 
approach where they used HyPer to assess the peroxidation levels in C. elegans 
during aging under normal conditions or with dietary restriction [86]. HyPer was 
expressed under the control of the ribosomal rpl-17 promoter. This study showed 
an increase in peroxidation levels with increasing age, which was delayed under di-
etary restriction conditions. Both studies mentioned above showed that long-lived 
worms retained reducing conditions for a longer period than wild type worms. The 
advantage of such a ratiometric approach is that quantification can be done inde-
pendently of the expression levels of the protein and therefore no normalization 
is required. Another major advantage is that this redox reaction is reversible and 
enables monitoring of hydrogen peroxide levels over time and identifying transient 
increases in hydrogen peroxide levels. This allows for real-time determination of 
H2O2 production during aging, which is currently not possible in other model or-
ganisms for aging. It can also be designed to target specific tissue types. HyPer is 
sensitive to pH changes and care should be taken when interpreting results. Over-
expression of these probes can furthermore significantly increase H2O2 scavenging 
and proper controls should be included to ensure that it does not affect the redox 
signaling of the cell [62, 86, 87].

Grx1-roGFP2 probe
Initially, roGFP (Redox sensitive GFP) was developed by inserting an artificial 
dithiol-disulfide pair into the structure of GFP to detect redox signaling. However, 
it was unclear which redox systems interacted with the roGFPs. Furthermore, roG-
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FP showed a delayed response and was not sensitive enough to detect physiolog-
ically relevant redox changes [88]. To overcome this, roGFP was fused to human 
glutaredoxin-1, a redox protein that interacts with glutathione and regulates its 
redox equilibrium (Fig. 2C). This greatly improved the sensitivity and response of 
the probe as it is now being targeted by glutaredoxin-1 to the proximity in the cell 
where these redox changes occur. [88]. Back and colleagues used this approach 
to determine the redox state of aging C. elegans under normal feeding and with 
dietary restriction. Similar to the levels of hydrogen peroxide, they found that the 
oxidized/reduced ratio of the Grx1-roGFP2 probe increased with age, which was 
delayed under dietary restriction conditions. This approach demonstrated yet an-
other unique advantage of the use of C. elegans to monitor real time redox changes 
and can effectively be used in combination with HyPer in a longitudinal manner. 
In contrast to HyPer, this probe is not pH sensitive [89], but can also have an effect 
on the scavenging capacity of the cell. 

ROS detection in other model organisms of aging
Although the transparent properties of C. elegans gives them a significant advan-
tage over other model organism in using fluorescent ROS probes, it can be applied 
to unicellular S. cerevisiae [90, 91]. Recently, H2DCFDA was used to show that ca-
loric restriction extends chronological lifespan in S. cerevisiae by increasing ATP 
production without changing the redox state [90]. DHE was used to show that 
increased ROS levels due to defective scavenging interfere with pathways that are 
critical in controlling telomere length homeostasis [92]. In another study DHE was 
used to demonstrate that there is an asymmetric distribution of ROS between pre-
senescent mother cells and their daughters [93]. DHE was also used by Pan et al. 
to show that reduced target of rapamycin (TOR) signaling in yeast increased ROS 
production and they proposed that ROS supplies an adaptive signal that extends 
chronological lifespan [94, 95].
In Drosophila melanogaster, ROS detection with DHE, H2DCFDA and Amplex 
red are possible in larvae, isolated tissue and cells from adult flies and are used 
in multiple studies [96]. H2DCFDA in combination with Amplex red were for in-
stance recently used to show that proteasome dysfunction utilizes ROS to signal 
to a Nrf2-dependant regulatory circuit to restore proteasome function and prevent 
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premature aging in Drosophila melanogaster[91]. Recently, Cochemé et al. devel-
oped a ratiometric mass spectrometry probe to measure H2O2 levels in vivo. The 
probe consisted of a triphenylphosphonium (TPP) cation, directing the probe to 
the mitochondria, conjugated to an arylboronic acid (MitoB) that reacts with H2O2 
to form a phenol (MitoP). The MitoP/MitoB ratio was determined by LC-MS as 
a measure of the H2O2 levels in Drosophila and showed that it increased with age 
but was not coordinately altered in caloric restriction [97]. Albrecht et al. utilized 
the Grx1-roGFP2 probe in Drosophila and directed it to either the mitochondria 
or the cytosol to measure compartment specific GSSG/GSH levels. Furthermore, 
they linked a RoGFP2 with thiol peroxidase (Orp1) to measure H2O2 levels. To 
overcome the lack of optical accessibility in the fly, dissection and paraformalde-
hyde fixation was required and to prevent thiol oxidation during this process, tis-
sue was exposed to a tissue-permeating alkylating agent, N-ethyl maleimide. They 
used this approach to show that ubiquitous silencing of the major peroxiredoxin 
in Drosophila, increased cytosolic H2O2 and GSSG only in certain tissue and that 
silencing of a mitochondrial complex I subunit ND42 led to increased GSSG levels 
only in the mitochondria [87, 98].    
The use of molecular probes in mammals is restricted to isolation and in vitro cul-
turing of cells. The uses of probes for in vitro cell culture fall beyond the scope of 
this review and are reviewed elsewhere [62]. 

Quantifying oxidative damage

DNA damage

8-hydroxydeoxyguanosine
Oxidative damage to DNA is associated with an increased rate of mutagenesis and 
is therefore associated with cancer, aging and various neurodegenerative diseases 
[99]. The most frequent lesion for quantification of oxidative damage on DNA 
is 8-hydroxydeoxyguanosine (8-OHdG) (Fig. 3A). Unlike oxidized proteins and 
lipids, damaged DNA requires nucleotide replacement for repair, whereby the cell 
excretes 8-OHdG. Urinary 8-OHdG is often used as a marker of oxidative damage 
to DNA and is seen as a risk factor for cancer and other pathologies in humans [99]. 
8-OHdG can be measured using high-performance liquid chromatography (HPLC) 



36

Chapter 1

with electrochemical detection, tandem mass spectrometry (MS/MS) and ELISA 
[99]. 8-OHdG was measured as a marker for oxidative DNA damage to show that 
NDX-4 contributes to genomic stability in C. elegans [100]. However, they found 
no changes in the 8-OHdG levels between wild type and ndx-4 knockout strains, 
which might indicate the lack of sensitivity of the marker. Choi et al. measured 
8-OHdG with ELISA in S. cerevisiae under caloric restriction conditions and found 
no differential changes from controls [90]. In another study, Na and colleagues 
measured 8-OHgG levels with immunochemistry staining in intestinal stem cells 
from Drosophila mid-gut to show that metformin inhibited DNA damage [101]. 
Plasma and urinary 8-OHdG levels are often measured in rodents as an indicator 
of DNA damage. Maddineni et al. recently showed that methionine restriction is 
associated with decreased plasma 8-OHdG levels [102]. One major pitfall in this 
approach is the ex vivo formation of 8-OHdG from guanine during sample prepa-
ration [103] and much discrepancy in 8-OHdG reference values between different 
quantification techniques exists. 

qPCR approach to measure DNA lesions
qPCR (quantitative Polymerase Chain Reaction) is an alternative approach to de-
termine a sequence-specific burden of oxidative DNA lesions. The principle of 
this assay is that damaged DNA would amplify to a lesser extend due to blocking 
or hampering the progression of DNA polymerase when compared to undamaged 
DNA [104]. This can be translated into lesions per kilo base pairs mathematically. 
This assay was used to show that excision repair capacity decreases in aging C. 
elegans, monitored by exposing worms to UV [105]. A modified version of this 
approach involves digestion of DNA with formamidopyrimidine-DNA glycolyse, 
which recognizes and removes a range of modified DNA bases including 8-OHdG, 
rendering templates that contain at least one such modified base, resistant to PCR 
amplification. Gruber and colleagues used this approach to show a linear increase 
in mitochondrial DNA (mtDNA) lesions with increasing age in C. elegans, and 
showed no significant difference in the number of mtDNA lesions between wild 
type and sod-2;sod-3 knockout worms [106]. 
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Figure 3: ROS damage measured in C. elegans. (A) 8-hydroxyguanosine is a DNA lesion formed during oxi-
dative stress and is used as a marker of oxidative DNA damage. (B) Protein carbonylation is an oxidative 
modification of proteins that can be derivatized with DNPH and detected by spectrophotometry or immunode-
tection. (C) 4-HNE and F3-isoprostanes are markers used for measuring lipid peroxidation. 

Protein oxidation

Protein Carbonylation
Proteins are major targets for ROS and oxidatively damaged proteins are often 
measured by determining the protein carbonyl content (Fig. 3B). Protein carbon-
ylation is an irreversible oxidative modification that affects protein function and is 
often associated with a variety of diseases [107]. Direct oxidation on side chains 
of amino acids including arginine, lysine, proline, cysteine and threonine causes 
primary protein carbonylation whereas secondary protein carbonylation is formed 
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from addition of aldehydes derived from lipid peroxidation [108]. Measuring pro-
tein carbonylation is the most commonly employed strategy to determine the in 
vivo oxidative damage in C. elegans [11]. The two most important ways of car-
bonyl detection following derivatization with dinitrophenyl hydrazine (DNPH) are 
1) spectrophotometric and 2) immunochemical detection. Adachi et al. who deter-
mined the protein carbonyl content in mev-1 and age-1 mutants with a shortened 
and increased live span respectively, used the first approach. They showed that 
although levels were similar early in life, oxidatively damaged proteins accumu-
lated at different rates during aging, with the fastest increase in mev-1 and a slower 
increase in the long-lived age-1 [109]. It was shown in a similar approach that pro-
tein carbonyl content accumulates slower in the long lived daf-2 and daf-2;daf-12 
strains as compared to wild type and the short lived daf-16 mutant [110]. The im-
munological detection is often performed using OxiBlot technology. OxiBlot is a 
commercially available assay to detect oxidized proteins based on western blot-
ting. In this assay, proteins are extracted from lysates, derivatized and separated by 
SDS-PAGE. After proteins are transferred to nitrocellulose, anti-dinitrophenol an-
tibodies are used to detect oxidatively modified proteins. This assay has been used 
in many studies to determine oxidative damage to proteins in C. elegans [65, 111, 
112]. Tamarit et al. developed a protein carbonyl detection method in S. cerevisiae 
based on fluorescent Bodipy, Cys3 and Cys5 hydrazides. This method eliminates 
Western blot and immunoassays and allows for multiplexing analysis in a single 
step two-dimensional gel electrophoresis. This approach was used to determine 
protein carbonylation during chronological aging in C. cerevisiae [113]. In Dro-
sophila protein carbonylation was measured using Western blot showing that there 
is an increase in protein oxidative damage in both soma and eggs during aging with 
a more pronounced increase in female flies that were allowed to mate constantly 
[114]. Protein carbonylation is also used to determine protein oxidative damage in 
rodent tissue in various studies [115-118]. Carbonylated proteins are subjected to 
proteasome dependent degradation. This should be taken into consideration when 
interpreting results, since turnover rates can differ from one condition to the other. 
There is no literature on the specificity, linearity and dynamic range of this tech-
nique, particularly with the antibody-based variant and the method furthermore is 
restricted to relative quantification studies. 



39

Quantifying ROS and oxidative damage in model organism of aging

Aconitase activity assay
An indirect assay for determining oxidative stress is by measuring the activity 
of mitochondrial or cytoplasmic aconitase, a ROS sensitive enzyme. This entails 
in vitro measuring of the formation of cis-aconitate resulting from the isomeriza-
tion reaction of citrate into isocitrate, catalyzed by this enzyme [119]. The assay 
involves protein extraction from tissue or cell samples, which are subsequently 
exposed to a reaction-buffer containing sodium citrate. The formation of cis-aco-
nitate is monitored by in-gel assays or spectrophotometric detection. This method 
however, lacks sensitivity since catalase and peroxiredoxins present in the crude 
extracts are likely to neutralize H2O2 and preventing this would involve laborious 
purification steps. Nevertheless, this method is used in various studies to measure 
oxidative stress in S. cerevisiae, C. elegans, Drosophila and mammalian tissue 
[120-123]. 

OxICAT (Redox proteomics)
This technique enables the quantification of reversible oxidative thiol modifica-
tions using mass spectrometry. The thiol groups on proteins are a major target of 
ROS and play an important role in redox signaling. Reversible oxidation of cys-
teine residues enables redox-sensing proteins to regulate a wide range of physio-
logical processes [45]. Leichert and colleagues used an isotope coded affinity tag 
(ICAT) approach combined with a thiol trapping technique to develop this quan-
titative method [124]. ICAT contains the trapping reagent iodacetamide  and a 
9-carbon linker in either a light 12C-form or a heavy 13C-form. To expose all acces-
sible cysteines, proteins are denatured before light ICAT is added, which bind to 
all reduced cysteines. A strong thiol reductant is then used to reduce all oxidized 
thiols in the same sample before adding heavy ICAT, which react with all the newly 
exposed reduced cysteines ICAT labeled peptides are subsequently analyzed by 
mass spectrometry. Peptides that originally contained reduced thiols would yield 
mass peaks corresponding to peptides labeled with light ICAT whereas originally 
oxidized peptides would yield a mass peak with 9 Daltons heavier, corresponding 
to peptides labeled with heavy ICAT [124]. By calculating the ratio of oxidized 
and reduced peptides, the redox state of protein populations can be determined. By 
using this method, Kumsta and colleagues identified oxidation-sensitive cysteines 
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in 40 different proteins involved in multiple biological processes in oxidatively 
stressed worms [125].  Knoefler et al also used this method to monitor the protein 
thiol redox state during the life span of C. elegans to determine cellular redox con-
ditions. In combination with the HyPer sensor, discussed earlier, they showed that 
C. elegans experiences oxidative stress early in life [85]. The sensitivity of this 
method enables detection of redox changes on a signaling level. Recent work has 
predominantly demonstrated that proteins specific for redox-signaling have been 
identified using this method. Brandes and colleagues used OxICAT to determine 
the in vivo thiol oxidative status of 300 S. cerevisiae proteins and show how redox 
changes can regulate central cellular pathways through changing the activity of its 
proteins [126]. It is unclear at present if redox signaling through cysteines in this 
approach is specific to signaling or also reflects and allows for quantification of 
oxidative damage to proteins.

Lipid peroxidation
Susceptibility of lipids to lipid peroxidation differs greatly according to their fatty 
acid composition. Fatty acids with a higher level of unsaturation have a higher 
sensitivity to peroxidation. Polyunsaturated fatty acids (PUFA’s) are important fat-
ty acids, playing crucial roles in signaling and in membrane integrity and fluidity. 
Upon oxidation by ROS, a lipid peroxidation chain reaction is initiated. These lipid 
peroxidation products serve as markers of lipid peroxidation [127].

4-Hydroxynonenal (4-HNE)
4-Hydroxynonenal is the product of n-6 polyunsaturated fatty acid peroxidation 
(Fig. 3C) and is highly electrophilic and reactive, binding to proteins to form ad-
ducts. It acts as a signaling molecule but is cytotoxic in high concentrations and can 
be measured by mass spectrometry or immunochemical approaches. Ayyadevara 
and colleagues used a competitive ELISA to determine 4-HNE-protein adducts 
using a 4-HNE specific polyclonal antibody [128]. They showed that glutathione 
transferases (GST) are capable of metabolizing 4-HNE and overexpression of GST 
leads to an increase in lifespan [128]. The same group also indicated that 4-HNE 
triggers fat accumulation in C. elegans and that it is partially involved in mediating 
lifespan extension in the Insulin/IGF-1 daf-2 mutant [129]. Zheng et al. devel-
oped an ELISA method to detect 4-HNE protein adducts and demonstrated a delay 
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in lipid peroxidation under caloric restriction conditions by measuring 4-HNE in 
Drosophila using this approach. [130]

Isoprostanes
Isoprostanes are chemically stable non-enzymatic peroxidation end products of 
PUFA’s and have been used as reliable markers of lipid peroxidation in mammali-
an plasma and urine. The major PUFA in mammals are arachidonic acid and upon 
oxidation, F2-isoprostanes are formed [131]. However, different PUFA’s lead to 
the formation of different isoprostanes and in C. elegans, Eicosapentaenoic acid 
(EPA) is the predominant PUFA [132]. EPA peroxidation leads to the formation of 
F3-isoprostanes (Fig. 3C). F3-isoprostanes can also be formed from β-oxidation 
of F4-isoprostanes, which derive from Docosahexaenoic acid (DHA) [133]. We 
recently described a quantitative approach for F3-isoprostane measurement in C. 
elegans based on LC-MS/MS. We validated this approach by treating worms with 
various pro-oxidants and with ROS scavenging knockout and transgenic mutant 
strains. Oxidative damage quantification by F3-isoprostanes proved highly sensi-
tive and enabled absolute quantification of in vivo lipid peroxidation in C. elegans 
in fewer than 150 worms. F3-isoprostane analysis in SOD and catalase mutants re-
vealed that oxidative damage levels cannot be inferred from the phenotype of resis-
tance to pro-oxidant stress alone. This approach was also used to show that oxida-
tive damage increased specifically with post-reproductive age. Finally we tracked 
lipid peroxidation by F3-isoprostane measurement in the long-lived daf-2 mutant 
during aging. Interestingly an initial increase in F3-isoprostane levels compared to 
N2 was observed in young adulthood, which decreased later in life to below that of 
wild type. This initial oxidative damage phase was partially dependent on daf-16. 
This observation is in line with the Hormesis theory, which states that a transient 
stress can cause an adaptive response that lead to lifespan extension [13] and sug-
gests that this adaptive response is likely mediated by daf-16. The fact that levels of 
oxidative damage decreased to below that of N2 later in life are also in line with the 
Free Radical Theory of Aging, which predicts that lower levels of oxidative dam-
age would increase lifespan. This finding thus suggests that the Hormesis theory 
and the Free Radical Theory of Aging may not necessarily be mutually exclusive 
in explaining aging. The main advantage of measuring isoprostanes as markers of 
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oxidative damage is that they are chemically stable. The availability of synthesized 
standards enabled furthermore thorough characterization of the method in terms of 
accuracy, linearity and stability. This method follows a short protocol that employs 
Triple-Quadropole MS technology, readily available in most metabolomics, pro-
teomics and pharmaceutical laboratories. A limitation of this approach however, is 
the limited information on the localization of the damage, since this method mea-
sures F3-isoprostanrs in whole worms. Nevertheless, by making use of different 
mutant strains lacking ROS scavenging enzymes expressed in different cellular 
compartments or specific tissues, information on localization could be obtained. 
This method can easily be applied to other organisms, providing they contain PU-
FA’s. Saccharomyces cerevisiae contains mainly saturated fatty acids, mono unsat-
urated fatty acids and no PUFAS with more than 2 double bonds, making them less 
suitable for this assay. Interestingly, Drosophila melanogaster lacks homologs to 
the Δ5 and Δ6 desaturases and is therefore unable to synthesize C20 PUFA’s and 
contain only C18 PUFA’s including α-linolenic acid (C18:3), which give rise to 
F1-isoprostanes upon oxidation [134, 135]. Thus far, this has not been measured 
in Drosophila however, and it would be interesting to determine its potential as a 
possible marker of in vivo oxidative damage in Drosophila. In rodents, F2-isopros-
tanes are measured in plasma, urine and isolated tissues in various studies. Muller 
et al. for instance showed elevated plasma and muscle F2-isoprostane levels as a 
measure of lipid peroxidation in mice lacking CuZnSOD leading to early onset age 
related skeletal muscle dystrophy. 

Future prospects
Presently, not a single method exists to get full insight into the cellular redox state 
at any given moment in time, which compromises the full understanding of the role 
of ROS and its damage to aging. An increase in ROS levels measured by fluores-
cent reporters does not automatically translate into oxidative stress and knockdown 
of ROS scavenging enzymes does not always lead to increased lipid peroxidation 
[132]. Furthermore, baseline ROS levels can remain unchanged despite decreasing 
antioxidant defense capacity, resulting in oxidative stress and subsequent oxidative 
damage. We therefore recommend employing a combinatorial approach to detect 
and quantify ROS and its damage. There is already a definite trend in this direction 
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in recent literature on the role of ROS and ROS damage in aging. The combina-
tion for instance of the HyPer and OxICAT methods as used by Knoefler et al, and 
HyPer and Grx1-roGFP2 methods used by Back et al. in C. elegans are excellent 
examples [85, 86]. Addition of oxidative damage quantification by protein carbo-
nylation and lipid peroxidation by isoprostane analysis will add another layer of 
information on the oxidative stress state on this model system, whereas DNA dam-
age analysis can supply information on genome stability.  Further development of 
approaches and methods towards the study of redox biology will also have to focus 
on the tissue-specificity of oxidative damage, particularly since several specific 
tissues have been shown to mediate longevity in C. elegans, fruit fly and mouse 
[136-139].
With the recent development of novel approaches to quantify and visualize ROS, 
redox state and oxidative damage, highlighted in this review, we now may get 
closer to answering the ultimate question whether ROS is cause or consequence 
of aging. 
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Summary 
Oxidative damage is thought to be a major cause in development of pathologies 
and aging. However, quantification of oxidative damage is methodologically diffi-
cult. Here, we present a robust liquid chromatography tandem mass spectrometry 
(LC-MS/MS) approach for accurate, sensitive and linear in vivo quantification of 
endogenous oxidative damage in the nematode Caenorhabditis elegans, based on 
F3-isoprostanes. F3-isoprostanes are prostaglandin-like markers of oxidative dam-
age derived from lipid peroxidation by Reactive Oxygen Species (ROS). Oxidative 
damage was quantified in whole animals and in multiple cellular compartments, 
including mitochondria and peroxisomes. Mutants of the mitochondrial electron 
transport proteins mev-1 and clk-1 showed increased oxidative damage levels. Fur-
thermore, analysis of Superoxide Dismutase (sod) and Catalase (ctl) mutants un-
covered that oxidative damage levels cannot be inferred from the phenotype of re-
sistance to pro-oxidants alone and revealed high oxidative damage in a small group 
of chemosensory neurons. Longitudinal analysis of aging nematodes revealed that 
oxidative damage increased specifically with post-reproductive age. Remarkably, 
aging of the stress-resistant and long-lived daf-2 insulin/IGF-1 receptor mutant in-
volved distinct daf-16-dependent phases of oxidative damage including a temporal 
increase at young adulthood. These observations are consistent with a hormetic 
response to ROS.

Keywords: oxidative damage, C. elegans, aging, F3-isoprostanes, ROS, Insulin/
IGF-1, mito-hormesis, SOD
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Introduction
The universal phenomenon of aging is a complicated biological process with a 
mechanism that lacks overall understanding. The nematode C. elegans served as 
a paradigm in the field of aging ever since the discovery that single gene muta-
tions or environmental manipulations could double its lifespan [1]. For instance, 
mutations in the insulin/IGF-1 receptor daf-2 were found to extend lifespan up to 
threefold, a process that is completely suppressed by the Forkhead transcription 
factor daf-16 [1]. The insulin/IGF-1 pathway and its role in longevity are highly 
conserved and a remarkable hallmark of these and other longevity mutants is a 
phenotype of increased resistance to cellular stress, including oxidative stress [1]. 
These findings are consistent with the Free Radical Theory of Aging, which was 
formulated back in 1956 and explains aging through accumulation of oxidative 
damage to macromolecules [2]. 
To minimize damage from ROS, stress protective response pathways have evolved. 
These are highly conserved and consist of complex systems of both defense and 
sensing mechanisms, which include superoxide dismutase (SOD), catalase (Ctl), 
peroxiredoxins and glutathione peroxidase enzymes [3]. SODs scavenge the highly 
reactive and local superoxide (O2‾•) radicals and dismutate them to hydrogen per-
oxide (H2O2). H2O2 can readily cross membranes and in turn is further reduced by 
catalase, peroxiredoxins and glutathione peroxidase. In the presence of transition 
metal ions, hydrogen peroxide can be converted via a Fenton reaction to another 
highly reactive radical, OH•. In addition to the generation of damage, ROS have 
been shown to play a critical role in signaling as well and the balance between sig-
naling and damage is a field of intense research.
A major obstacle however in understanding the contribution of ROS in the genera-
tion of oxidative damage or signaling in C. elegans in aging is the widely recognized 
methodological difficulties to measure ROS and its derived oxidative damage in 
vivo in living organisms [4-6]. Instead, the role of oxidative damage has therefore 
often been inferred through indirect assays, including resistance to pro-oxidants, 
knock-out or transgenic analysis of ROS scavenging enzymes and respiration as-
says, each with their own pitfalls [4]. As production of oxidative damage depends 
both on the levels of ROS and the scavenging capacity of the organism, there is a 
clear need for methods to directly quantify oxidative damage and ROS.  Through 
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design of unique fluorescent probes, recent studies quantified H2O2 and established 
the glutathione redox state in C. elegans [7] and Drosophila [8] in vivo. Moreover, 
another study reported a mitochondrial targeted probe quantified by ratiometric 
mass spectrometry to measure H2O2 in mitochondria in living Drosophila, which 
illustrates the potential use of mass spectrometry towards quantification of ROS in 
signaling [9]. Although these studies enable ROS measurements, methods to accu-
rately determine endogenous oxidative damage in C. elegans are lacking. 
The predominant mammalian poly-unsaturated fatty acid (PUFA), arachidonic 
acid (AA, C20:4, ω3), can give rise to F2-isoprostanes through extraction of an 
electron on one of the four double bonds by both superoxide and hydroxyl radicals 
[10-12]. Because of their chemical stability, these non-enzymatic lipid peroxida-
tion products are regarded as the gold standard for oxidative damage quantification 
in mammalian plasma and urine [13, 14]. Furthermore, F3-isoprostanes derived 
from another PUFA, Eicosapentaenoic (EPA) acid, were also recently identified as 
markers for oxidative damage in mammals [15-17]. Here we present an approach 
for in vivo quantification of endogenous oxidative damage in C. elegans through 
a mass spectrometry-based stable isotope dilution assay of F3-isoprostanes. The 
method is characterized as highly specific, sensitive, accurate and linear over a 
wide dynamic range and it enabled for the first time absolute quantification of 
endogenous levels of oxidative damage in C. elegans in vivo. We validated it on 
C. elegans strains knockout or transgenic for ROS scavenging sod and ctl genes 
which showed an expected increase in F3-isoprostanes levels at young adulthood 
as compared to wild-type for most, but not all mutants. Levels of oxidative damage 
could be assessed and quantified in the cytoplasm, mitochondria and peroxisomes 
as well as in a small set of chemosensory neurons specifically. Unexpectedly, 
whereas mutants of sod-1, encoding the predominant cytoplasmic SOD, showed 
exceptional sensitivity to the pro-oxidant paraquat (PQ), the levels of oxidative 
damage at steady state were wild-type-like, underscoring the need to directly quan-
tify oxidative damage in vivo. Moreover, mitochondrial clk-1 and mev-1 mutants, 
which are affected in electron transport chain activity, showed increased oxidative 
damage levels. Oxidative damage increased exponentially in the aging worm start-
ing from the post-reproductive phase. Surprisingly, we found that the long-lived 
daf-2 mutant has strongly increased daf-16 dependent levels of oxidative damage 
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as compared to wild-type controls in young adulthood. However, these levels abat-
ed post-reproductively and were significantly lower during aging than wild-type 
nematodes in a daf-16 dependent manner. These findings have important implica-
tions for how oxidative damage may contribute to aging.

Figure 1: Identification of two F3-isoprostane isomers in C. elegans. (A) EPA oxidation products are identified 
in a C. elegans homogenate by LC-MS/MS. Representative MRM chromatograms show peaks corresponding 
to F3-isoprostanes (m/z 351>115) in C. elegans homogenate (top panel) and in an esterified EPA (EPA-
PAF-C16) standard, oxidized with CuCl2 (bottom panel). (B) Deuterated F3-isoprostane isomer standards co-
elute with F3-isoprostane peaks in C. elegans homogenate. Chromatograms showing MRM of d4-labeled 
5-epi-8,12-iso-iPF3α-VI and 8,12-iso-iPF3α-VI (m/z 355>115) co-eluting with endogenous peaks (m/z 
351>115). (C) F3-isoprostanes were formed in a time-dependent manner by Cu++ -induced EPA in vitro perox-
idation, which is quenched by the antioxidant BHT. EPA-PAF-C16 was incubated with 50µM CuCl2 for the 
indicated time points either in the presence or absence of BHT. (D) The antioxidants BHT and Trolox inhibit-
ed F3-isoprostane formation in a copper-treated C. elegans homogenate. A C. elegans homogenate was incu-
bated with 50µM CuCl2 for 24 h either in the presence or absence of 100 µM BHT or 10mM Trolox. The sig-
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nificance of changes in panels C and D was confirmed by Welch’s t-test and are shown as mean ± S.D. (** p < 
0.01, * p < 0.05).  

Results
F3-isoprostanes are produced from EPA in the nematode 
C. elegans
To identify isoprostanes in C. elegans, we searched for the presence of AA and 
other PUFA’s. In contrast to mammals, we found EPA (C20:5, ω3) to be the pre-
dominant C. elegans PUFA (Fig. S1A) in agreement with previous reports [18]. 
As noted above, EPA contains five double bonds and has recently been shown to 
give rise to F3-isoprostanes in response to in vivo oxidative damage [16, 17]. These 
observations initiated our search for the presence of F3-isoprostanes as markers of 
lipid peroxidation in C. elegans. Comparison of chromatograms of C. elegans ho-
mogenates to that of copper-induced in vitro oxidized esterified EPA, showed high 
similarity with corresponding multiple reaction monitoring (MRM) peaks at dif-
ferent retention times which may represent different F3-isoprostane isomers (Fig. 
1A). By using tetradeuterated standards of two recently characterized F3-isopros-
tanes [16], which have the same chemical properties as endogenous F3-isopros-
tanes but with a higher m/z value, two of the endogenous peaks in the C. elegans 
homogenate were identified as 5-epi-8,12-iso-iPF3α-VI and 8,12-iso-iPF3α-VI 
(Fig. 1B), suggesting that C. elegans contains at least two F3-isoprostane isomers 
(an alternative isoprostane nomenclature is also in use [19]). The identity was con-
firmed by collision induced dissociation (CID) mass spectral analysis of labeled 
and unlabeled F3-isoprostanes (Fig. S1B) and by co injection of pure synthesized 
standards (Fig. S1C). To demonstrate that F3-isoprostanes are indeed formed from 
oxidation of EPA we subjected eicosapentaenoyl PAF-C16, an EPA-containing 
glyceryl- 3- phosphorylcholine, to in vitro lipid peroxidation and monitored the for-
mation of F3-isoprostanes in time (Fig. 1C). Lipid peroxidation by Cu++ is a sim-
ple and reproducible in vitro model for studying oxidative damage to lipids [20]. 
The mechanism of copper induced lipid peroxidation is proposed to be as follows: 
LOOH + Cu++ → LOO• + Cu+ or LOOH + Cu+ → LO• + Cu++ .
The fatty acid peroxyl radicals (LOO•) that are formed initiate a chain reaction of 
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lipid peroxidation that results in the formation of chemically stable lipid peroxida-
tion end products [21]. As expected, F3-isoprostane levels increased in a time-de-
pendent manner (Fig. 1C). To confirm that the F3-isoprostane formation results 
from oxidation, the antioxidant butylated hydroxytolueen (BHT) was added, which 
converts peroxyl radicals to hydroperoxides (LOOH) and subsequently terminates 
the chain reaction. Indeed, F3-isoprostane formation was inhibited by BHT (Fig. 
1C). Incubation of C. elegans homogenate with Cu++ also induced lipid peroxida-
tion, which was blunted by both BHT and Trolox, a vitamin E derived antioxidant 
(Fig. 1D). Thus, F3-isoprostanes can indeed be formed as non-enzymatic lipid 
peroxidation products in C. elegans homogenates and can be used as markers for 
oxidative damage. Furthermore, as shown in Figure S2 and Table S1, this isotope 
dilution method is highly linear, sensitive, accurate and precise and can be used 
for absolute F3-isoprostane quantification (for a detailed method description see 
Supplementary information).

F3-isoprostanes as in vivo markers of oxidative damage in C. ele-
gans
Because of the lack of sensitive methods to measure in vivo oxidative damage in C. 
elegans, PQ survival is often used as a readout for sensitivity to oxidative damage 
[22]. PQ undergoes a redox cycling reaction in vivo by accepting a single electron 
from NADPH after which the electron is donated to molecular oxygen resulting 
in the formation of O2‾•, the primary ROS species in the cell [23].  We subjected 
young adult N2 worms to a 200 mM PQ solution and compared the F3-isoprostane 
levels over time to untreated controls (Fig. 2A, left panel). In parallel, the same 
experiment was performed on a smaller scale to monitor mortality (Fig. 2A, right 
panel). There is a clear time-dependent increase in F3-isoprostane production in 
response to PQ treatment as compared to untreated controls (Fig. 2A), confirming 
that PQ induced in vivo oxidative damage in C. elegans. An alternative protocol for 
exposure of nematodes to PQ is through supplementation on plate [22]. A 4mM PQ 
dose was sufficient to increase oxidative damage, which could be blunted through 
co-supplementation of trolox (Fig. 2B) further indicating that PQ induced in vivo 
oxidative damage. As biological effects of PQ have been reported using lower PQ 
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Figure 2: F3-isoprostanes as in vivo markers of oxidative stress. (A) In vivo F3-isoprostane levels and death 
in C. elegans increased in a time-dependent manner in response to PQ treatment. N2 worms were treated in 
solution with 200 mM PQ for indicated times and analyzed for F3-isoprostanes by LC-MS/MS (left panel). In 
a parallel experiment survival was monitored (right panel). (B) Oxidative damage induction by PQ is quenched 
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by the antioxidant trolox. N2 nematodes were exposed to 4mM PQ on plate either in the absence or presence 
of trolox for 3 days. (C) Exposure to low PQ concentrations induced F3-isoprostanes. N2 nematodes were 
exposed to indicated concentrations of PQ on plate for 3 days. (D) The sod-1 mutant showed a specific increase 
in F3-isoprostane levels in response to 50 mM PQ. N2, sod-1 and sod-2 worms were treated in solution with 
50 mM PQ for indicated times and were analyzed for F3-isoprostanes (left panel). In a parallel experiment 
survival was monitored (right panel). (E) Rotenone exposure predominantly induces F3-isoprostane formation 
in sod-2 mutants. N2, sod-1 and sod-2 worms were treated in solution with indicated concentration of rotenone 
for 24hrs followed by F3-isoprostane analysis (left panel). Survival was scored in a parallel experiment (right 
panel). (F) Glucose oxidase (GOX) induces in vivo F3-isoprostanes in N2 worms. Worms were treated in 
solution with 50mU GOX for indicated times and were analyzed for F3-isoprostanes (left panel). In a parallel 
experiment survival was monitored (right panel). Data were expressed as means ± S.D and significance was 
confirmed by Welch’s t-test (** p < 0.01, * p < 0.05) for panels A, D-F and Student’ s t-test for panels B,C. 

concentrations [24], we next tested a PQ concentration range on plate and noted 
a significant increase in F3-isoprostanes after nematodes were exposed to low PQ 
concentrations of 0.05mM (Fig. 2C). To determine the site of PQ-mediated oxida-
tive damage production in the cell, we subjected two SOD mutant strains to a 50 
mM PQ solution. sod-1 is the predominant Cu/ZnSOD present in the cytoplasm, 
which when mutated reduces total SOD activity by 80% [25] while sod-2 is the 
predominant mitochondrial MnSOD [26]. Fig. 2D shows a dramatic time-depen-
dent F3-isoprostane increase in the sod-1 mutant as compared to sod-2 and N2, 
suggesting that PQ induced oxidative damage is at least formed in the cytoplasm. 
Next we examined if our developed method enables measurement of oxidative 
damage from ROS produced in the mitochondria, which are considered to be the 
main site for ROS production [27]. N2, sod-1 and sod-2 mutant strains were ex-
posed to rotenone, a Complex I inhibitor of the mitochondrial electron transport 
chain which enhances mitochondrial ROS production [28]. An increase in F3-iso-
prostanes was observed in all three strains (Fig. 2E). In contrast to PQ treatment 
however, F3-isoprostanes were predominantly formed in the sod-2 mutant, con-
firming that the site of ROS production by rotenone mainly occurs in the mitochon-
dria. Next, we exposed N2 worms to an exogenous source of ROS in the form of 
H2O2, produced by the enzyme glucose oxidase (GOX). In the presence of D-glu-
cose and oxygen, GOX catalyzes D-glucose oxidation into D-glucose-1,5-lactone 
and a constant flux of H2O2. After 3 hrs. of GOX exposure a 6-fold induction of 
F3-isoprostane levels was measured which increased further to 8.5-fold induction 
after 7 hrs. as compared to control worms (Fig. 2F). Thus, endogenous in vivo 
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oxidative damage caused by ROS, produced at different cellular compartments in 
C. elegans, including the cytoplasm, mitochondria and exogenously can be readily 
quantified using F3-isoprostanes. 

Oxidative damage in ROS scavenging mutants, mitochondrial mu-
tants and during aging
H2O2 acts as an important signaling molecule that can diffuse over cell membranes 
to other compartments. To prevent hydroxyl radical formation by H2O2, C. elegans 
has three catalases, which reduce H2O2 to water and oxygen. ctl genes are expressed 
at specific cellular locations, including the cytosol (ctl-1) and peroxisomes (ctl-2), 
whereas the location of ctl-3 gene expression has not been reported. All three mu-
tant strains showed increased in vivo oxidative damage as compared to N2 (Fig. 
3A), indicating that oxidative damage originating from hydroxyl radicals produced 
in the cytoplasm and peroxisomes can be readily detected and quantified by this 
method. Moreover, it suggests that functional redundancy from other scavenging 
enzymes does not prevent an increase in oxidative damage. Conversely, transgenic 
expression of all three ctl genes in the wuIs151(ctl-1 + ctl-2 + ctl-3 + myo-2::GFP) 
strain reduced oxidative damage levels to below wild-type levels (Fig. 3B).
In addition to the major cytoplasmic Cu/ZnSOD and mitochondrial MnSOD genes 
sod-1 and sod-2 respectively, C. elegans contains three additional isoforms: sod-3, 
a minor mitochondrial MnSOD; sod-4 which is an extracellular Cu/ZnSOD re-
sponsible for up to 5% of all SOD activity in adult worms [25] and finally sod-5, 
a minor cytoplasmic SOD. A significant 10-30% increase in oxidative damage for 
most strains was detected as compared to wild-type (Fig. 3C), suggesting that loss 
of SOD isoforms increase intrinsic oxidative damage. Interestingly, despite the 
small contribution of SOD-5 to total SOD activity and its expression limited to the 
ASI, ASK and ADL neurons of C. elegans [25], a mutation of sod-5 resulted in a 
dramatic increase in oxidative damage (Fig. 3C). This observation emphasizes the 
importance of oxidative damage defense and its critical regulation in these neu-
rons. Moreover, whereas the sod-1 mutant showed high sensitivity to PQ (Fig. 2D), 
no significant increase in oxidative damage was observed (Fig. 3C). Conversely, 
a mutant with extra sod-1 copies (wuIs152(sod-1 (genomic) + pRF4 (rol-6)) showed 
no decrease in oxidative damage (Fig. 3B). These findings suggests that the very 
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high cytoplasmic SOD-1 levels are not required to protect against baseline ROS 
production, but rather protect the organism in specific conditions, such as in the 
harsh natural C. elegans environment. 
To further address the sensitivity of our method, we tested a set of mitochondrial 
mutants, including clk-1(qm30) and mev-1(kn1) for which an altered ROS metab-
olism is expected. clk-1 encodes for a ubiquinone biosynthetic enzyme [22] and 
mutant clk-1(qm30) is marked by a mild respiratory defect and extended lifespan 
[22]. In contrast, mev-1 encodes the succinate dehydrogenase cytochrome b and 
mutant mev-1(kn1) displays high sensitivity to PQ, decreased SOD activity and is 
short-lived [29]. As shown in Figure 3D, both clk-1(qm30) and mev-1(kn1) mu-
tants showed increased oxidative damage as compared to N2 in line with their im-
paired electron transport function. Mutant mev-1(kn1) moreover showed a higher 
oxidative damage increase than clk-1(qm30) as compared to N2.
Finally, we tested if oxidative damage increased over age. As depicted, in Figure 
3E an age-dependent increase in oxidative damage was found for both N2 and sod-
1 in conditions starting from the post-reproductive phase (i.e. after day 3/4 post-de-
velopment). Consistent with our findings, the sod-1 mutant did not show increased 
oxidative damage levels as compared to N2 while aging (Fig. 3E, right panel).

Oxidative damage in longevity mutants
We next determined oxidative damage levels in a model for longevity by the highly 
conserved insulin/IGF-1 signaling pathway. In C. elegans, insulin signaling regu-
lates metabolism, development and longevity [1]. Mutations in the homologue of 
the mammalian insulin receptor gene daf-2, arrest development in the dauer stage 
but weak or temperature sensitive mutations in daf-2 can develop reproductive-
ly, but show increased energy storage and longevity [1]. The lifespan extension 
caused by daf-2 mutation is hypothesized to at least partially result from increased 
protection against stress, including oxidative stress [1, 30, 31]. Both the longevity 
and stress resistance response from the insulin/IGF-1 pathway requires the activity 
of the daf-16 gene, which encodes a Forkhead transcription factor [1].
To determine oxidative damage in these longevity mutants, we analyzed the levels 
of F3-isoprostanes in young adults of daf-2(e1370), when the longevity pathway 
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Figure 3: F3-isoprostanes are increased in ROS scavenging mutants, mitochondrial mutants and aging worms. 
(A) Catalase (ctl) mutants showed increased F3-isoprostane levels compared to wild type. The experiment was 
performed five times in triplicate and is shown as mean ± S.E.M (* p < 0.05). The significance of changes was 
confirmed by multiple comparisons testing of differences using Restricted Maximum Likelihood estimation 
(see Methods). (B) F3-isoprostane levels of ROS scavenging mutant and transgenic worms. N2, sod-2(gk257); 
sod-3(tm760), wuIs151(ctl-1 + ctl-2 + ctl-3 + myo-2::GFP), wuIs152(sod-1 (genomic) + pRF4 (rol-6)), mu-
tants were analyzed as in (A). The significance of changes was confirmed by Welch’ s t-test and are shown as 
mean ± S.D (* p < 0.05). (C) An increase in F3-isoprostanes is measured in most SOD mutant strains. N2 plus 
sod mutants were analyzed as in (A). (D) The mitochondrial mutants clk-1(qm30) and mev-1(kn1) showed 
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increased oxidative damage as compared to N2. Analysis was performed as in (A). The significance of chang-
es was confirmed by Students t-test and are shown as mean ± S.D (* p < 0.05). (E) Aging of C. elegans is as-
sociated with increasing F3-isoprostane levels. Synchronized populations of N2 (left panel) and sod-1 (right 
panel) animals were analyzed at indicated ages as in (A). Scatter plots show individual data points with the 
mean indicated by the horizontal line. 

is active [32]. As predicted by the Free radical theory of aging, we anticipated this 
mutant to have lower levels of oxidative damage. However, contrary to expecta-
tion, we found a more than 90% increase in oxidative damage in the long lived 
daf-2(e1370) mutant which was partially suppressed in the daf-16(mu86); daf-
2(e1370) double mutant (Fig. 4A). Next, we determined the ROS damage levels 
of these mutants during aging, by synchronizing nematodes and harvesting them 
at various time points up to day 11 of adulthood (Fig. 4B). Oxidative damage of 
both N2 and the double mutant daf-16(mu86); daf-2(e1370) increased during aging 
(Fig. 4C, 4E). Increased levels of oxidative damage were observed after repro-
ductive age for N2 and daf-16(mu86); daf-2(e1370), the latter which furthermore 
showed a steep oxidative damage increase at day 8, just before most animals col-
lapsed around their maximal lifespan (Fig. 4E). These findings suggest that oxida-
tive damage increases with age. Interestingly, while daf-2(e1370) has much higher 
oxidative damage as young adult than the N2 or daf-16(mu86); daf-2(e1370) strain 
(Fig. 4A, D), levels rapidly decreased with age (Fig. 4D). However, at day 11, 
when about 75% of N2 and about 95% of daf-2(e1370) survived, age-matched 
levels of oxidative damage in daf-2(e1370) were significantly lower as compared 
to N2 (Fig. 4D). Thus, the young adulthood of the daf-2 mutant is marked by an 
unexpected daf-16 dependent temporal phase of oxidative damage, whereas during 
post-reproductive aging, the daf-2(e1370) has significantly less oxidative damage 
than the N2. Finally, we tested the mutant age-1(hx546). age-1 encodes a Phospho-
inositide-3 kinase which signals in the Insulin/IGF-1 pathway downstream of daf-2 
but upstream of daf-16. The mutant age-1(hx546) also extends lifespan in a daf-16 
dependent manner albeit to a lesser extend as the daf-2(e1370) [1]. Interestingly, 
at young adulthood age-1(hx546) did not show significantly increased oxidative 
damage, whereas at day 4 levels of oxidative damage were decreased as compared 
to N2 (Fig. 4F). These findings suggest that the temporal oxidative damage phase 
occurs upstream from age-1. Our findings furthermore indicate that oxidative dam-
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age levels of young adults do not necessarily reflect levels at older age, which high-
lights the need for longitudinal analysis to establish the role of oxidative damage 
during aging.

Discussion
Here, we describe the development of a robust, sensitive and straightforward as-
say to quantify in vivo oxidative damage in C. elegans through LC-MS/MS based 

quantification of endogenous F3-isoprostanes. These chemically stable 
products are produced by ROS-dependent lipid peroxidation of the 
predominant PUFA, EPA, in C. elegans. It is unlikely that F3-isopros-
tanes originated from the provided bacterial food source, Escherichia 
Coli, since C. elegans synthesizes EPA de novo by desaturation and 
elongation of saturated fatty acids from its bacterial food source [18]. 
The formation of endogenous oxidative damage could be detected and 
quantified in whole animals, specifically in the cytoplasm or in organ-
elles, such as mitochondria and peroxisomes. Moreover, even oxida-
tive damage produced by only a few specific chemosensory neurons in 
the C. elegans head could be quantified, indicating high sensitivity and 
broad applicability of the method.
Several methods of oxidative damage quantification have been developed for C. el-
egans in the past but are generally accepted to lack sensitivity, specificity or linear-
ity [4, 6, 25]. These have included application of fluorescent probes either in live 
animals or isolated mitochondria (e.g. 2’-7’-dichlorofluorescin (H2DCF)) [33, 34]. 
These methods suffer from methodological difficulties as it has been shown that 
these molecules can undergo photo-reduction and produce reactive species [35, 
36]. Fluorescent probes are prone to auto-fluorescence and require uptake by the 
animal or organelle or depend on promoter-driven expression, possibly introducing 
artifacts (e.g. distribution) and toxicity. These systems furthermore rely on opti-
cally accessible systems, which restrict their usage. Oxidative damage assessment 
in isolated mitochondria can also suffer from artifact introduction in the isolation 
process [37]. Finally, protein carbonylation is described as a marker for oxidative 
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Figure 4: Oxidative damage in Insulin/IGF-1 mutant during aging. (A) The daf-2 mutant has increased levels 
of F3-isoprostanes relative to wild type, partially rescued by daf-16 at day 1 of adulthood.  Young adult N2, 
daf-2(e1370) and daf-16(mu86); daf-2(e1370) mutants were analyzed for F3-isoprostane levels. The experi-
ments were performed three times in triplicate and are shown as mean ± S.E.M (*p < 0.05). (B) Lifespan 
curves of Insulin/IGF-1 mutants. All experiments were performed at least twice with >60 animals per condi-
tion. Arrows denote time of harvesting for analysis in (C-E). (C, D, E) Oxidative damage of N2 (C), daf-
2(e1370) (D) and daf-16(mu86); daf-2(e1370) mutants (E) during aging. The experiment was carried out as in 
(B) and animals were harvested at indicated time points. Scatter plots show individual data points with the 
mean indicated by the horizontal line. (F) N2 and age-1(hx546) mutants were analyzed for F3-isoprostane 
levels at indicated timepoints. The experiments were performed in six fold and are shown as mean ± SD (*p < 
0.05).

damage to proteins. This method relies on post-lysis chemical derivatization and 
antibody-based analysis. Linearity, specificity and sensitivity are limited for this 
method and it could suffer from artificial carbonylation backgrounds introduced 
by oxygen, trace metals and nucleic acids [38]. In contrast to these and other re-
ported methods, F3-isoprostanes are produced endogenously and through the use 
of labeled internal standards and LC-MS/MS detection, they allow for detection 
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with high specificity, sensitivity and absolute quantification. Another distinguish-
ing feature is that our method allowed thorough validation. Indeed, F3-isoprostane 
quantification is highly sensitive, detecting oxidative damage in less than 150 ani-
mals per sample, highly accurate, precise and linear over a 2000-fold concentration 
range. In this respect it is interesting to note that both clk-1 and mev-1 mutants 
showed increased oxidative damage levels. Although this finding is consistent with 
their phenotype of altered electron transport function [22, 29], including decreased 
SOD activity, high PQ sensitivity and strongly increased levels of protein carbo-
nylation at older age for the mev-1(kn1) [39], at young age both clk-1(qm30) and 
mev-1(kn1) mutants did not show increased levels of protein carbonylation [39, 
40]. This finding could be explained by a higher sensitivity of F3- isoprostane 
analysis. However, further investigation will be required as these findings could 
additionally or alternatively reflect a difference in the type of quantified damage 
(lipid peroxidation versus protein oxidation).
PQ has been proposed to induce superoxide radicals in vivo [23] and time of sur-
vival in response to a lethal dose has often been used to determine oxidative dam-
age resistance in C. elegans. We show that PQ-induced oxidative damage is indeed 
formed in vivo. In response to PQ, the sod-1 mutant showed highest oxidative 
damage compared to wild-type and sod-2, suggesting that PQ induced oxidative 
damage predominantly in the cytoplasm. Consistent with its proposed mitochon-
drial localization, the sod-2 mutant showed highest oxidative damage in response 
to the Complex I inhibitor rotenone. Surprisingly, in contrast to all other individual 
sod and ctl mutants, sod-1, which contributes to 80% of all of C. elegans SOD 
activity [6, 25], showed no significantly increased steady state oxidative damage.  
This could be the consequence of functional redundancy by other ROS scavenging 
enzymes. However, sod-1 mutants showed extreme sensitivity to a high dose of 
PQ, in agreement with previous reports [22, 25]. Thus, these findings demonstrate 
that the resistance to induced oxidative damage phenotype does not automatically 
correlate with steady-state oxidative damage, underscoring the critical need for di-
rect quantification of oxidative damage in vivo. Rather, we now propose that sod-1 
predominantly functions when challenged by adverse conditions, such as the harsh 
natural C. elegans environment. This notion is in line with recent findings that a 
mutant which completely lacks SOD activity has normal lifespan yet high sensitiv-
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ity to exogenous stressors [41]. Interestingly, mutation of the second cytoplasmic 
SOD gene, sod-5, showed a 30% increase in oxidative damage. This is remarkable, 
given that its expression is predominantly localized to a small set of chemosensory 
neurons located in the nematode head and its expression contributes to less than 
0.5% of all SOD mRNA [25]. Further functional studies will be required to deter-
mine the consequences of these oxidative damage levels.
By using our method, we could for the first time accurately quantify oxidative dam-
age of several nematode strains during aging. We note that nematodes increased 
oxidative damage levels with age and, as could be noted for the daf-16(mu86); daf-
2(e1370) double mutant, oxidative damage increased exponentially during aging 
being highest immediately before death of most nematodes. Surprisingly, the stress 
resistant daf-2(e1370) insulin/IGF-1 receptor longevity mutant, has a significantly 
higher level of oxidative damage at young adulthood than N2 wild-type nematodes 
and daf-16(mu86); daf-2(e1370) mutants. This is unexpected since daf-2 mutants 
showed high resistance to a pro-oxidant challenge [30] and, if oxidative damage 
would be the primary cause of aging, conflicts with its longevity phenotype. How-
ever, longitudinal analysis of synchronized aging daf-2(e1370) populations of 
nematodes revealed that this increased oxidative damage is temporarily, restrict-
ed to young adulthood and followed by a decrease in oxidative damage to lev-
els that are significantly lower than the wild-type during post-reproductive aging. 
These findings suggest that despite an initial period of high oxidative damage in 
young adulthood, impaired insulin/IGF-1 mutants accumulate less oxidative dam-
age during post-reproductive aging. Importantly, for all strains tested, oxidative 
damage was only found to increase during post-reproductive aging. Thus, for the 
study of aging theories in C. elegans, we therefore propose to perform longitudinal 
analysis, rather than restricting to e.g. young adults only.
The longevity phenotype of lowered insulin/IGF-1 signaling is suppressed by daf-
16 [1] and we found that the temporal increase in oxidative damage in the daf-
2 mutant at least partially requires daf-16, suggesting that this oxidative damage 
phase contributes to its longevity phenotype. In this respect it is interesting to note 
that the antioxidant N-acetyl-L-cysteine was found to decrease daf-2 lifespan but 
not that of wild-type nematodes [31, 42]. In fact, our observations are consistent 
with the concept of mitohormesis which postulates that a temporal increase in ROS 
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species originating from mitochondria triggers an adaptive cellular stress response 
of increased ROS defense and ultimately, an increased lifespan [31, 33]. Interest-
ingly, whereas Zarse et al showed increased hydrogen peroxide and mitochondrial 
ROS production after acute impairment of daf-2 signaling by RNAi, we extend 
these observations by showing ROS damage in the constitutive impaired Insulin/
IGF-1 signaling mutant daf-2 (e1370). For insulin/IGF-1 signaling this increase in 
ROS is thought to be triggered by a metabolic switch in response to decreased glu-
cose levels as a consequence of impaired insulin/IGF-1 receptor function [31, 33]. 
Although further studies in C. elegans will be required to determine the contribu-
tion of oxidative damage to longevity, with respect to the concept of mitohormesis, 
our findings suggest that the transient ROS burst initiates early in adult life and 
importantly, is daf-16 dependent, suggesting that the metabolic switch is governed 
by this transcription factor. The transient increase in ROS is likely blunted later 
in life through increased expression of antioxidant genes, including SODs, cata-
lases, glutathione S-transferases and thioredoxins, in response to this ROS peak. 
Indeed, daf-16 regulates gene expression of antioxidant genes, including SODs, 
catalases, glutathione S-transferases and thioredoxins [43] and is activated by ox-
idative stress [44]. 
In conclusion, we characterize a novel ultrasensitive approach to quantify in vivo 
endogenous oxidative damage in C. elegans. Our method follows a short protocol 
that employs Triple-Quadruple MS technology, readily available in most metab-
olomics, proteomics and pharmacology laboratories. This method can easily be 
scaled up for screening purposes and applied to other model organisms. We antici-
pate that this method could prove useful towards understanding the contribution of 
ROS and oxidative damage in pathologies and the biology of aging.

Experimental procedures

Reagents
Synthetic 5-epi-8,12-iso-iPF3α-VI, 8,12-iso-iPF3α-VI, d4-5-epi-8,12-iso-iPF3α-VI 
and d4-8,12-iso-iPF3α-VI were synthesized as previously described[15]. Stock 
solutions were prepared in 100% ethanol and stored at -20°C. Chemicals used in-
cluded Butylated hydroxytolueen (BHT), Trolox and Glucose Oxidase (Sigma Al-
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drich), Paraquat (Acros organics) and Rotenone (Fluka).

Caenorhabditis elegans strains and growth conditions
sod-1(tm776), sod-2(gk257), sod-3(tm760), sod-4(gk101), sod-5(tm1146), sod-
2(gk257);sod-3(tm760), wuIs151(ctl-1 + ctl-2 + ctl-3 + myo-2::GFP), wuIs152(-
sod-1 (genomic) + pRF4 (rol-6)) were prepared by the Gems laboratory [25]. 
These strains plus N2 (wild type) and ctl-1(ok1242) ctl-3(ok2042), ctl-2(ok1137), 
daf-2(e1370), daf-16(mu86); daf-2(e1370), age-1(hx546), mev-1(kn1) and clk-
1(qm30) were all obtained from Caenorhabditis Genetics Center (CGC, Minneap-
olis, USA). Strains were cultured on nematode growth media (NGM) agar at 20ºC, 
containing Escherichia coli strain OP50 as food source. Worms were synchronized 
by bleaching to collect eggs as previously described [32]. During longitudinal anal-
ysis nematodes were placed on fresh plates after 4 days. Unless otherwise stated, 
all worms were collected at day 1 of adulthood. 

Lifespan analysis
Lifespan analysis was performed as described previously [32]. In brief, synchro-
nized nematodes were grown until L4, when transferred to fresh plates supple-
mented with 100 μM 2′fluoro-5′deoxyuridine (FUDR; Sigma, St Louis, MO, 
USA). The pre-fertile period of adulthood was chosen as T=0 for lifespan analysis. 
Strains were grown for at least two generations before lifespan analysis was start-
ed. Lifespan analysis of Insulin/IGF-1 mutants was conducted at 25°C. An animal 
was scored dead when it no longer responded to (mechanical) stimulation. Animals 
that ruptured, bagged, or crawled off the plates were censored. The first two phe-
nomena occurred on few occasions. Statistical significance was calculated using 
the log-rank (Mantel-Cox) method.

Sample preparation and LC-MS/MS analysis
Detailed methods for the sample preparation and LC-MS/MS experiments are 
found in the method description of the Supplementary Information.

In vitro peroxidation of EPA and C. elegans homogenates
Eicosapentaenoyl PAF-C16 (Cayman Chemicals) was stored as a 5 mM stock solu-
tion in 100% ethanol under nitrogen at -20ºC to ensure minimal auto-oxidation. 
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For analysis, EPA PAF-C16 was diluted to 5 μM in PBS. 

Pro-oxidant treatment of C. elegans
Assays were performed either on plate or in liquid solution. For in liquid solution 
assays worms were placed into 12 well plates containing 2 ml of either PQ (50 
or 200 mM), rotenone (5 or 50 μM), glucose oxidase (50 mU) or glucose (4.5 
g/L) dissolved in M9 buffer. After treatment worms were washed three times with 
M9 buffer and analyzed. Parallel cultures were used to assay survival. Death was 
scored when worms failed to respond to mechanical stimulation. For on plate as-
says, pro- and antioxidants were added to NGM at indicated concentrations, casted 
into plates and dried in the dark. A fresh OP50 lawn was seeded on plates and 
allowed to grow over-night where after nematodes were placed on for indicated 
times.

Quantification and statistical analysis
All data were normalized to the amount of protein per sample, using Bradford 
(BioRad) analysis. Experiments were done in triplicate (unless stated otherwise). 
Welch’s t-test was used to test for significant differences between groups at p < 
0.05 taking into account unequal variance. In case of equal variance, a Student’s 
t-test was performed. For experiments with multiple comparisons of differences 
between mutants and N2, Restricted Maximum Likelihood (REML) estimation 
was performed, taking the random variation between experiments into account. 
The Wald test was used to assess significance of fixed effects; subsequent pairwise 
comparison of single mutants with N2 was performed using the least significance 
difference at p < 0.05.
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Supplementary Results
The use of deuterated internal standards enabled us to optimize and characterize 
this method in detail. To take advantage of the sensitivity, we used NH4OH in the 
solvent and integrated both isomers from here on as one peak, as both independent 
isomers responded nearly identical to in vitro lipid peroxidation (Fig. S2A). Quan-
tification of F3-isoprostanes relative to the tetradeuterated internal standards iden-
tified a linear dynamic range over a 2000-fold concentration range (5 pg/ml – 10  
ng/ml) (Fig. S2B). C. elegans homogenate is a complex mixture of molecules and 
this complexity might affect extraction efficiency as well as induce ion suppression 
during MS analysis. To investigate this matrix effect, increasing concentrations of 
synthetic F3-isoprostane standards were titrated into a C. elegans homogenate and 
compared to F3-isoprostanes extracted from phosphate buffered saline (PBS), all 
relative to a fixed amount of spiked tetradeuterated standards. Figure S2C shows 
that the response curve of the homogenate paralleled that of F3-isoprostanes ex-
tracted from PBS, indicating that there is no matrix effect. Limits of detection and 
quantification using stringent signal to noise (s/n) ratios of 10 and 30 respectively 
were calculated as 900 fg/ml and 2.7 pg/ml. The low limit of quantification al-
lowed for highly sensitive detection of steady state F3-isoprostane levels in as few 
as 150 young adult worms (not shown). Moreover, accuracy and reproducibility 
of the assay was high (Table S1).  Our method was optimized to include a single 
solid-phase extraction (SPE) (see Materials and Methods) leading to preparation 
of 24 samples within 2.5 h, a process that can easily be automated and up-scaled 
to facilitate screening purposes. All together, these results demonstrate that this 
isotope dilution method is highly linear, sensitive, accurate and precise and can be 
used for absolute F3-isoprostane quantification.

Supplementary methods: Sample preparation and LC-
MS/MS experiments
All worm samples were washed three times in M9 buffer before homogenization 
and spiked with 2 ng deuterated internal standards. Then, samples were homoge-
nized using the Bullet Blender® (NextAdvance) with zirconium oxide beads (0.5 
mm), at 4ºC. Homogenates were then hydrolyzed in 3 M KOH, containing 50 µM 
BHT (3:1 v:v H2O:MeOH) for 45 min. at 45°C. Next, samples were cooled to room 
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temperature and acidified to pH < 3 with HCl. 
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Figure S1: Identification of two F3-isoprostane isomers in C. elegans. EPA is the predominant PUFA in C. 
elegans. (A) Extracted ion chromatograms of EPA and AA of a C. elegans homogenate analyzed with orbitrap 
MS. (B) Spectral confirmation of F3-isoprostanes in C. elegans homogenate. Comparison of daughter ion 
scans of endogenous 8,12-iso-iPF3α-VI and spiked d4-labeled standard in a C. elegans homogenate. (C) Spik-
ing of individual 5-epi-8,12-iso-iPF3α-VI and 8,12-iso-iPF3α-VI standards into a C. elegans homogenate 
demonstrated increased peak height but not width in both endogenous peaks confirming identification and 
compound homogeneity. MRM chromatograms of F3-isoprostanes (m/z 351>115) are shown.

Samples were transferred to glass tubes and isoprostanes were extracted by vortex-
ing with 5 ml ethyl acetate for 1 min., subsequently equilibrated on ice for 5 min., 
centrifuged for 5 min. at 4000g, 4°C, saving the organic phase for further SPE. 
NH2 Sep-Pak cartridges (Waters Corp.) were preconditioned with 5 ml hexane and 
subjected to vacuum to obtain a flow rate of 3 ml/min. An equal volume of ethyl 
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acetate was used to rinse before elution with 3 ml ethyl acetate: MeOH: acetic 
acid (10:85:5 v:v:v). Eluates were dried under nitrogen and resuspended in 150 µl 
0.15% NH4OH: acetonitrile (90:10 v:v).

Figure S2: Method description. (A) Time-dependent increase of F3-isoprostane isomers in CuCl2-induced in 
vitro lipid peroxidation of esterified EPA. 5-epi-8,12-iso-iPF3α-VI and 8,12-iso-iPF3α-VI were quantified in-
dividually at indicated times (B) F3-isoprostane quantification showed a linear curve over a 2000-fold concen-
tration range (5 pg/ml – 10 ng/ml). LC-MS/MS intensities of increasing concentrations of 5-epi-8,12-iso-iP-
F3α-VI and 8,12-iso-iPF3α-VI standards in PBS relative to a fixed amount of their respective labeled internal 
standard (d4-IS, 2 ng) were plotted. (C) The F3-isoprostane method does not induce ion suppression or ex-
traction bias in C. elegans homogenates. Increasing concentrations of 5-epi-8,12-iso-iPF3α-VI and 8,12-iso-
iPF3α-VI standards in PBS and C. elegans homogenate relative to a fixed amount of their respective labeled 
internal standard (d4-IS, 2 ng) were plotted. A.U.: Arbitrary Units.

Liquid chromatography was performed on an ACQUITY UPLC® system with a 
binary solvent manager (Waters Corp.). Isoprostanes were separated using an an-
alytical BEH UPLC C18 column (150 mm x 2.1 mm, 1.7 µm particle size, Waters 
Corp.) at 40°C, over a linear gradient from 10-30% solvent B (solvent A= 0.15% 
NH4OH, solvent B= 95% acetonitrile: 5% MeOH, 0.0125% NH4OH) in 15 min. 
Column eluate was directly coupled to a Xevo™ TQ Mass spectrometer (Waters 
Corp.) fitted with an electron spray ionization probe operating in the negative ion 
mode with argon as collision gas. Cone voltage was set at 35 V, capillary voltage 
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at 2.4 kV and desolvation gas temperature at 600°C with a flow rate of 750 (l/h). 
Multiple reaction monitoring (MRM) was used to analyze the various isoprostanes. 
F3-class VI isoprostanes were measured with a transition m/z 351>115. Deuter-
ated F3-class VI isoprostanes were measured with a transition of m/z 355>115. 
Daughter ion scanning was used for spectral analysis of 5-epi-8,12-iso-iPF3α-VI 
and 8,12-iso-iPF3α-VI, using 21eV CID on parent ions. Isoprostane concentrations 
relative to their labeled standards were determined by using TargetLynxTM (Waters 
Corp.) software. For each analysis, a fresh six point concentration series was pre-
pared. To establish PUFA profiles, LTQ-Orbitrap XL MS (Thermo Scientific) was 
used operating in the negative mode at full scan with a mass range of m/z 190-500.

Table S1. Method accuracy and precision of F3-isoprostane quantification
Concentration add-
ed
(ng/ml)

Concentration
Measured
(ng/ml)

Accuracy
(%)

Precision
(%RSD)

0 0.124 - 14
0.05 0.172 95.5 18
0.1 0.240 115.9 15
0.25 0.371 98.6 13
0.5 0.624 100.0 4
1 1.157 103.2 3
2 2.123 99.9 6

Table S1: Method accuracy and precision of F3-isoprostane quantification. C. elegans homogenates were 
spiked with increasing concentrations of non-deuterated F3-isoprostane standards together with a fixed amount 
of tetradeuterated standards. Method accuracy and precision were determined by peak integration of MS inten-
sities relative to the peaks of the labeled standards.
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Abstract
Cellular systems are essential model systems to study reactive oxygen species 
and oxidative damage but there are widely accepted technical difficulties with 
available methods for quantifying endogenous oxidative damage in these sys-
tems. Here we present a stable isotope dilution UPLC-MS/MS protocol for mea-
suring F2-isoprostanes as accurate markers for endogenous oxidative damage in 
cellular systems. F2-isoprostanes are chemically stable prostaglandin-like lipid 
peroxidation products of arachidonic acid, the predominant polyunsaturated fat-
ty acid in mammalian cells. This approach is rapid and highly sensitive, allowing 
for the absolute quantification of endogenous lipid peroxidation in as little as 
ten thousand cells as well as damage originating from multiple ROS sources. 
Furthermore, differences in the endogenous cellular redox state induced by tran-
scriptional regulation of ROS scavenging enzymes were detected by following 
this protocol. Finally we showed that the F2-isoprostane 5-iPF2α-VI is a meta-
bolically stable end product, which is excreted from cells. Overall, this protocol 
enables accurate, specific and sensitive quantification of endogenous lipid per-
oxidation in cellular systems.

Keywords: F2-isoprostanes, oxidative damage, cellular systems, mass spec-
trometry, metabolomics
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Introduction
Reactive oxygen species (ROS) are formed during normal cellular metabolism and 
it is becoming increasingly apparent that they have an important, yet complicated 
role in biology and pathology [1, 2]. The mitochondria are the main source of ROS 
production during the process of oxidative phosphorylation [3]. Other sources of 
ROS include fatty acid oxidation in the peroxisomes and enzyme complexes like 
NADPH oxidase [4]. Superoxide (•O2

-), the primary ROS, can be further reduced 
to hydrogen peroxide (H2O2) and the hydroxyl-radical (OH•-) in the cell. As a result 
of the high reactivity of these molecules, they readily react with DNA, proteins 
and lipids to cause oxidative damage, thereby altering their function towards pa-
thology. In addition to toxicity, it has recently become clear that ROS and even 
ROS damage can act as secondary messengers in signal transduction in important 
metabolic pathways [5-7]. 
To control ROS, cells are equipped with specific defence and repair mechanisms 
to ensure cellular survival. Superoxide dismutases (SOD) are the main scavengers 
of •O2

-, reducing it to H2O2, which in turn is scavenged by catalases and glutathi-
one peroxidases. Peroxiredoxins are important organic hydroperoxide scavengers 
and play a crucial role in redox signalling [8, 9]. ROS are also scavenged by small 
molecules, including GSH, ascorbic acid and α-tocopherol [8]. 
The most challenging aspect of studying ROS metabolism is the fact that they are 
extremely reactive and short-lived molecules, which make them difficult to mea-
sure. Various approaches have been developed for cell-based systems to measure 
ROS and ROS damage, but many suffer from a lack of specificity, linearity or de-
tailed method characterization.
 Isoprostanes are chemically stable prostaglandin-like lipid peroxidation products 
that are endogenously formed from oxidative damage to polyunsaturated fatty ac-
ids (PUFA’s) [10].  These molecules have been used as markers for oxidative stress 
in human pathologies and are considered to be the gold standard in measuring 
systemic lipid peroxidation in mammalian plasma and urine [11]. Recently, F3-iso-
prostanes have been identified [12] and were used as sensitive endogenous markers 
of oxidative damage in C. elegans [2]. Although various GC- and LC-MS meth-
ods exist for F2-isoprostane measurement, these are all optimized for analysis in 
mammalian plasma and/or urine and do not address F2-isoprostane measurement 
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in cellular systems.  
Here we characterize a liquid chromatography mass spectrometry isotope dilution 
based protocol optimized to quantify F2-isoprostanes in cellular systems and show 
that they are reliable markers of lipid peroxidation from various ROS sources. The 
developed protocol is rapid, lacks derivatization and is highly sensitive and linear 
over a wide dynamic range, allowing for absolute quantification of endogenous 
lipid peroxidation in as little as ten thousand cells. Furthermore, although some 
F2-isoprostanes have been shown to be further metabolized, we demonstrate that 
the F2-isoprostane 5-iPF2α-VI is highly stable and excreted from cells. Finally, this 
F2-isoprostane approach showed high sensitivity, which allowed for the assess-
ment of the endogenous redox changes caused by activation of a Forkhead tran-
scription factor, which regulates transcription of ROS scavenging enzymes. This 
protocol for measuring cellular lipid peroxidation by F2-isoprostane analysis may 
be an important tool to contribute to a better understanding of ROS metabolism in 
cell based systems.

Materials and Methods

Reagents
Synthetic 8-isoPGF2α-III; 8-isoPGF2α-III-d4; 5-iPF2α-VI; 5-iPF2α-VI-d11; 8,12-iP-
F2α-VI-d11 were purchased from Cayman Chemicals. Stock solutions were pre-
pared in 100% ethanol and stored at -20°C. Chemicals used included: Butylated 
hydroxytoluene (BHT), Trolox and Glucose Oxidase, all obtained from Sigma Al-
drich; Paraquat obtained from Acros organics and rotenone from Fluka.

Cell culture and pro-oxidant treatment
Human hepatocellular carcinoma (HepG2) cells were obtained from ATCC and 
human colon carcinoma cell lines DLD-1 and DL-23 were generated as described 
previously [13]. All cell lines were cultured at 37°C under a humidified 5% CO2 
atmosphere in DMEM + GlutaMax containing 4.5 g/L glucose (Gibco), supple-
mented with 10% fetal bovine serum and 1% penicillin-streptomycin (Gibco). Ex-
periments were performed in 9 cm tissue culture plates containing 10 ml of culture 
media. Pro- and anti-oxidants were added to media and incubated for indicated 
times before harvesting.   
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Sample preparation
Cells were harvested in ice-cold PBS and collected in a 1,5 ml centrifuge tube at 
4°C and spiked with 2 ng deuterated internal standards before homogenization. 
Samples were homogenized using the Bullet Blender® (NextAdvance) with zirco-
nium (VI) oxide (ZrO2) beads (0.5 mm), according to manufacturer’s instructions 
at 4ºC. Homogenates were then hydrolyzed in 3 M KOH, containing 100 µM BHT 
[14] (3:1 v:v H2O:MeOH) for 45 min. at 45°C. Next, samples were cooled to room 
temperature and acidified to pH < 3 with HCl. Samples were then transferred to 
glass tubes and isoprostanes were extracted by vortexing with 5 ml ethyl acetate 
for 1 min., subsequently equilibrated on ice for 5 min., centrifuged for 5 min. at 
3500g, 4°C, saving the organic phase for further solid phase extraction  (SPE). NH2 
Sep-Pak cartridges (Waters) were preconditioned with 5 ml hexane and subjected 
to a vacuum to obtain a flow rate of approximately 3 ml/min. An equal volume of 
ethyl acetate was used to rinse before elution with 3 ml ethyl acetate: MeOH: acetic 
acid (10:85:5 v:v:v). Eluates were dried under nitrogen and re-suspended in 150 µl 
0.15% NH4OH: acetonitrile (90:10 v:v).

UPLC-MS/MS
Liquid chromatography was performed on an ACQUITY UPLC® system with a 
binary solvent manager (Waters). Isoprostanes were separated using an analytical 
BEH UPLC C18 column (150 mm x 2.1 mm, 1.7 µm particle size, Waters) at 40°C, 
over a linear gradient from 10-30% solvent B (solvent A= 0.15% NH4OH, solvent 
B= 95% acetonitrile: 5% MeOH, 0.0125% NH4OH) in 15 min. Column eluate was 
directly coupled to a Xevo™ TQ Mass spectrometer (Waters) fitted with an elec-
tron spray ionization probe operating in the negative ion mode with argon as colli-
sion gas. Cone voltage was set at 35 V, capillary voltage at 2.4 kV and desolvation 
gas temperature at 600°C with a flow rate of 750 (l/hrs). Multiple reaction monitor-
ing (MRM) was used to analyze the various isoprostanes. F2-class VI isoprostanes 
were measured with a transition m/z 353>115 and F2-class III with transition m/z 
353>193. Deuterated F2-class VI and III isoprostanes were measured with transi-
tions m/z 362>115 and 357>197 respectively. Isoprostane concentrations relative 
to their labeled internal standards were determined using TargetLynxTM (Waters) 
software. For each analysis, a fresh six point concentration series was prepared. 
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In vitro peroxidation assay 
Arachidonyl PAF-C16 (Cayman Chemicals) was stored as a 5 mM stock solution 
in 100% ethanol under nitrogen at -20ºC to ensure minimal auto-oxidation. For 
analysis, arachidonyl PAF-C16 was diluted to 5 μM in PBS, containing 50 μM 
CuCl2 and incubated at 37°C for indicated times in the presence or absence of 100 
µM BHT. HepG2 cell homogenates were incubated for 7 hours at 37°C in the pres-
ence of CuCl2 (50 μM), either with or without BHT or Trolox (10 mM) followed 
by extraction and MS analysis.

Quantification and statistical analysis
All data were normalized to the amount of protein per sample, using Bradford 
(BioRad) analysis according to manufacturer’s instruction. Experiments were per-
formed in triplicate unless stated otherwise. Student t-test was used to test for sig-
nificant differences between groups at p < 0.05. 

Results

F2-isoprostanes are formed from peroxidation of arachidonic acid
Arachidonic acid (AA) is a C20:4 omega-6 fatty acid and is the predominant poly-
unsaturated fatty acid (PUFA) in mammalian cells. It plays an important part in 
maintaining cell membrane integrity, fluidity and rigidity. It also acts as a precursor 
for eicosanoids, which are important signaling molecules. AA contains four double 
bonds, rendering it sensitive to ROS damage, which results in the formation of 
four F2-isoprostane isomer classes (Fig. 1A). Theoretically, each class can exist 
of 8 diasteriomeric forms for a total of 64 distinct isomers [15]. F2-isoprostanes 
are formed from AA esterified to phospholipids and to confirm this, we subjected 
arachidonyl PAF-C16, a glycerol-3-phosphocholine that contains AA to in vitro 
copper-induced lipid peroxidation and monitored F2-isoprostane formation using 
mass spectrometry. Copper-induced lipid peroxidation of arachidonyl PAF-C16 
leads to the formation of lipid peroxyl radicals which initiate a chain of lipid per-
oxidation reactions resulting in F2-isoprostane formation [2, 16, 17].
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Figure 1: The chemical structure and mass spectrum of F2-isoprostanes. (A) Four isomeric classes of F2-iso-
prostanes are formed as a result of oxidative damage to arachidonic acid. (B) The product ion scans of F2-
class-III and F2-class-VI isoprostanes. The ion masses indicated in red were used as MRM transition pairs for 
the indicated isoprostanes.
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Multiple Reaction Monitoring (MRM) was used to achieve optimum selectivity 
for the mass spectrometry analysis of the F2-isoprostanes. MRM monitors the 
precursor ion masses and, after fragmentation, the most predominant product ion 
masses. MRM transitions were determined by performing product ion scans for 
the F2-class-III and F2-class-VI isoprostanes (Fig. 1B). The MRM pair identified 
for endogenous 8-isoPGF2α-III was m/z 353>193 while it was m/z 353>115 for 
both 5-iPF2α-VI and 8,12-iso-iPF2α-VI.  Although F2-class-VI isoprostanes have an 
identical MRM pair, they can be separated based on their unique retention times 
(Supplementary Fig. 1). Deuterated internal standards were used for absolute 
quantification. They have the same chemical properties and therefore the same re-
tention times as endogenous F2-isoprostanes but with a higher m/z value, allowing 
for specific detection of F2-isoprostanes by co-elution. Their MRM pairs were de-
termined in the same way as that of endogenous F2-isoprostanes and were found to 
be m/z 357>197 for 8-isoPGF2α-III-d4 and m/z 364>115 for both 5-iPF2α-VI-d11 
and 8,12-iso-iPF2α-VI-d11. By using these MRM transitions in combination with 
their chromatographic retention and co-elution with their corresponding deuter-
ated internal standards, we demonstrated the formation of three F2-isoprostane 
isomers including 8-isoPGF2α-III; 5-iPF2α-VI and 8,12-iso-iPF2α-VI upon in vitro 
peroxidation of AA (Fig. 2A-C). Note that an alternative isoprostane nomenclature 
is also in use [18]. These isomers were chosen since they are abundantly formed 
and synthetic standards are commercially available. There was a clear increase 
in the levels of all three isomers over time in response to copper treatment (Fig. 
2A-C). This increase was blunted by the presence of butylated hydroxytoluene 
(BHT), an antioxidant that is known to terminate lipid peroxidation. It is interest-
ing to note that all three isomers behave similarly in response to copper although, 
8-isoPGF2α-III (Fig. 2A) showed the highest increase and 8,12-iso-iPF2α-VI levels 
(Fig. 2C) showed a lower response. To determine if these F2-isoprostanes are also 
formed in cells, lysates from the human liver carcinoma HepG2 cell line were pre-
pared and subjected to copper-induced in vitro lipid peroxidation. Again, a clear 
response to the copper treatment for all the isomers was noted (Fig. 2D-F), where-
as in the presence of BHT and Trolox, a water-soluble vitamin E derivative, there 
was no increase in F2-isoprostane levels (Fig. 2D-F).
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Figure 2: F2-isoprostanes are formed from peroxidation of arachidonic acid. (A-C) Copper-induced in vitro 
peroxidation of arachidonic acid resulted in the formation of three F2-isoprostane isomers. arachidonyl 
PAF-C16 was subjected to 50 µM of CuCl2, with or without BHT, for the indicated time points and the levels 
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of 8-isoPGF2α-III; 5-iPF2α-VI and 8,12-iso-iPF2α-VI were measured by UPLC-MS/MS. (D-F) F2-isoprostanes 
were formed in a time-dependent manner in cell lysates upon copper induced lipid peroxidation. HepG2 cell 
lysates were incubated with CuCl2 for indicated time points in the presence or absence of Trolox or BHT. 
Levels of 8-isoPGF2α-III; 5-iPF2α-VI and 8,12-iso-iPF2α-VI were analyzed in time by UPLC-MS/MS. Data 
are represented as mean ± S.D. (G) UPLC-MS/MS chromatogram overlay of extracted F2-isoprostanes of 
cells treated with GOX for indicated times. 

 Next, isoprostane formation in living cells was tested by treating HepG2 cells with 
Glucose oxidase (GOX), which generates a constant flux of H2O2 in the presence 
of glucose and oxygen. Figure 2G shows the overlay of the chromatograms of 
extracted F2-isoprostanes from cells treated for indicated times. It is clear that the 
areas under several peaks increased with increasing exposure time to GOX. 
These findings suggest that these peaks belong to endogenous F2-isoprostanes, 
which was confirmed by inclusion of the deuterated internal standards that were 
spiked to the sample after GOX treatment. Several peaks however, that did respond 
to GOX did not co-elute with the deuterated internal standards. Although it is pos-
sible that these belong to endogenous F2-isoprostane isomers, the absence of inter-
nal standards currently prevent definitive identification. Therefore, peroxidation of 
arachidonyl PAF-C16, cell lysates and living cells resulted in the formation of at 
least three F2-isoprostane isomers as markers of lipid peroxidation. 

Method characterization, F2-isoprostane stability and metabolic 
fate in cells
To characterize this protocol, synthetic and deuterated internal standards of two 
different F2-isoprostane isomers were used. Cell lysates are extremely complex as 
metabolite mixtures containing multiple molecules that potentially influence the 
extraction procedure of the isoprostanes as well as causing ion suppression in the 
source of the mass spectrometer, thereby affecting the analysis of F2-isoprostanes. 
We tested a range of extraction methods to optimize the protocol for cells and found 
that a combination of liquid/liquid extraction (LLE) and solid phase extraction 
(SPE) with aminopropyl (NH2) as stationary phase was optimal for F2-isoprostane 
detection in cells (Fig. 3). A detailed description of this protocol can be found in 
the Materials and Methods section. To demonstrate that there is no matrix affect 
after extraction with this protocol, a series of cell lysates and PBS blanks were 
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spiked with increasing concentrations of 8-isoPGF2α-III and 5-iPF2α-VI to compare 
the slopes of the fitted curves (Fig. 4A). We show similar slopes of the curves for 
the two isomers and identified a linear response over a ten thousand fold dynamic 
range (Fig. 4A). This finding confirmed that there is no effect of the metabolite 
matrix in cell lysates on extraction and ionization efficiency for the MS analysis of 
F2-isoprostanes using this protocol. Next, a cell number titration experiment was 
performed to establish the lower limit of the number of cells by which lipid perox-
idation can be quantified. Using this protocol, 5-iPF2α-VI could be measured in as 
little as ten thousand cells with a signal to noise ratio (S/N) of 30 (Supplementary 
Fig. 2A and 2B). Furthermore, the limit of quantification (LOQ), calculated as a 
S/N of 10, was determined to be 1.5 pg/ml and the limit of detection set at S/N of 
3 was 500 fg/ml. To the best of our knowledge, these are the lowest reported levels 
thus far. These findings suggest that the F2-isoprostane measurement is highly sen-
sitive, allowing for the endogenous quantification of lipid peroxidation in as little 
as ten thousand HepG2 cells. Together, these results show that this UPLC-MS/MS 
stable isotope dilution assay, optimized for extracting and measuring F2-isopros-
tanes in cellular systems,  allows for the detection and quantification of F2-isopros-
tanes in a robust and sensitive manner. The approach is furthermore linear over 
a wide dynamic range and, by making use of the deuterated internal standards, 
absolute quantification of F2-isoprostanes is possible.
One of the caveats of measuring oxidative damage is the fact that there is a constant 
turnover and repair of damaged molecules and these molecules might be chemical-
ly or metabolically unstable. In order to address this question for F2-isoprostanes, 
we spiked a HepG2 cell lysate with deuterated standards of 8-isoPGF2α-III and 
5-iPF2α-VI, followed by longitudinal incubation at 25°C and 37°C to assess their 
stability under physiological conditions. We found that over a period of 56 hours 
there were no significant changes in the levels of the added deuterated standards 
for both isomers (Fig. 4B). This indicates that these two F2-isoprostane isomers 
are highly stable. To further determine the metabolic fate of the F2-isoprostanes we 
subjected HepG2 cells to 2 hours of GOX treatment to induce F2-isoprostane for-
mation and monitored these levels in time. A threefold increase in F2-isoprostane 
levels was observed (Fig. 4C) and after removal of GOX from the medium, there 
was no significant decrease in F2-isoprostane levels in the cell lysate or an increase 
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in excreted isoprostane levels in the culture media within the first 4 hours. (Fig. 4C 
and 4D). However, after 24 hours cellular F2-isoprostane levels were restored to 
that of baseline levels (Fig. 4C) and excretion was observed in the culture media 
(Fig. 4D). In contrast, the kinetics of the 8-isoPGF2α-III isomer were different. 
Already 1 hour after GOX removal, 8-isoPGF2α-III levels turned to baseline and 
excretion occurred more rapidly than for the 5-iPF2α-VI isomer, albeit at much low-
er levels (Fig. 4E and 4F). These findings suggest that 5-iPF2α-VI is more stable 
than the 8-isoPGF2α-III isomer in agreement with the notion that 8-isoPGF2α-III has 
been observed to be biologically active and subject to β-oxidation [15]. Therefore, 
we continued our analysis with the 5-iPF2α-VI isomer.

Figure 3: A schematic flow diagram of the sample preparation protocol for F2-isoprostane extraction from 
cultured cells. For detailed description, see materials and methods section. Abbreviations are: ZrO2 (zirconium 
(VI) oxide); RT (room temperature); LLE (liquid/liquid extraction); SPE (solid phase extraction). 
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Figure 4: Characteristics of F2-isoprostane analysis in cells. (A) 8-isoPGF2α-III and 5-iPF2α-VI quantifica-
tion is not affected by ion suppression. UPLC-MS/MS intensities of increasing concentrations of 8-isoPG-
F2α-III and 5-iPF2α-VI standards in PBS or cell lysates relative to a fixed amount (2ng) of their respective 
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deuterated internal standard were plotted. (B) F2-isoprostanes are stable in physiological conditions. 8-isoPG-
F2α-III-d4 and 5-iPF2α-VI-d11 were spiked into a HepG2 cell lysate and incubated at 25 or 37°C for indicated 
time points. F2-isoprostanes were measured as in Fig. 4A and scatter plots show individual data points. (C-F) 
8-isoPGF2α-III and 5-iPF2α-VI are excreted in the culture media at different rates by HepG2 cells. HepG2 
cells were treated with GOX for 2 hours to induce oxidative damage where after GOX was removed and cells 
were allowed to recover for indicated times. F2-isoprostane levels were monitored as in Fig. 4A. Results are 
shown as mean fold increase ± S.D (* p < 0.05, ** p < 0.01,)

Figure 5: F2-isoprostanes are formed in response to different ROS sources. (A) F2-isoprostane levels in-
creased in response to PQ treatment. HepG2 cells were treated with increasing concentrations of PQ for 24 
hours. 5-iPF2α-VI levels were measured by UPLC-MS/MS. (B) Exogenous H2O2 exposure of HepG2 cells 
resulted in a 3-fold increase in levels of 5-iPF2α-VI. HepG2 cells were incubated in the presence of GOX for 
2 hours and 5-iPF2α-VI levels were analyzed every 20 minutes. (C) Rotenone increased lipid peroxidation in 
HepG2 cells in a dose-dependent manner. HepG2 cells were treated with an increasing concentration of rote-
none and F2-isoprostanes were measured after 24 hours. (D) Lipid peroxidation induced by the peroxyl radical 
generator, AAPH, is quenched by the antioxidant Trolox. Cells were treated with Trolox, AAPH or both, for 
24 hours. Data are shown as mean fold increase ± S.D over untreated control cells (** p < 0.01, *** p < 0.001).
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F2-isoprostanes are formed in response to different ROS sources
To further explore the use of F2-isoprostanes as markers of oxidative damage in 
cellular systems, we subjected HepG2 cells to various pro- and anti-oxidants. Para-
quat generates superoxide through redox cycling after take up by the cell, using 
NADPH as electron donor [19]. Cells were treated with different concentrations of 
PQ for 24 hours at 37°C and F2-isoprostane levels were measured. In cells exposed 
to concentrations lower than 100 µM PQ, no changes in 5-iPF2α-VI levels were ob-
served. However, a significant increase in 5-iPF2α-VI  levels was measured in cells 
treated with PQ concentrations equal to or above 100 µM and a more than 2 fold 
increase was observed after treatment with 500 µM compared to vehicle treated 
cells. (Fig. 5A). In contrast, when stimulated with 500 µM PQ in the presence of 
Trolox, there was no increase in 5-iPF2α-VI levels (Supplementary Fig. 3). These 
results show that PQ induced detectable cellular oxidative damage after treatment 
for 24 hours at concentrations ≥ 100 µM. Next, we subjected cells to an exogenous 
source of H2O2 by means of GOX treatment. Cells were harvested every 20 min-
utes for 2 hours and analyzed for levels of lipid peroxidation. There was a linear 
increase in 5-iPF2α-VI levels over time with a maximum response of about 3-fold 
induction (Fig. 5B). This suggests that lipid peroxidation increases over time in 
the presence of H2O2 in an accumulative manner. Since the mitochondria are con-
sidered as the main source of intracellular ROS, we treated cells with rotenone, a 
compound that generates ROS in the mitochondria by inhibiting electron flow in 
complex I in the electron transport chain (ETC). Rotenone treatment for 24 hours 
caused a dose dependent increase in 5-iPF2α-VI levels (Fig. 5C). This confirms 
that a blockage of electron flow in the ETC leads to an increase in ROS and ulti-
mately to an increase in lipid peroxidation. The hydroxyl-radical (OH•-) is another 
critical ROS and is known to cause damage indiscriminately to DNA, proteins and 
lipids. The free radical generator 2,2’-azobis-2-methyl-propanimidamine dihydro-
chloride (AAPH) constantly produces OH•- in solution during its decomposition 
[20]. A 2-fold increase in 5-iPF2α-VI levels was observed after 24 hours of AAPH 
treatment (Fig. 5D). Treatment with AAPH in the presence of Trolox did not result 
in an increase in lipid peroxidation. It is interesting to note that the control cells, 
treated with Trolox, in the absence of any ROS generator showed decreased 5-iP-
F2α-VI levels as compared to the untreated controls (Fig. 5D). This suggests that 
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Trolox blocks endogenous ROS damage. Taken together, these results indicate that 
F2-isoprostanes are sensitive markers of cellular lipid peroxidation in response to 
multiple ROS.

FOXO3a increase the resistance of cells against oxidative stress
Forkhead box O (FOXO) transcription factors are important regulators of cellu-
lar defense against ROS by controlling the gene transcription of ROS-scavenging 
enzymes, including SODs and catalases [21]. We employed two cell lines, DL-23 
and DLD-1 to test the role of FOXO transcription of the cellular oxidative damage 
formation. The human colon carcinoma DL-23 cell line stably expresses a consti-

Figure 6: The F2-isoprostane approach allows for analysis of FOXO transcription factor control of endoge-
nous oxidative stress. (A) GOX-induced lipid peroxidation is significantly decreased when FOXO3a is activat-
ed. DLD-1 and DL-23 cells were treated with 4-OHT to activate FOXO3a for 16 hours before H2O2 exposure 
by GOX treatment for 2 hours. F2-isoprostane levels were analyzed by UPLC-MS/MS and are shown as mean 
fold increase ± S.D (* p < 0.05) (B) Prolonged FOXO3a activation increased the protection against endoge-
nously formed ROS damage in colon carcinoma cells. DLD-1 and DL-23 cells were incubated with 4-OHT to 
activate FOXO3a for 24 hours, before treatment with PQ for another 8 hours. 5-iPF2α-VI levels were analyzed 
and data are represented as mean fold increase ± S.E.M (*p < 0.05, *** p < 0.001).
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tutively active FOXO3a construct fused to a modified form of the estrogen receptor 
hormone-binding domain which allows conditional activation of FOXO3a [22]. 
By adding the synthetic estrogen receptor agonist 4-hydroxy tamoxifen (4-OHT), 
the fusion protein is activated by entering the nucleus to initiate transcription [22]. 
The DLD-1 parental cell line, which stably expresses the empty vector, was used 
as control. The effect of FOXO3a activation on the stress resistance after treatment 
with GOX and PQ was determined using these cell lines. Firstly, both DLD-1 and 
DL-23 cell lines were treated with 4-OHT for 16h, after which cells were treated 
with GOX for another 2 hours to induce oxidative stress. There was a significantly 
higher increase in F2-isoprostanes in the DLD-1 cells as compared to the DL-23 
cells after GOX treatment, which suggests that cells with activated FOXO3a are 
more resistant to exogenous oxidative stress. Although there was a trend for low-
er baseline levels of lipid peroxidation in the activated DL-23 cells, this did not 
reach significance (Fig. 6A). To determine if a longer activation time of FOXO3a 
could significantly affect baseline levels of lipid peroxidation and protect against 
endogenously formed ROS, cells were stimulated for 24 hours before treating them 
with PQ for another 8 hours. In this case, there was indeed a significant decrease 
in baseline F2-isoprostane levels in the DL-23 cells 24 hours after FOXO3a acti-
vation. These findings suggest increased ROS scavenging or repair capacity due to 
prolonged FOXO3a activation. Furthermore, the DL-23 cells had less PQ-induced 
oxidative damage as compared to the DLD-1 cells, indicating a FOXO3a-mediated 
protection against endogenous ROS damage (Fig. 6B). These results demonstrate 
that this UPLC-MS/MS protocol for measuring F2-isoprostanes in cells has the 
sensitivity to detect significant differences in the endogenous redox state controlled 
by transcription factor mediated scavenging capacity in cellular systems.

Discussion
With the discovery of F2-isoprostanes as non-cyclooxygenase derived products 
of free radical- induced damage to AA-containing lipids [10], numerous studies 
showed them to be reliable markers of systemic oxidative damage in plasma and 
urine [15]. Here we present a protocol to accurately measure in vivo lipid per-
oxidation in cellular systems by using F2-isoprostane analysis. We show that at 
least three different F2-isoprostane isomers are formed in response to oxidative 
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damage to an AA-containing phospholipid both in vitro and in living HepG2 cells. 
It is interesting to note that copper treatment induced the greatest response for the 
8-isoPGF2α-III isomer as compared to the other two monitored isomers in vitro 
(Fig. 2). This observation is in agreement to the notion that there is a preference for 
the formation of different isomers during AA peroxidation [23]. However, when 
baseline levels of the F2-isoprostanes were measured in cultured cells 8-isoPG-
F2α-III levels were remarkably found to show the lowest concentration (Fig. 4). It 
is possible that 8-isoPGF2α-III is further metabolized in the cell, as rapid clearance 
and excretion was observed (Fig. 4). This is in accordance with studies showing 
that 8-isoPGF2α-III is subject to β-oxidation [15]. The isomer 5-iPF2α-VI however, 
showed a good response to in vitro peroxidation and baseline levels in cells were 
relatively high. No evidence thus far has been presented that shows that this isomer 
is further metabolized. This is in agreement with the high stability and efficient 
clearance that was observed (Fig. 4). Therefore, we propose to use this isoform as 
marker for oxidative damage in cellular systems. 
By using deuterated internal standard we were able to fully optimize and charac-
terize this method in cells. By comparing the curve of an increasing concentration 
of F2-isoprostanes spiked in PBS and cell lysates, we could determine that the 
matrix had no effect on this extraction protocol of F2-isoprostanes and showed 
no ion suppression during mass spectrometry. We show that this method has a 
high dynamic range of ten thousand fold. It is extremely sensitive and we can 
measure 5-iPF2α-VI in as little as ten thousand cells with high confidence. Sever-
al technical papers have been published in previous years that describe isopros-
tane analysis by GC- and LC-MS. Although GC-MS technology is known to yield 
reproducible, robust and sensitive detection and quantification, the technology is 
limited in terms of throughput as it requires time-consuming sample preparation 
and derivatization protocols [24]. LC-MS methods on the other hand are less time 
consuming but struggle to achieve GC-MS-like sensitivity [25, 26]. Our protocol 
employs UPLC-MS/MS and through our optimized sample preparation procedure, 
high throughput studies to measure lipid peroxidation in cells during screening of 
compound libraries in the pharmaceutical industry are feasible. In fact, the lower 
limit of quantification reported here is the most sensitive reported of any GC- or 
LC-MS method to date. 
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To validate this protocol, we subjected cells to different pro- and anti-oxidants 
and assessed oxidative damage through F2-isoprostane measurement. Levels of 
isoprostanes increased in response to different ROS species from different sources, 
including H2O2, OH•- and •O2

-. Although H2O2 is not a radical by itself, a Fenton re-
action is induced in the presence of transition metal ions, which catalyze hydroxyl 
radical formation. As expected, there was a dose-dependent increase in oxidative 
damage in response to rotenone treatment. This demonstrated that this approach 
can assess damage originating from the mitochondria and more specifically from 
oxidative phosphorylation, which is considered the main source of baseline ROS 
and ROS damage in the cell. Interestingly, similar to rotenone, PQ also produces 
superoxide radicals, yet the kinetics of F2-isoprostane formation differed (Fig. 5). 
These findings might suggest that oxidative damage formation from superoxide 
produced by PQ treatment is distinct from the mitochondria. An attractive hypoth-
esis would be that PQ mediates superoxide induction predominantly localized to 
cytoplasmic compartments. In line with this notion, PQ treatment was recently 
found to strongly induce oxidative damage in the nematode C. elegans, deficient 
in cytoplasmic SOD activity. In contrast, nematodes deficient in mitochondrial dis-
mutase activity showed little response to PQ, which otherwise responded strongly 
to rotenone [2]. Further kinetic studies will be required to study the superoxide 
formation by PQ in detail.
The Forkhead box O transcription factors FOXO are important, conserved players 
in regulating cellular defense and repair mechanisms through transcriptional con-
trol of genes involved in ROS scavenging and DNA repair [27].  In addition to the 
study of the redox balance in cells in response to direct activators or inhibitors of 
ROS, an indirect system for redox analysis was used to test the sensitivity of the 
approach. By using an inducible FOXO3a expressing cell line, the endogenous 
redox response of transcription factor mediated redox control could be monitored, 
indicating that the F2-isoprostane protocol is sensitive enough to detect indirect 
redox control. 
Taken together, the 5-iPF2α-VI F2-isoprostane isomer is a stable marker for sensi-
tive, accurate and linear quantification of endogenous lipid peroxidation in cellular 
systems which could prove valuable for studies into the role of ROS and its dam-
age in cells. This straightforward and short sample preparation protocol further-
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more should allow high-throughput analysis.  
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Supplementary Figure 1: A representative chromatogram of the MRM transition of F2-Class-VI isoprostanes 
demonstrating the chromatic separation of 5-iPF2α-VI and 8,12-iso-iPF2α-VI and co-elution of deuterated inter-
nal standards 5-iPF2α-VI-d11 and 8,12-iso-iPF2α-VI-d11.

Supplementary Figure 2: Baseline levels of lipid peroxidation can be established in as little as ten thousand 
HepG2 cells. (A) A titration curve showing the concentration of 5-iPF2α-VI for the indicated number of 
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HepG2 cells. (B) A chromatographic representation of the signals of 5-iPF2α-VI measured in 1 x 104 and 1 x 
106cells. The signal to noise ratios of 5-iPF2α-VI for 1 x 104 and 1 x 106 cells were determine to be 30 and 732 
respectively. The red lines indicate the peak areas used for the determination of the signal to noise ratios.

Supplementary Figure 3: Trolox inhibit F2-isoprostane formation in cells treated with 500 µM PQ. 5-iP-
F2α-VI levels were analyzed and data are represented as mean fold increase ± S.D. 



116



117

F2-isoprostanes in human plasma and urine

chapter 4

A rapid F2-isoprostane protocol in plasma 
and urine reveals increased levels of lipid 

peroxidation and inflammation after acute 
myocardial infarction

Christiaan F. Labuschagne, Johan Gerrits, Folkert W. Asselbergs, 
Imo E. Hoefer, Ruud Berger and Arjan B, Brenkman

Submitted for publication

F2-isoprostanes in human plasma and urine



118

Chapter 4

Abstract
F2-isoprostanes are non-enzymatic oxidation products of the polyunsaturated fatty 
acid arachidonic acid and have proven to be reliable markers of lipid peroxida-
tion. Although various methods have been reported for their analysis, they either 
requires elaborate sample preparation protocols, preventing high throughput anal-
ysis or compromise in sensitivity. Here we present and validate an UPLC-MS/MS 
method with a rapid sample preparation for simultaneous measurement of four 
F2-isoprostane isomers, that is both highly sensitive and reproducible. Optimized 
UPLC conditions enabled an on-column limit of quantification (cLOQ) of 60 fg 
and allowed sufficient separation of stereo isomers. Limits of detection (LOD) and 
limits of quantification (LOQ) of lower than 36 and 11 pg/ml respectively were 
obtained from sample volumes as low as 100 µl. This method was further utilized 
to measure plasma F2-isoprostane levels and levels of PGF2α, a mediator of the in-
flammatory response, in a patient set that suffered from acute myocardial infarction 
(AMI). Interestingly, there was a significant increase in plasma lipid peroxidation 
and levels of PGF2α, suggesting the presence of oxidative stress and inflammation 
specifically after AMI. Altogether, the unique sensitivity of this UPLC-MS/MS 
method will provide an accurate non-invasive tool for reliable high throughput 
assessment of oxidative stress in plasma and urine, even in low volume subjects, 
like rodent model organisms.

Keywords: Ultra-performance liquid chromatography mass spectrometry; 
F2-isoprostanes; lipid peroxidation; acute myocardial infarction
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Introduction 
Oxidative stress is an important risk factor for many pathologies including cancer, 
diabetes, Alzheimer’s disease, Parkinson’s disease, atherosclerosis and coronary 
heart disease and therefore requires accurate assessment [1-5].  However, reliable 
quantification of in vivo oxidative damage poses a technical challenge and there 
are many limitations in methodologies regarding sensitivity and specificity [6]. A 
specific product of lipid peroxidation, F2-isoprostanes, has become a reliable bio-
marker to assess endogenous oxidative stress in humans and is currently marked as 
gold standard for oxidative damage assessment in plasma and urine [7-10]. F2-iso-
prostanes were first discovered in 1990 as end products of non-enzymatic lipid 
peroxidation of arachidonic acid, the predominant polyunsaturated fatty acid in 
mammalian cells [11]. A total number of 64 stereoisomers can be formed, which 
are characterized into four groups depending on the position of the hydroxyl group 
on the side chains of the molecules. Two nomenclature systems were developed 
for the classification of the different isomers and the system by Rokach et al. is 
used here [12]. Several different methods exist for measuring F2-isoprostanes in-
cluding liquid chromatography mass spectrometry (LC-MS), gas chromatography 
mass spectrometry (GC-MS) and enzyme-linked immunosorbent assays (ELISA). 
Although immunoassays offer the possibility of high throughput analysis, they are 
inferior to mass spectrometry in terms of selectivity and sensitivity [13]. The an-
tibodies used in these assays tend to cross react with COX derived prostaglandins 
and other eicosanoids often leading to an overestimation of F2-isoprostane levels 
[13]. GC-MS methods have been used to measure F2-isoprostanes for more than 20 
years and are reported to be robust and sensitive. A caveat of these methods how-
ever, is the laborious sample preparation that requires derivatization to enhance 
volatility of the molecules to enable gas chromatography, which roughly takes a 
day for 20 samples [14]. This puts a constraint on the amount of samples that can 
be analysed per day and limits its use in large clinical cohorts. LC-MS requires 
only metabolite extraction and the time-consuming derivatization steps can be 
eliminated. Various extraction techniques have been described in literature, often 
implementing solid phase extraction (SPE) with different stationary phases [15]. 
However, the reported LC-MS methods are less sensitive than GC-MS and require 
large sample volumes [14, 16]. Here we present a rapid and sensitive ultra-perfor-
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mance liquid chromatography tandem mass spectrometry (UPLC-MS/MS) method 
to measure two F2-isoprostane isomers, one metabolite and one prostaglandin in 
both urine and plasma. UPLC-MS/MS conditions were optimized for maximum 
selectivity and sensitivity. Ultra-performance liquid chromatography utilize small 
particles (particle size < 2 µm) to obtain ultra-high pressure to ensure sharp narrow 
peaks, which markedly increased the sensitivity enabling an on column limit of 
quantification (cLOQ) of 60 fg. This is substantially lower than previously reported 
methods. Importantly, the method and extraction protocol have not been reported 
previously and were thoroughly validated. Using a combination of liquid/liquid 
extraction (LLE) and SPE, low detection and quantification limits were obtained 
in 100 µl plasma. Only a single liquid/liquid extraction step was implemented for 
urine to obtain high recovery, reproducibility and excellent sensitivity in 100 µl. 
The duration of sample preparation was reduced to less than an hour for 30 urine 
samples, thereby enabling high-throughput analysis. Furthermore, this method was 
used to assess plasma levels of lipid peroxidation and PGF2α, a mediator of the 
inflammatory response, in patients that suffered from acute myocardial infarction 
(AMI). A significant increase in plasma 8-iPF2α-III- and prostaglandin PGF2α lev-
els was observed in AMI patients compared to that of patients with coronary heart 
disease but without AMI. These results revealed the presence of oxidative stress 
and an inflammatory response specifically after AMI. Overall this validated meth-
od is unique in that it requires minimal sample preparation without compromising 
on sensitive and covers two F2-isoprostane isomers in addition to a β-oxidation 
metabolite and a COX derived prostaglandin in plasma and urine. This UPLC-MS/
MS method offers a rapid, non-invasive, robust and sensitive tool for quantification 
of systemic lipid peroxidation in plasma and urine. 

Materials and methods

Chemicals 
2,3-dinor-8-iso-PGF2α, 5-iPF2α-VI, 5-iPF2α-VI-d11, 8,12-iso-iPF2α-VI-d11, 
8-iso-PGF2α-III, 8-iso-PGF2α-III-d4 and PGF2α were all obtained from Cayman 
Chemical. Butylated hydroxytolueen (BHT) was obtained from Sigma Aldrich. 
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Standard solutions
All synthesized standards were stored at -20ºC according to manufacturer’s in-
structions. Stock solutions were prepared and a six-point calibration curve was 
prepared between 50 pg/ml and 2 ng/ml for all isomers. A mixture of deuterated 
internal standards of 8-iso-PGF2α-III and 5-iPF2α-VI-d11 was prepared at a work-
ing concentration of 100 ng/ml and added to samples with a final concentration of 
2 ng/ml. 

Quality control samples (QC’s)
Plasma and urine samples of 10 random subjects were pooled and spiked with 
F2-isoprostane standards to obtain three QC samples (QC1, QC2 and QC3) of 
three different concentrations. QC1 was spiked with 0.3 ng/ml, QC2 with 1 ng/ml 
and QC3 with 5 ng/ml of all the compounds.

Sample preparation

Plasma
Blood was collected in EDTA-containing tubes and immediately centrifuged at 
3000 x g for 10 minutes. Plasma was stored at -80ºC until analysis. Samples were 
thawed at room temperature before starting sample preparation at 4ºC. 2 ng of the 
deuterated internal standards were added to 100 µl plasma. In order to release al 
F2-isoprostanes in free form, plasma samples were subjected to alkaline hydrolysis 
by adding 400 µl of hydrolysis buffer (3M KOH, 100µM BHT in 1/3: Water/Meth-
anol) and incubating it for 45 minutes at 45ºC. Then, samples were transferred 
to extraction tubes and HCl was added to the samples to achieve a pH<3 before 
extraction.

Urine
Urine samples were collected in 50 ml tubes and stored at -80ºC. Before analy-
sis, samples were thawed at room temperature and 2 ng of the deuterated internal 
standards were added to 100 µl urine. No hydrolysis step is necessary 
for urine, since F2-isoprostanes are excreted in free form. The pH was lowered 
by addition of HCl before further extraction.
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Liquid/liquid extraction (LLE)
For extraction of the total lipid fraction of the processed urine and plasma sam-
ples, ethyl acetate was added to all samples to obtain a ratio of 1/5 (sample/ethyl 
acetate: v/v) and mixed for two minutes. Samples were left to equilibrate at 4ºC 
for 5 minutes before centrifugation at 3500 x g for 5 min. The organic phase was 
decanted and saved for solid phase extraction (SPE) in the case of plasma samples. 
For urine, the organic phase was decanted into injection vials, dried, re-suspended 
in 150 µl 0.15% NH4OH/Acetonitrile: 90/10 v/v and injected for UPLC-MS/MS 
measurement.

Figure 1: The product ion mass spectra of F2-isoprostanes and PGF2α. Product ion scans of the analytes were 
performed to determine the most intense product ion for MRM. (A) Synthesized 8-iso-PGF2α-III, (B) 5-iP-
F2α-VI, (C) PGF2α and (D) 2,3-donor-8-sio-PGF2α were directly infused into the mass spectrometer to obtain 
the optimum fragmentation of the different analytes. The product ions indicated in red were used for MRM.
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Solid phase extraction (SPE)
Sep-Pak Aminopropyl (NH2) SPE cartridges (6 ml) were used to enrich for F2-iso-
prostanes and to eliminate complex lipids in plasma. Cartridges were attached to a 
vacuum manifold and each cartridge was preconditioned with 5 ml hexane. Sam-
ples were applied to the cartridges and a vacuum was opened to push samples 
through at rate of ± 2 ml/min. All samples were rinsed with ethyl acetate before 
eluting the F2-isoprostane containing fraction with methanol/ethyl acetate/acetic 
acid: 85/10/5 v/v. The eluent was dried under a gentle stream of nitrogen before 
re-suspending the dry extract with 150 µl 0.15% NH4OH/Acetonitrile: 90/10 v/v 
before UPLC-MS/MS analysis. 

UPLC-MS/MS
Liquid chromatography was performed on an ACQUITY UPLC® system with a 
binary solvent manager (Waters). F2-isoprostanes were separated using an analyt-
ical BEH UPLC C18 column (150 mm x 2.1 mm, 1.7 µm particle size, Waters) at 
40°C, over a linear gradient from 10-30% solvent B (solvent A= 0.15% NH4OH, 
solvent B= 95% acetonitrile: 5% MeOH, 0.0125% NH4OH) in 15 min. Column 
eluents were directly coupled to a Xevo™ TQ Mass spectrometer (Waters) fitted 
with an electron spray ionization probe operating in the negative ion mode with 
argon as collision gas. Cone voltage was set at 35 V, capillary voltage at 2.4 kV and 
desolvation gas temperature at 600°C with a flow rate of 750 (l/hrs). Multiple re-
action monitoring (MRM) was used to analyse the various F2-isoprostane isomers 
and PGF2α. Isoprostane concentrations relative to the labelled internal standards 
were determined using TargetLynxTM (Waters) software. 2,3-dinor-8-iso-PGF2α, 
8-iso-PGF2α-III and PGF2α were quantified relative to internal standard 8-iso-PG-
F2α-III-d4 while 5-iPF2α-VI-d11 was used as internal standard for quantification 
of 5-iPF2α-VI. For each analysis, a fresh six point concentration series was pre-
pared for all compounds.

Method validation
This method was validated in terms of linearity, recovery, accuracy, precision (in-
ter- and intra-assay variation) and sensitivity (limit of detection (LOD) and limit 
of quantification (LOQ)). Three quality controls (QC) were used: QC1 spiked with 
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0.3 ng/ml, QC2 spiked with 1 ng/ml and QC3 spiked with 5 ng/ml. Linearity was 
evaluated using the calibration curve of each compound ranging from 50 pg to 2 ng. 
Recovery was determined by comparing the peak areas of urine and plasma sam-
ples spiked with deuterated F2-isoprostane standards before and after extraction. 
Precision was evaluated by determining the intra- and inter-assay variability by 
measuring the QC samples six times per day for three days. The accuracy was eval-
uated by calculating the percentage of the measured F2-isoprostane concentration 
from the nominal spiked concentration of F2-isoprostanes in QC2. QC2 was also 
used to calculate LOD and LOQ with a signal to noise ratio (S/N) of 3 and S/N of 
10 respectively.

Clinical samples 
Patients were selected from the Predictors Of heart failure after ST elevation Myo-
cardial Infarction (POST-MI) study (NTR2741). POST-MI is a multi-center, pro-
spective, longitudinal, observational study that started in 2010. The main objective 
of POST-MI is to identify novel pathophysiological pathways associated with the 
development of heart failure after a myocardial infarction. Patients admitted with 
an acute myocardial infarction and candidates for primary percutaneous coronary 
intervention (PCI) were included in POST-MI. A diagnosis of acute myocardial 
infarction was defined by chest pain suggestive for myocardial ischemia for at 
least 30 minutes with a time from onset of symptoms of less than 24 hours before 
hospital admission and an ECG with ST segment elevation of more than 0.1mV in 
2 or more leads. Blood samples were taken at time of PCI. Control patients were 
selected from the CIRCULATING CELLS study. The CIRCULATING CELLS 
study is a multi-center study aiming to identify predictors of secondary events in 
patients with manifest coronary artery disease. Patients suffered from stable angi-
na pectoris without acute myocardial infarction. Blood samples were taken before 
PCI. This ensures that any effects seen in POST-MI patients are not merely reflect-
ing the underlying atherosclerotic disease but rather result from the acute event. 
Samples were stored at -80°C up until analysis. 100 µl of each sample was used for 
F2-isoprostane and PGF2α measurement. 
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Figure 2: The chromatograms of F2-isoprostanes and PGF2α in PBS, urine and plasma. Various chromato-
graphic conditions were tested to find optimum separation and sensitivity. (A) Synthesized F2-isoprostanes 
were spiked into phosphate-buffered saline (PBS) and analyzed with the UPLC-MS/MS method after ex-
traction. (B) F2-isoprostane and PGF2α standards were spiked into a pooled urine sample and analyzed as in 
A. (C) Chromatogram of plasma samples spiked with synthesized standards and analyzed as in A. 

Results

Sample preparation
In order to enrich for the F2-isoprostanes and to prevent interference from the 
complex matrixes of urine and plasma an extraction procedure is required. Ex-
traction procedures can be extremely laborious and time consuming, especially 
in the case of GC-MS analysis, which takes a full day and includes multiple steps 
like thin-layer chromatography and derivatization. Although less laborious sample 
preparation is required for LC-MS, large sample volumes are often necessary to 
obtain reasonable sensitivity. In this report a single liquid/liquid extraction (LLE) 
step was used for extraction in urine, reducing the sample preparation time to less 
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than an hour for 30 urine samples. In plasma the same LLE protocol was followed 
but with addition of a SPE step to further eliminate complex lipids from the sample. 
The complete sample preparation for 24 plasma samples, including hydrolysis, can 
be performed in 3 hours. Furthermore, thanks to thorough optimization of the ex-
traction procedure and the UPLC-MS/MS method, only 100 µl sample is required. 
Taken together this UPLC-MS/MS method requires little sample preparation while 
achieving GC-MS like sensitivity. 

Mass spectrometric and chromatographic conditions
Oxidation of arachidonic acid can result in the formation of 64 distinct F2-isopros-
tane isomers. Selectivity is therefore essential for quantifying individual F2-iso-
prostanes and for optimum separation and selectivity we used UPLC in combi-
nation with MRM. MRM was performed by scanning the precursor ion and after 
fragmentation the most intense product ion of each F2-isoprostane isomer. The 
fragmentation pattern of each isomer was determined with a product ion scan us-
ing a range of collision energies to find the optimum fragmentation (Fig. 1). The 
most intense product ion for both 8-iso-PGF2α-III and PGF2α was found to be 
m/z 193 (Fig1. A and C). For 5-iPF2α-VI the most intense product ion was m/z 115 
(Fig. 1B) and for 2,3-dinor-8-iso-PGF2α it was m/z 237 (Fig. 1D). 2,3-dinor-8-iso-
PGF2α, is a β-oxidation product of 8-iso-PGF2α-III that is excreted in the urine 
[17] and was therefore only included for urine analysis, since it was undetected in 
plasma (data not shown).
Next, chromatic separation of the F2-isoprostane isomers was thoroughly char-
acterized to ensure optimal peak separation as several F2-isoprotstanes show the 
same MRM transitions. In this method UPLC was used. Various stationary and 
mobile phases and column temperature were examined. By using reverse phase 
chromatography at 40°C with a BEH UPLC C18 column (150 mm x 201 mm, 1.7 
µm particle size, Waters) and 0.15% NH4OH as aqueous mobile phase and acetoni-
trile/methanol: 95/5 v/v for organic mobile phase we achieved optimum separation 
with excellent sensitivity in plasma and urine (Fig. 2). 

Method validation
The method was validated according to FDA guidelines [18]. The linearity of the 



127

F2-isoprostanes in human plasma and urine

method was calculated from the calibration curves of each compound as shown in 
Table. 1. The coefficient of determination (R2) was higher than 0.9993 for all com-
pounds and the deviation percentage of the measured concentration from the nom-
inal concentration was lower than 17%. These results indicate the high accuracy 
and linear response of the UPLC-MS/MS method. The recovery of the extraction 
protocol was determined to be higher than 84% in urine. In plasma the recovery 
was 68% for 8-isoPGF2α-III-d4 and 55% for 5-iPF2α-VI-d11.

Table 1: Linearity of the calibration curves prepared in PBS (N=6).
Nominal 
concentration 
(ng)

Mean measured 
concentration (ng) 
± SD

% Deviation R2

8-iso-PGF2α-III 2 1.94 ± 0.08 3.1 0.9993
1 0.98 ± 0.08 1.8
0.5 0.53 ± 0.01 6.1
0.1 0.09 ± 0.01 9.4
0.05 0.058 ± 0.01 16.1
0 0 0

5-iPF2α-VI 2 1.95 ± 0.16 2.3 0.9993
1 1.02 ± 0.12 2.6
0.5 0.53 ± 0.03 5.4
0.1 0.11 ± 0.00 11.9
0.05 0.056 ± 0.02 11.4
0 0 0

PGF2α 2 1.96 ± 0.1 2.2 0.9999
1 0.97 ± 0.08 3.5
0.5 0.49 ± 0.04 0.5
0.1 0.10 ± 0.01 3.0
0.05 0.054± 0.01 7.4
0 0 0

2,3-dinor-8-iso-PGF2α 2 1.93 ± 0.21 3.5 0.9996
1 1.00 ± 0.07 0.3
0.5 0.51 ± 0.06 1.2
0.1 0.09 ± 0.01 5.2
0.05 0.057 ± 0.01 14.0
0 0 0
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Table 2: Precision of the UPLC-MS/MS method in QC samples of plasma and urine. Note that measured 
concentration are endogenous levels plus spiked concentrations.

Concentration (ng/ml) Intra-assay CV (%) Inter-assay CV (%)

Urine QC1 QC2 QC3 QC1 QC2 QC3 QC1 QC2 QC3
8-iso-PGF2α-III 0.43 1.02 4.18 17 14 6 3 5 3

5-iPF2α-VI 1.34 1.97 4.73 14 12 9 1 3 2

PGF2α 0.51 1.16 4.78 12 10 9 12 5 3

2,3-dinor-8-iso-
PGF2α

3.92 4.52 6.57 6 10 11 9 7 9

Plasma QC1 QC2 QC3 QC1 QC2 QC3 QC1 QC2 QC3
8-iso-PGF2α-III 1.78 2.52 6.35 11 10 5 14 8 3

5-iPF2α-VI 7.48 8.23 11.81 6 6 5 20 20 19

PGF2α 1.46 2.38 6.37 7 7 6 11 8 6

The precision of this F2-isoprostane UPLC-MS/MS method and extraction protocol 
in human plasma and urine was evaluated by determining the intra- and inter-assay 
coefficients of variability (CV’s) (Table. 2). In plasma the intra- and inter-assay 
variation for all compounds measured was 20% or less. In urine the inter-assay 
variability was less than 13% for all compounds and the intra-assay variability 
was less than 18%. These results show that this method and extraction protocol 
is highly precise with CV% values well within the acceptable range (≤ 20%). The 
accuracy of the method in plasma and urine for all compounds is shown in Table 3 
and was calculated as the percentage of measured F2-isoprostanes to the nominal 
spiked concentrations. The concentrations measured were accurate within 16% for 
all compounds except for PGF2α, which showed a 28% deviation in plasma. The 
sensitivity of the method was evaluated by calculating the LOQ and LOD in 100 μl 
plasma and urine with a signal to noise ratio of 10 and 3 respectively. The LOD and 
LOQ’s of the different isomers were less than 8 and 25 pg/ml respectively in urine. 
In plasma, the LOQ was lower than 35 pg/ml and the LOD was less than 11 pg/ml 
for all analytes measured (Table 3). These data indicate that this rapid extraction 
protocol and UPLC-MS/MS method to measure F2-isoprostanes and PGF2α in 
human plasma and urine is highly linear, accurate, precise and sensitive requiring 
only a small sample volume of 100 μl. 



129

F2-isoprostanes in human plasma and urine

F2-Isoprostanes and PGF2α in patients after acute myocardial in-
farction
This UPLC-MS/MS method was utilized to assess F2-isoprostane and PGF2α lev-
els in plasma of patients that received primary percutaneous coronary intervention 
(PCI) after acute myocardial infarction (AMI). Plasma samples were extracted and 
analysed for levels of 8-iso-PGF2α-III, 5-iPF2α-VI and PGF2α. F2-isoprostane 
and PGF2α levels of 20 AMI patients were compared to that of 20 coronary heart 
disease patients without AMI. There was a significant increase in 8-iso-PGF2α-III 
plasma levels and an increasing trend of 5-iPF2α-VI levels in AMI patients, indi-
cating elevated lipid. Interestingly, a significant increase in plasma levels of PGF2α 
in AMI patients was also observed, suggesting that there is a systemic inflamma-
tory response after acute myocardial infarction. These results indicate the clinical 
applicability of this UPLC-MS/MS method and show an inflammatory response 
and increase lipid peroxidation in patients that suffered from acute myocardial in-
farction.

Table 3: Accuracy and sensitivity of the UPLC-MS/MS method in urine and plasma

Urine 
sample
(ng/ml)

Spiked 
amount
(ng/ml)

Urine + 
Spiked
(ng/ml)

Accuracy
(%)

LOQ
(pg/ml)

LOD
(pg/ml)

8-iso-PGF2α-III 0.09 1 1.02 92 1.4 0.4

5-iPF2α-VI 0.99 1 1.98 97 3 1.1

PGF2α 0.24 1 1.16 92 1 0.3

2,3-dinor-8-iso-PGF2α 3.36 1 4.53 116 25 7

Plasma 
sample
(ng/ml)

Spiked 
amount
(ng/ml)

Plasma 
+ Spiked
(ng/ml)

Accuracy
(%)

LOQ
(pg/ml)

LOD
(pg/ml)

8-iso-PGF2α-III 1.31 1 2.40 109 3 1.2

5-iPF2α-VI 7.17 1 8.23 106 35 10.2

PGF2α 1.16 1 2.38 128 2 0.6

Discussion
In the present study we developed a rapid UPLC-MS/MS method to measure and 
quantify F2-isoprostanes as markers of systemic lipid peroxidation in human plas-
ma and urine. This method furthermore enables the quantification of plasma and 
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urine levels of PGF2α, a known mediator of inflammatory response [19]. By using 
UPLC this method shows to be 20-fold more sensitive than previous reported LC-
MS methods with a cLOQ of 60 fg [16]. The method was validated and proved 
to be linear, accurate and very sensitive, obtaining low LOD and LOQ values in 
100 µl sample. Intra- and inter-assay variability was low and fell well within the 
acceptable range of 20%. Use of the Step-Wavetm technology for the latest gener-
ations of Xevo Triple-Quadrupole mass spectrometers may even increase this sen-
sitivity with another 10-30 fold [20]. The extraction protocol we present requires 
a small sample volume of 100 μl, rendering it a non-invasive method to assess in 
vivo lipid peroxidation even when available sample sizes are restricted, such as in 
rodent studies. The extraction protocol for urine requires only a single liquid/liquid

Figure 3: Elevated plasma levels of lipid peroxidation and PGF2α in patients that suffered from acute myocar-
dial infarction (AMI). (A) 8-iso-PGF2α-III was measured in 100 μl plasma of 20 controls and 20 AMI patients. 
Data is presented as dotplots and each dot represent the 8-iso-PGF2α-III levels of an individual subject. The 
horizontal line represents the mean and the error bars represent the standard deviation S.D. (B) Plasma 5-iP-
F2α-VI levels of controls and AMI patients. Data was analyzed as in A. (C) Levels of PGF2α measured in 
plasma of controls and AMI patients. Data was analyzed as in A. (* p < 0.05, ** p< 0.01, student t-test).
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extraction step, described here for the first time, and the whole sample preparation 
can be completed in less than one hour for at least 30 samples.  This is noteworthy 
since previous presented LC-and GC-MS methods require large sample volumes 
or elaborate sample preparation [14, 16]. For instance, sample preparation for GC-
MS analysis required 24h to prepare 20 samples by experienced personnel involv-
ing laborious steps, thereby preventing its use for high-throughput studies. 
Finally we utilized this method to measure plasma levels of lipid peroxidation and 
PGF2α, an inflammatory response mediator, in patients that suffered from AMI 
and compared it to levels of the control group. Control subjects were patients with 
coronary heart disease without AMI. A significant increase in plasma 8-iso-PG-
F2α-III levels was observed in AMI patients, which is in line with previous reports 
of oxidative stress after ischemia reperfusion injury [21, 22]. However, the present 
data set is unique in that it indicates that observed differences are AMI-specific, as 
the control group excludes that the effects were caused by coronary heart disease. 
By using radioimmunoassays, increased 8-isoPGF2α-III after acute myocardial 
infarction was previously reported [23, 24]. However, these assays are known to 
lack sensitivity and specificity as the isoprostanes are detected indirectly by anti-
body-based approach [13], whereas the present method is direct, well validated and 
moreover used deuterated internal standards enabling absolute quantification. Re-
markably, levels of 5-iPF2α-VI were increased but did not reach significance. This 
might indicate that there is a preference for 8-iso-PGF2α-III formation during lipid 
peroxidation or the more efficient clearance of 5-iPF2α-VI from the blood stream. 
Longitudinal studies would need to be performed to investigate this further. These 
increased levels of lipid peroxidation might validate the administration of antiox-
idants in patients with high risk of heart failure or directly after an event of acute 
myocardial infarction. Yan et al. showed a reduction in lipid peroxidation after 
ischemia reperfusion in Wistar rats pre-treated with N-acetylcysteine [25]. Further-
more, this method includes simultaneous measurement of the inflammatory media-
tor PGF2α, which also showed a significant increase in AMI patients, demonstrat-
ing the presence of an inflammatory response. These results are corroborated by 
similar findings through use of radioimmunoassay [26]. PGF2α is generated from 
the oxidation of arachidonic acid by the enzyme cyclooxygenases 1 and elevated 
levels are associated with acute and chronic inflammation [27]. Administration of 
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PGF2α leads to acute inflammation [19] and conditions including diabetes, obesity 
and smoking are known cardiovascular risk factors, which have previously shown 
to be associated with increased levels of PGF2α [19]. These findings highlight the 
PGF2α pathway as a possible therapeutic target to minimize inflammation after 
acute myocardial infarction.
Taken together, this sensitive UPLC-MS/MS method will provide an accurate and 
non-invasive tool to assess systemic oxidative stress and inflammation in patients 
with coronary heart disease and other risk factors. Moreover, the small sample 
volume required for this protocol offers the possibility for the accurate monitoring 
of lipid peroxidation in plasma and urine of experimental animal models to further 
improve therapeutics to prevent heart failure.
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Mass spectrometry has become an integral component in many laboratories thanks 
to recent advances in separation and ionization techniques, mass-analyzers and 
computer technologies [1]. This opened the door for metabolomics, which excelled 
in the past decade to become an important application in fundamental research as 
well as in industry. In this thesis I developed a targeted metabolomics platform to 
quantify oxidative damage through isoprostane measurement. The technical chal-
lenge for quantifying oxidative damage and redox changes in vivo is widely ac-
knowledged and there is a clear demand for reliable and improved methods [2-4]. 
ROS derived oxidatively modified molecules can be used as markers for oxidative 
damage. Specific lipid peroxidation products of PUFA’s, named isoprostanes, are 
currently considered as the gold standard for determining systemic lipid peroxida-
tion in mammalian plasma and urine [5]. These molecules are chemically stable 
non-enzymatic oxidation end products of PUFA’s. Through the application of state 
of the art liquid chromatography and triple quadropole mass spectrometry equip-
ment we developed an UPLC-MS/MS method for isoprostane quantification as 
markers of oxidative damage and applied it in different biological systems.
The model organism C. elegans serves as a paradigm for studying aging ever since 
the discovery that single gene mutations or environmental manipulations could 
increase its lifespan. A possible mechanism of lifespan extension is the increase 
of the antioxidant capacity, according to the Free Radical Theory of Aging [6]. 
However, this theory was challenged in a number of reports where they failed to 
extend the lifespan of C. elegans after increasing the antioxidant capacity by ei-
ther pharmaceutical supplementation or over expression of antioxidant enzymes 
[7-10]. Furthermore, the deletion of SOD-2, the major mitochondrial superoxide 
dismutase increased lifespan in C. elegans, creating an apparent paradox [9]. How-
ever, reliable data on endogenous oxidative damage in these worms ware lacking 
from these reports due to the absence of good methodology. To shed light on this 
we embarked on applying the UPLC-MS/MS method for isoprostane measurement 
on C. elegans. Interestingly, very low levels of F2-isoprostanes were detected in 
C. elegans, which led to the search for other isoprostane classes. We identified 
an adequate signal in a MRM transition that corresponds with that of F3-isopros-
tanes. The identity of F3-isoprostanes was confirmed after co-injection with syn-
thetic deuterated internal standards and mass spectral analysis. F3-isoprostanes are 
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formed from eicosapentaenoic acid (EPA), an omega 3, C20:5 fatty acid. This cor-
responds with literature stating that EPA is the predominant PUFA in C. elegans 
[11]. We validated F3-isoprostanes as markers of lipid peroxidation in C. elegans 
with pro- and anti-oxidant treatment and mutant strains transgenic and knockout 
for ROS scavenging genes. Strikingly, we found that the absence of SOD-1, the 
major cytoplasmic superoxide dismutase had no effect on steady state levels of 
oxidative damage compared to wild type nematodes, even during aging. This is 
remarkable since SOD-1 accounts for 80% of total SOD activity [12]. Howev-
er, when challenged with the pro-oxidant paraquat, these sod-1 knockout mutants 
showed a dramatic increase in lipid peroxidation and mortality. These data suggest 
that SOD-1 is important for protection against environmental stress, while its func-
tion might be redundant under normal laboratory conditions. This is in contrast 
with previous assumptions that SOD-1 knockout would result in high steady state 
oxidative damage in C. elegans. Furthermore this underscores the importance of 
quantifying endogenous oxidative damage. Mutations in the C. elegans insulin/
IGF-1 receptor, daf-2 results in a two- to three-fold increase in lifespan [13]. This 
lifespan extension was shown to be mediated by the FOXO-family transcription 
factor daf-16 [14], which is important for regulation of sod-2 and other stress re-
sistance gene transcription [15]. Correspondingly, daf-2 mutants have increased 
oxidative stress resistance, which led to the assumption that they have decreased 
levels of oxidative damage. Strikingly, the levels of F3-isoprostanes in day one 
adults of daf-2 mutants were found to be increased by two-fold as compared to 
wild type and this increase was partially daf-16 dependent. This was unexpected 
and is inconsistent with the Free Radical Theory of Aging. Yang and colleagues 
recently published similar findings where they showed an increase in mitochon-
drial superoxide levels in daf-2 and proposed that superoxide acts as a signaling 
molecule to trigger an adaptive response [16]. However, when we looked at the 
F3-isoprostane levels over a longer period of time we found that although the lev-
els were higher early in life, it rapidly decreased to below that of wild type after 6 
days where after it remained consistently lower. This suggests that there is an ini-
tial oxidative burst in the daf-2 mutant, possibly triggered by a metabolic switch as 
a result of impaired glycolysis due to the ins/IGF-1 mutation. The mutation in the 
daf-2 (e1370) strain is temperature sensitive and when cultured at an elevated tem-
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perature of 25 ºC a stronger phenotype is observed. However, this can lead to dauer 
formation when activated before L3 larval stage. Therefore, the temperature switch 
was executed at the L4 larval stage, at which point the possible metabolic response 
from glycolysis to fatty acid oxidation occurs, increasing mitochondrial function 
and thereby increasing ROS production. This increase in ROS production is likely 
to activate a stress response, mediated by daf-16 resulting in a higher antioxidant 
and repair capacity, which might explain the rapid decrease in F3-isoprostanes lev-
els later in life. These data are in line with data published by Knoefler et al. where 
they showed that daf-2 mutants have increased hydrogen peroxide levels in larval 
stages and lower levels later in life [17]. In this case the nematodes were kept at 15 
ºC at all time, which might be the reason for the slight difference in timing of the 
increased ROS levels. Furthermore, the HyPer probe that they used only monitored 
hydrogen peroxide levels, whereas we quantified oxidative damage that can origi-
nate from various sources.  These data presented by us and others reveal a dynamic 
redox state during the lifespan of C. elegans. Remarkably, these data are in line 
with the Free Radical Theory of Aging, considering that longer-lived nematodes 
have less oxidative damage or ROS production, even though it is in later stages of 
life. Moreover, these data are also in line with mito-hormesis, which is an adaptive 
response that takes place after a transient increase in mitochondrial ROS forma-
tion, inducing an endogenous defense mechanism resulting in an increased stress 
resistance and longevity. Although no theory of aging has been proven to date, our 
findings indicate that the Free Radical Theory of Aging and mito-hormesis are not 
necessarily mutually exclusive. 
Taken together, we demonstrated the use of a targeted metabolomics platform to 
investigate the role of oxidative damage in aging. By identifying F3-isoprostanes 
in C. elegans and optimizing the extraction protocol and UPLC-MS/MS method 
we could accurately quantify in vivo lipid peroxidation, allowing us to monitor 
oxidative damage during their lifespan. 
In addition to oxidative damage, redox biology also includes host defense and re-
dox signaling. The latter is proven to play an essential part in many physiological 
processes including lifespan extension. Recent development of novel molecular 
probes for in vivo ROS detection unlocks the possibility to study its role in sig-
naling as discussed in chapter 1. Additionally, we propose in this chapter to use a 
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multiple methods approach for a more complete understanding of the redox state 
since it has multiple dimensions. Increased oxidative damage might reflect either 
increased ROS production or decreased antioxidant defiance. It is therefore crucial 
to include ROS measurements or antioxidant capacity measurements to comment 
on the source of oxidative damage. Knoefler and colleagues used OxICAT to mea-
sure oxidatively modified proteins in combination with HyPer, measuring hydro-
gen peroxide levels in C. elegans. They could clearly demonstrate that the levels of 
protein oxidation correlate with levels of hydrogen peroxide, indicating an increase 
in ROS production. These probes can also be designed to target specific cell types 
to study tissue specific ROS production. Overall studying the involvement of redox 
biology in C. elegans and other model organism to understand its role in different 
physiological processes has never been more dynamic.  
Next, we applied this UPLC-MS/MS method to quantify F2-isoprostanes in cel-
lular systems. Cellular systems are extensively used to study various biological 
processes under a controlled environment and it allows for relative easy gene ma-
nipulation. Although various methods for measuring oxidative damage exist, their 
lack of robustness, sensitivity and linearity are widely accepted. We therefore de-
veloped a protocol for measuring F2-isoprostanes as markers of oxidative damage 
and validated it in vitro and in human carcinoma HepG2 cells. A major obstacle 
in measuring oxidatively modified molecules as markers for oxidative damage is 
their susceptibility to metabolic and chemical degradation. For example, oxida-
tively modified proteins contain carbonyl groups, which are often used as markers 
for oxidative damage. However, carbonylated proteins are known to be subject to 
proteasome dependent degradation, which will ultimately give variation in results 
depending on the proteasome activity. To investigate this for F2-isoprostanes we 
firstly incubated deuterated F2-isoprostane standards, spiked into cellular lysates, 
at 37ºC for 56 hours and measured its levels at different time points. We found 
no significant changes in the levels over time, indicating that these molecules are 
chemically stable under physiological conditions. Furthermore, we determined the 
metabolic fate of the isoprostanes by inducing an oxidative response resulting in 
an increase in F2-isoprostane levels and subsequently monitored their levels in cell 
lysates and the culture media. We found the isomer 5-iPF2α-VI to be stably excret-
ed into the culture media without being further metabolized and consequently used 
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this isomer for future measurements in cellular systems. We further characterized 
the method in terms of linearity and sensitivity and found it to be linear over a high 
dynamic range and highly sensitive, enabling quantification of F2-isoprostanes in 
as little as 10 000 cells with high confidence. Moreover, by using an inducible 
FOXO3a expressing cell line we could monitor the endogenous redox response of 
transcription factor mediated redox control, demonstrating the sensitivity and one 
of many applications of this F2-isoprostane protocol in cellular systems.
Lastly, this thesis deals with F2-isoprostane measurement in human plasma and 
urine. Oxidative stress is an important risk factor for many pathological conditions 
including cancer, diabetes, Alzheimer’s disease, Parkinson’s disease, atherosclero-
sis and coronary heart disease. Accurate assessment of oxidative damage levels is 
therefore essential especially since it can be reversed through prompt lifestyle or 
pharmaceutical interventions. Isoprostanes are currently viewed as the gold stan-
dard for systemic oxidative damage assessment in human plasma and urine and 
various methods are available including ELISA, LC-MS and GC-MS. Although 
ELISA enables high throughput analysis, it lacks specificity as a result of antibod-
ies that non-specifically recognize COX derived prostaglandins. Mass spectrom-
etry based methods are superior regarding specificity and sensitivity and GC-MS 
has been used for more than 20 years to quantify isoprostanes. It has proven to be 
robust and highly sensitive except it requires laborious and time-consuming sample 
preparation that involves metabolite extraction and derivatization. Although LC-
MS based methods require only an extraction protocol without derivatization being 
therefore less time consuming, they compromise in sensitivity and often requires 
large sample volumes. By using our UPLC-MS/MS method we could achieve GC-
MS like sensitivity with minimal sample preparation. In fact, sample preparation 
for 30 urine samples were completed within an hour using a sample volume of 
only 100 μl. This is in contrast with the 24 hours needed to prepare 20 samples for 
GC-MS analysis and the 1 ml sample volume used in a recent reported LC-MS 
method [18, 19]. Furthermore, this method includes two isoprostane isomers, a 
β-oxidation metabolite and a prostaglandin. A complete validation based on FDA 
guidelines was performed on this UPLC-MS/MS method, which proved to be lin-
ear, accurate, precise and extremely sensitive, using as little as 100 μl sample. This 
enables F2-isoprostanes measurements in low volume model organisms including 
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mice and other small rodents. We proceeded to apply this UPLC-MS/MS meth-
od to assess lipid peroxidation in coronary heart patients that suffered from acute 
myocardial infarction and compared the levels to coronary heart patients without 
acute myocardial infarction. This unique data set ensures that any effects observed 
in AMI patients are not merely reflecting the underlying atherosclerotic disease 
but rather result from the acute event. A significant increase in lipid peroxidation 
was observed in AMI patients indicating cardiac injury due to the infarction. Ad-
ditionally there was a significant increase in PGF2α, indicating the presence of an 
inflammatory response. Similar findings were reported through using radioimmu-
noassay, which highlights the PGF2α pathway as a possible therapeutic target for 
limiting inflammatory damage after acute myocardial infarction. 
Overall, the findings in this thesis demonstrate the use of targeted metabolomics 
as a powerful quantitative tool with a wide application. State of the art UPLC-MS/
MS technologies allowed for the development of an extremely sensitive method 
for quantification of multiple isoprostane classes. This method requires minimal 
sample preparation without compromising on sensitivity. It was applied on the 
model organism C. elegans, in cellular systems and in patients with coronary heart 
disease. With the availability of mass spectrometry in an increasing number of lab-
oratories, this should become a standard protocol for measuring oxidative damage 
in the future.
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During normal cellular metabolism reactive oxygen species (ROS) are inevitably 
formed as by-products of aerobic respiration. ROS are extremely reactive mole-
cules and can react with and damage surrounding DNA, protein and lipid molecules 
and subsequently alter their normal function in the cell. This oxidative damage is 
counter balanced by antioxidant and repair mechanisms, which are present in every 
aerobic cell. When the levels of oxidative damage increase or the antioxidant and 
repair capacity is insufficient to protect against this damage, a state of oxidative 
stress occurs. Oxidative stress is associated with various pathological conditions 
including cancer, diabetes, atherosclerosis, coronary heart disease and aging. Oxi-
dative stress can be reversed through lifestyle and therapeutic intervention and it is 
therefore an important parameter to monitor to ensure good health. 
ROS are extremely short-lived molecules and directly measuring in vivo levels in 
biological samples are technically almost impossible and therefore require indi-
rect measurements. These indirect approaches include the use of molecular ROS 
probes and measuring products of oxidative damage. ROS probes are molecules 
designed to be taken up by cells and to emit a signal upon oxidation by ROS. This 
approach is very useful in in vitro settings to give information about ROS levels. 
However, for in vivo studies products of oxidative damage to DNA, protein and 
lipids are more often measured. In order to get insight into the involvement of ROS 
and its damage in complex processes like aging and age related diseases we need 
good methodologies for in vivo ROS and oxidative damage levels in biological 
systems like cell cultures, model organism and humans.

Chapter 1 is an overview of current methods for measuring oxidative damage and 
reactive oxygen species in model organisms of aging. Reactive oxygen species 
have been associated with aging ever since the formulation of the Free Radical 
Theory of Aging, which explains aging as the accumulation of oxidatively dam-
aged macro-molecules leading to an alteration in their function and stability and 
ultimately manifesting as the phenotype of aging. 

In chapter 2 we describe for the first time the formation of F3-isoprostanes, a new 
marker of oxidative damage in the important model organism for aging, C. elegans. 
F3-isoprostanes are formed upon oxidative damage to the polyunsaturated fatty ac-
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ids in this worm. We validated this marker by treating worms with various pro- and 
anti-oxidants and monitoring the in vivo levels of F3-isoprostanes. Our findings 
suggest that this is a novel method for accurate measurement of lipid peroxidation 
in C. elegans and we used it to look at oxidative damage during aging in a longi-
tudinal manner. We found that long-lived C. elegans mutants have unexpectedly 
high levels of oxidative damage early in life, which decreased within four days and 
remained low during the rest of their lifespan. This phenomenon is arguably due to 
an adaptive response as a result of these these high initial levels of damage.

In chapter 3 we describe a protocol for measuring F2-isoprostanes in cellular sys-
tems. F2-isoprostanes are similar to the F3-isoprostanes described above, except 
they are formed from the polyunsaturated fatty acids present in mammalian cells. 
Cellular systems are important biological model systems, which are used for study-
ing various physiological processes and reliable methods to measure oxidative 
damage in these systems are important. This protocol proves to be rapid and sensi-
tive for accurate measurement of oxidative damage in cells.

In chapter 4 we fully validated and applied this method for F2-isoprostane mea-
surement to assess levels of oxidative damage in patients with coronary heart dis-
ease that suffered from acute myocardial infarction (AMI). We found that coronary 
heart patients that suffered from AMI had higher levels of oxidative damage than 
coronary heart patients without AMI. This demonstrates the clinical applicability 
of this method and shows that high oxidative damage might contribute to the many 
high risk factors that are associated with AMI.

Lastly, chapter 5 is a summarizing discussion on the significant findings of this 
thesis.
Overall this thesis demonstrates that 1) F2- and F3- isoprostanes are reliable mark-
ers for oxidative damage quantification 2) the use of LC-MS for targeted metabolo-
mics to be a powerful analytical combination particularly when applied on recently 
developed UPLC and ultra sensitive triple-quadropole mass analyzers. 
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Tijdens normaal cellulair metabolisme is het onvermijdelijk dat reactieve zuur-
stofverbindingen (ROS - reactive oxigen species) worden gevormd als bijproduct 
van aerobe respiratie. ROS zijn extreem reactieve moleculen en kunnen reageren 
met omliggend DNA, eiwitten en lipiden en deze zelfs beschadigen, waardoor hun 
normale functie in de cel wordt aangetast.
Anti-oxidatieve en reparatiemechanismen, die in iedere cel aanwezig zijn, bie-
den tegengewicht aan die oxidatieve schade. Wanneer de hoeveelheid oxidatieve 
schade toeneemt of de anti-oxidatieve en reparatie-capaciteit van de cel niet is 
opgewassen tegen de hoeveelheid schade, ontstaat een staat van oxidatieve stress. 
Oxidatieve stress wordt geassocieerd met verschillende pathologische condities, 
waaronder kanker, diabetes, atherosclerose, coronaire hartziekten en veroudering. 
Aanpassingen in leefwijze en therapeutische interventie kunnen oxidatieve stress 
terugdringen en daarom is het een belangrijke controle parameter om een goede 
gezondheid te bewaken.
ROS zijn moleculen met een extreem korte levensduur en het bepalen van ROS 
niveaus in vivo en in biologische samples is technisch vrijwel onmogelijk. Indi-
recte meetmethoden zijn daarom onontbeerlijk. Deze indirecte methoden omvat-
ten het gebruik van moleculaire ‘ROS-probes’ en het meten van de producten van 
oxidatieve schade. ROS-probes zijn moleculen die zijn ontworpen om te worden 
opgenomen door de cel en vervolgens een signaal uit te zenden wanneer ze worden 
geoxideerd door ROS. Deze aanpak is er nuttig om in in vitro omstandigheden in-
formatie te geven over de aanwezige hoeveelheid ROS.
Voor studies in vivo daarentegen worden meestal de producten van oxidatieve 
schade aan DNA, eiwitten en lipiden gemeten.
Om inzicht te krijgen in de rol van ROS en de schade die ze toebrengen in com-
plexe processen als veroudering en ouderdomsgerelateerde ziekten hebben we 
goede methoden nodig voor het bepalen van de hoeveelheid ROS en oxidatieve 
schade in vivo, in biologische systemen als gekweekte cellen, modelorganismen 
en mensen.
Hoofdstuk 1 is een overzicht van de huidige methoden voor het bepalen van ox-
idatieve schade en reactieve zuurstofverbindingen in modelorganismen voor ver-
oudering. Reactieve zuurstofverbindingen worden met veroudering geassocieerd 
sinds de Free Radical Theory of Aging werd geformuleerd, een hypothese die ver-
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oudering verklaart als de opeenstapeling van oxidatief beschadigde macro-molecu-
len, leidend tot een verandering in de functie en stabiliteit van deze moleculen en 
uiteindelijk tot het fenotype van veroudering.
In hoofdstuk 2 beschrijven we voor het eerst het ontstaan van F3-isoprostanen als 
een nieuwe marker voor oxidatieve schade in een belangrijk modelorganisme voor 
veroudering, 
C. elegans. 
F3-isoprostanen worden gevormd door oxidatieve schade aan de meervoudig-on-
verzadigde vetzuren in deze worm. We hebben deze marker gevalideerd door wor-
men te behandelen met verschillende pro- en anti-oxidanten en de hoeveelheden 
F3-isoprostanen in vivo te meten. Onze bevindingen duiden aan dat dit een nieuwe 
methode is om lipide peroxidatie in C. elegans nauwkeurig te meten en we hebben 
deze methode gebruikt om oxidatieve schade tijdens veroudering op longitudinale 
wijze te bestuderen. We ontdekten hierbij dat C. elegans mutanten die lang leven 
een onverwacht grote hoeveelheid oxidatieve schade ondergaan aan het begin van 
hun leven. Deze schade nam binnen vier dagen af en bleef vervolgens gedurende 
de rest van hun levensduur laag. Mogelijk ontstaat dit fenomeen door een adapti-
eve respons als gevolg van de aanvankelijk grote hoeveelheid ondergane schade.
In hoofdstuk 3 beschrijven we een protocol voor het meten van F2-isoprostanen in 
cellulaire systemen. F2-isoprostanen zijn vergelijkbaar met de eerder beschreven 
F3-isoprostanen, maar worden gevormd van de meervoudig onverzadigde vetzuren 
die aanwezig zijn in de cellen van zoogdieren. Cellulaire systemen zijn belangrijke 
biologische modelsystemen, die gebruikt worden voor het bestuderen van verschil-
lende fysiologische processen en het is belangrijk om betrouwbare methoden te 
hebben om oxidatieve schade in deze systemen te meten. Het beschreven protocol 
blijkt een snelle en gevoelige methode voor het bepalen van de hoeveelheid oxi-
datieve schade in cellen.
In hoofdstuk 4 valideren we deze methode voor het meten van F2-isoprostanen 
als maat voor oxidatieve schade en passen haar toe in patiënten met coronaire 
hartziekten die lijden aan acuut myocardinfarct (AMI). We ontdekten dat coro-
naire hartziekte-patiënten die lijden aan AMI meer oxidatieve schade vertonen dan 
coronaire hartziekte-patiënten zonder AMI. Hiermee tonen we de klinische toepas-
baarheid van deze methode aan en laten we zien dat een grote hoeveelheid oxidati-
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eve schade mogelijk bijdraagt aan de vele hoog-risico factoren die geassocieerd 
worden met AMI.
Tenslotte is hoofdstuk 5 een samenvattende bespreking van de significante bevin-
dingen in dit proefschrift. Bovenal toont dit proefschrift aan 1) dat F2- en F3-iso-
prostanen betrouwbare markers zijn voor de kwantificatie van oxidatieve schade, 
en 2) dat het gebruik van LC-MS voor targeted metabolomics een krachtige an-
alytische combinatie is, vooral wanneer deze wordt toegepast op de recentelijk 
ontwikkelde UPLC en ultra-gevoelige triple-quadropole mass analyzers.
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