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Abstract Peroxisomes are multifunctional organelles that play an 
important role in the metabolism of lipids and reactive oxygen spe-
cies. As many cellular signaling functions are regulated via lipids, 
lipid second messengers, and oxidative stress-related factors, it is not 
surprising to see that these organelles are increasingly recognized as 
critical regulators of cellular signaling events. To fulfill these signal-
ing functions, peroxisomes physically and functionally interact with 
other cell organelles, including mitochondria. Recent progress in the 
development of tools to visualize and modulate molecular processes 
at the subcellular level has made it possible to gain a better insight 
into the potential mechanisms governing peroxisomal signaling. 
This chapter is intended to provide a comprehensive overview of the 
tools and strategies that are currently available to study peroxisome-
mediated signaling pathways in living cells. To provide the reader 
with relevant background information, we also highlight key studies 
that have contributed to our understanding of how peroxisomes may 
function as important sites of redox-, lipid-, inflammatory-, and vi-
ral-mediated signal transduction.   

1 Introduction 

Peroxisomes are functionally complex organelles that play a central 
role in diverse metabolic processes. These processes can vary widely 
between species, cell types, and physiological and developmental 
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stages (Fransen 2012). For a long time, peroxisomes were thought to 
function solely as metabolic organelles. However, over the last 
years, it has become increasingly clear that peroxisome-derived me-
tabolites can exert cytoprotective effects by activating pro-survival 
pathways or initiate signaling cascades that ultimately induce patho-
physiological responses (Titorenko and Terlecky 2011). In addition, 
peroxisomes are increasingly recognized as signaling platforms in 
the battle between viruses and their hosts (Dixit et al. 2010; Lazarow 
2011). In the following sections, we first review the emerging con-
cepts highlighting the potential role of peroxisomes in diverse sig-
naling pathways, with an emphasis on mammals. Afterwards, we 
provide an overview of tools and approaches that are currently 
available to explore peroxisome-mediated signaling events. 

2 Peroxisomes as Signaling Platforms 

It is currently a common belief that most, if not all, intracellular sig-
naling pathways are controlled by redox regulation and/or lipid sec-
ond messengers. In addition, it is well known that the specific cellu-
lar responses to signaling molecules depend on their identity, 
concentration, and spatial distribution. Given that peroxisomes ac-
tively contribute to the bioavailability of various reactive oxygen 
and nitrogen species (ROS/RNS), bioactive lipids, and inflammatory 
factors (see below), it is not surprising to see that these organelles 
are increasingly recognized as important intracellular signaling plat-
forms (Fig. 1) (Beach et al. 2012). The following sections are in-
tended to summarize key findings in this rapidly moving and excit-
ing research area. Importantly, the exploration of this research field 
has just begun, and as such, there is still a large gap in our under-
standing of how peroxisomes are incorporated into subcellular 
communication networks. 

2.1 Redox Signaling 

For a long time, it was thought that ROS/RNS were only toxic by-
products of aerobic metabolism. However, in the meantime, it has 
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become clear that some ROS/RNS (e.g. hydrogen peroxide (H2O2) 
and nitric oxide (NO•)) can act as intracellular messengers at sub-
toxic concentrations (Fransen et al. 2012). In general, this signaling 
occurs through the oxidative modification of reactive cysteine resi-
dues. In this context, it should be mentioned that many signaling 
components like kinases, phosphatases, and transcription factors 
contain cysteine residues that can be reversibly modified in a redox-
responsive manner (Barford 2004). Examples of such modifications 
include, but are not limited to, disulfide formation, S-nitrosylation, 
and S-glutathionylation. As these modifications often influence pro-
tein activity, a chronic or acute disturbance in redox homeostasis can 
be expected to deregulate vital cellular signaling pathways. This 
may influence cell fate by, for example, promoting cell growth or 
death. 
 
Almost 60 years after their discovery, there is a wealth of evidence 
supporting the idea that peroxisomes can function as important re-
dox signaling nodes (Fig. 1) (Del Rio 2011). In the following para-
graphs, we will elaborate on what is known about this topic in 
mammals. For a detailed overview of the small reactive molecules 
that can be produced and degraded within the peroxisomal matrix, 
the enzymes that are involved in these processes, and the potential 
mechanisms by which ROS/RNS are translocated across the perox-
isomal membrane, we refer the reader to other recent reviews (Anto-
nenkov et al. 2010; Fransen et al. 2012). 
 
As can be inferred from their name, peroxisomes play a central role 
in the cellular metabolism of H2O2. This is perhaps best illustrated 
by the observation that about 35% of all H2O2 formed in rat liver is 
derived from peroxisomal oxidases (Boveris et al. 1972). Strong 
support that peroxisomal H2O2 fluxes can effectively influence cel-
lular signaling events comes from multiple in cellulo and in vivo 
studies. For example, overexpression of acyl-CoA oxidase 1 
(ACOX1), a H2O2-producing peroxisomal enzyme, can activate the 
redox-sensitive transcription factor nuclear factor κB (NF-κB) in a 
substrate concentration-dependent manner (Li et al. 2000); inhibiting 
the activity of catalase, a H2O2-decomposing peroxisomal enzyme, 
can increase the cellular protein disulfide content by 20% (Yang et 
al. 2007); overexpression of catalase can sensitize cells to paraquat- 
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and TNFα-induced cell death by dampening H2O2-mediated signal-
ing pathways (Chen et al. 2004); and endogenous catalase plays an 
important role in protecting the kidney from diabetic stress through 
maintaining peroxisomal and mitochondrial fitness (Hwang et al. 
2012). 
 
Mammalian peroxisomes are also involved in the production and 
degradation of other ROS/RNS species, such as superoxide (O2

•-), 
NO•, and peroxynitrite (ONOO-) (Fransen et al. 2012). Unfortu-
nately, with few exceptions, virtually nothing is known regarding the 
specific effects and physiological functions of these peroxisomal 
ROS/RNS species. However, it should be pointed out that there are 
some indications that the peroxisomal pool of NOS2, the inducible 
nitric oxide synthase, may function as a local enzyme activity-
modulating factor (Stolz et al. 2002). This hypothesis is in agree-
ment with the findings that the appearance of NOS2 inside perox-
isomes has been associated with a decrease in catalase activity (Stolz 
et al. 2002), and various peroxisomal proteins, including catalase, 
can be S-nitrosylated (Doulias et al. 2013).  
 
Other strong but indirect evidence that peroxisomes can indeed func-
tion as redox signaling platforms comes from studies in mice. For 
example, it has been shown that (i) preservation of peroxisome func-
tion is essential to reduce renal ROS levels and alleviate kidney in-
jury after ischemia/reperfusion or cisplatin treatment (Hasegawa et 
al. 2010), (ii) peroxisomal ROS metabolism plays a key role in the 
regulation of the hypothalamic melanocortin tone and food intake in 
diet-induced obesity (Diano et al. 2011), and (iii) the accumulation 
of functionally compromised peroxisomes alters the cellular redox 
equilibrium and attenuates organ injury induced by lipopolysaccha-
rides (Vasko et al 2013). Again, the molecular mechanisms of how 
peroxisomes exactly contribute to these physiological and pathologi-
cal redox signaling processes are poorly understood. However, here 
it is essential to mention that peroxisomes share an intricate redox-
sensitive relationship with mitochondria (Ivashchenko et al. 2011; 
Walton and Pizzitelli 2012). This in turn suggests that mitochondria 
may act as dynamic receivers, integrators, and transmitters of perox-
isome-derived mediators of oxidative stress. For more information 
regarding how peroxisomes and mitochondria can communicate 
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with each other, we refer the reader to another recent review (Fran-
sen et al. 2013). 

2.2 Lipid and Inflammatory Signaling 

Many cellular signaling functions are regulated via lipids and lipid 
second messengers. Remarkably, despite the fact that peroxisomes 
are actively involved in the metabolism of many of these com-
pounds, very little is known about how these organelles contribute to 
cross-compartmental lipid signaling. However, as (i) peroxisomes 
harbor enzymes that are involved in the biosynthesis of plasmalo-
gens and docosahexaenoic acid (Van Veldhoven 2010), (ii) these 
lipids function as potential reservoirs for bioactive molecules such as 
prostaglandins, thromboxanes, leukotrienes, resolvins, docosatrie-
nes, and neuroprotectins (Braverman and Moser 2012), and (iii) 
some of these molecules (e.g. the eicosanoids) can also be degraded 
through peroxisomal β-oxidation (Van Veldhoven 2010), it comes as 
no surprise that these organelles are garnering increasing attention as 
signaling platforms in inflammation and immunoregulation (Fig. 1). 
This is evidenced by the following observations: peroxisomes pro-
vide oligodendrocytes with an essential protective function against 
axon degeneration and neuroinflammation (Kassmann et al. 2007); 
abnormal accumulation of very-long-chain fatty acids, a condition 
associated with peroxisome dysfunction, can lead to an increase in 
inflammatory cytokine expression (Singh et al. 2009); the inter-
leukin-1 signaling pathway is significantly activated in skin fibro-
blasts from patients lacking functional ACOX1 (El Hajj et al. 2012); 
and inactivation of neuronal multifunctional protein 2, a central en-
zyme of peroxisomal β-oxidation, causes neuroinflammation (Ver-
heijden et al. 2013). 
 
Over the years, it has become increasingly clear that lipid signaling, 
inflammation and oxidative stress are inextricably linked processes. 
In addition, it is well known that virtually all stress stimuli trigger 
changes in lipid composition. For example, exposure of cells to oxi-
dative stress can induce sphingolipid metabolism and lipid peroxida-
tion (Bikman and Summers, 2011). This in turn may lead to the ac-
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cumulation of ceramides, ceramide metabolites, and highly reactive 
electrophilic aldehydes. Importantly, as (i) many of these com-
pounds can act as important messengers in signaling events that lead 
to cell proliferation, differentiation, and senescence (Chen and Niki 
2006; Bikman and Summers 2011), and (ii) brains and fibroblasts of 
patients and mice with peroxisomal disorders display a significant 
increase in the level of C26:1/0-ceramide (Pettus et al. 2004) and 
lipid peroxidation products (Fourcade et al. 2008; Baarine et al. 
2012), it is very likely that changes in peroxisomal metabolism can 
directly or indirectly modulate cytoprotective and cytotoxic signal 
transduction pathways (Titorenko and Terlecky 2011). This idea is 
further corroborated by the observation that cells lacking GNPAT, a 
peroxisomal enzyme catalyzing the first step in ether phospholipid 
biosynthesis, are more vulnerable to oxidative stress (Brodde et al. 
2012). Note that plasmalogens, among other functions, have been 
found to possess antioxidant capacities (Braverman and Moser 
2012). 

2.3 Innate Immune Signaling 

Innate immunity provides the first line of defense against pathogen 
invasion. The initiation of innate immune responses relies on the 
recognition of pathogen components by pattern recognition receptors 
(PRRs). Activated PRRs deliver signals to specific adaptor proteins 
that, in turn, orchestrate complex host defense mechanisms. These 
include the activation of transcription factors (e.g. NF-κB, activator 
protein 1, and interferon regulatory factors (IRFs)) and the subse-
quent production of type 1 interferons (IFNs), inflammatory cyto-
kines, and chemokines (Chen and Jiang 2013). Interestingly, a few 
years ago, it was reported that a small portion of mitochondrial anti-
viral signaling protein (MAVS), a RIG-I-like receptor (RLR) adap-
tor protein, is located on peroxisomes (Fig. 1) (Dixit et al. 2010). 
RLRs are a family of cytosolic PRRs that function as innate immune 
receptors for specific RNA virus ligands. Kagan and coworkers also 
found that (i) RNA viruses can activate MAVS-dependent signaling 
from peroxisomes, (ii) this signaling process is temporally and quali-
tatively different from that of mitochondrial MAVS, and (iii) MAVS 
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responses from both peroxisomes and mitochondria are needed for 
maximal antiviral activity (Dixit et al. 2010). Recently, these find-
ings have been extended by the observation that also LSm14A, a 
processing body-associated sensor of viral RNA and DNA, is trans-
located to peroxisomes upon viral infection (Li et al. 2012). Impor-
tantly, this process is also MAVS-dependent and mediates IRF3 ac-
tivation and IFN-β production (Li et al. 2012).  
 
Over the last years, evidence has accumulated suggesting that some 
viruses exploit peroxisomes for their replication. Unfortunately, the 
precise role of these organelles in viral replication is yet to be de-
termined. For a state-of-the-art overview of research in this field, we 
refer the reader to another review (Lazarow 2011). Finally, there are 
indications that peroxisomes may also modulate inflammatory im-
mune responses. For example, it has been shown that a peroxisome 
deficiency in Drosophila larvae causes an increase in the expression 
of genes involved in innate immunity and humoral responses (Mast 
et al. 2011), and that the immune system is activated in nestin-Pex5 
knockout mice (Bottelbergs et al. 2012). Again, the molecular 
mechanisms underlying these phenomena remain to be fully eluci-
dated. However, it has been hypothesized that the upregulation of 
innate immunity genes may be a response to increased levels of un-
used peroxisomal metabolites (Mast et al. 2011). 

3 Tools to Study Peroxisome-Mediated Signaling Pathways 

Signaling pathways can be considered as cascades of biochemical 
reaction-diffusion processes that govern cellular functions in a spati-
otemporal manner. Many of these processes are triggered by tran-
sient changes in the internal or external milieu (e.g. nutrient status, 
Ca2+ levels, pH, redox state, etc.) and ultimately lead to transcrip-
tional reprogramming. As a dysregulation of these signaling path-
ways often contributes to the etiology and progression of disease, it 
is critical to understand these processes at the molecular and 
(sub)cellular level. During recent years, the development of new 
methods to visualize proteins and biochemical reactions in function 
of time and space in living cells has revolutionized signaling re-
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search. In the next sections, we further elaborate on the tools and 
strategies that are currently available to study peroxisome-mediated 
signaling pathways in living cells (Fig. 1). We first briefly outline 
different strategies that can be used to visualize (distinct populations 
of) peroxisomes by direct fluorescence microscopy (see Sect. 3.1). 
Next, we discuss a number of tools that can be used to detect and 
modulate peroxisomal signaling activity in a spatially and tempo-
rally controlled manner (see Sect. 3.2). Note that, as (i) the continu-
ous development of new and improved synthetic and genetically en-
coded probes offers an increasing array of possibilities for imaging 
spatiotemporal processes in living cells, and (ii) it is impossible to 
outline all these possibilities and variations, we limit ourselves to an 
overview of probes that can be used to track peroxisomal redox 
changes and ion fluctuations. 

3.1 Fluorescence Microscopic Methods to Visualize Peroxisomes 
in Living Cells 

About half a century ago, peroxisomes were first visualized in rat 
liver by electron microscopy (Rhodin 1954). This technique, which 
is still widely used today, was for a long time the most prominent – 
if not only – approach to get a visual image of these organelles. 
However, as (i) the use of electron microscopy to image biological 
systems has some intrinsic limitations (e.g. no live samples, high 
cost and time expenses, etc.), and (ii) during the last decade, rapid 
progress has been made in the area of live-cell imaging by fluores-
cence microscopy (e.g. development of sensitive and specific fluo-
rescent probes for functional analysis), the latter technology has of-
ten become the first method of choice to study the subcellular 
localization and dynamics of ions, metabolites, signaling molecules, 
and proteins (Wang et al. 2012). In the next paragraph, we highlight 
how some of these advances have been applied to study peroxisome 
dynamics. Here it is important to note that peroxisomes can rapidly 
adapt their morphology and number in response to changes in the 
cellular environment (Ribeiro et al. 2012). 
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Most strategies that are currently employed to visualize peroxisomes 
in living cells make use of fluorescent proteins (FPs) that are fused 
to peroxisomal signal peptides (e.g. PTS1, PTS2, or mPTS) via re-
combinant DNA techniques. Although these probes are excellent 
tools for monitoring the import capacity, appearance, and trafficking 
of the total population of peroxisomes, they do not allow researchers 
to optically distinguish pools of proteins and organelles that are syn-
thesized at different time points. To deal with this problem, two 
strategies have already been adopted from other research fields. The 
first one utilized a photoactivatable green FP (PAGFP) to investigate 
peroxisome maturation from the ER (Kim et al. 2006). Photoactivat-
able FPs are capable to change their spectral properties in response 
to irradiation with light of specific wavelengths, thereby enabling 
the spatial and temporal visualization of specific structures and 
tracking of their signal in time. A potential disadvantage of many of 
these proteins is that optimal photoactivation requires intense irra-
diation with UV light, a condition known to cause oxidative stress. 
The second strategy exploited the HaloTag technology to study per-
oxisome growth, division, and degradation (Huybrechts et al. 2009; 
Delille et al. 2010). This technology is a chemistry-based method for 
protein labeling in which synthetic chloroalkane ligands covalently 
bind to a dehalogenase-based protein fusion tag. As (i) the chloroal-
kane linker can be attached to different membrane-permeable func-
tional groups (e.g. fluorophores, affinity handles, etc.), (ii) these 
probes spontaneously react with the HaloTag fusion protein, (iii) 
unbound probes can be easily washed away to reduce the signal-to-
noise ratio, and (iv) labeling of newly-synthesized proteins can be 
completely turned off by using the HaloTag blocking ligand, this 
strategy is very well suited to conduct pulse-chase experiments in 
cells expressing a HaloTag-fusion protein (Los et al. 2008). This 
technology is also perfectly suited to visualize distinct pools of pro-
teins, generated from a single genetic HaloTag-encoding construct, 
by sequentially incubating the cells with different fluorescent 
ligands. In the context of this chapter, it is worth mentioning that the 
HaloTag technology has been used to show that a disturbance in 
peroxisomal redox balance may function as a trigger for peroxisome 
degradation (Ivashchenko et al. 2011). As for PAGFP, a potential 
drawback of the HaloTag technology is the relative large size (±33 
kDa) of the protein tag (Los et al. 2008). However, alternative 
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strategies employing fluorogenic probes in combination with small 
protein tags (e.g. the 1 kDa tetracysteine tag) are currently available 
and have already been applied successfully in related research fields 
(Hori and Kikuchi 2013). Another attractive approach that can po-
tentially be adopted to simultaneously track the localization and age 
of individual peroxisomes is the use of fluorescent timers, which 
change their color with time due to a chemical conversion of the 
chromophore (Chudakov et al. 2010). 

3.2 Indicators and Modulators of Peroxisomal Signal 
Transduction 

3.2.1 Redox Signaling 

Peroxisomes are actively involved in cellular ROS metabolism, and 
alterations in the peroxisomal redox state are likely to have impor-
tant consequences on cellular physiology (see Sect. 2). As such, it is 
essential to gain a better understanding of how changes in perox-
isomal redox metabolism impact cell signaling pathways. A re-
quirement to carry out such studies is to have access to tools that are 
suitable to detect and modulate the peroxisomal redox state. In the 
next two sections, we discuss approaches that are currently used for 
these purposes. 

Redox Sensors 

H2DCFDA – The cell-permeable indicator dye 2’,7’-
dichlorodihydrofluorescein diacetate (H2DCFDA) is one of the most 
popular probes to assess oxidative stress in living cells. After pass-
ing through the membrane, this non-fluorescent lipophilic compound 
is de-esterified to a hydrophilic alcohol (H2DCF) that can be oxi-
dized to 2’,7’-dichlorofluorescein (DCF), a highly fluorescent mole-
cule (Eex = 502 nm; Eem = 523 nm) (Karlsson et al. 2010). 
H2DCFDA, which is thought to function as a general oxidative stress 
indicator, is also commonly used in the peroxisome field. For exam-
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ple, this compound has been employed to demonstrate that ROS lev-
els are markedly increased in fibroblasts from X-linked adrenoleu-
kodystrophy patients (Fourcade et al. 2008). Importantly, the use of 
H2DCFDA to evaluate cellular oxidative stress faces several limita-
tions: oxidation of H2DCF to DCF is an irreversible process; DCF 
fluorescence may not always be a result of exposure to ROS, but 
may also reflect the relocation of lysosomal iron and/or mitochon-
drial cytochrome c to the cytosol; DCF itself can also generate ROS 
upon visible light illumination; and the compound can not be tar-
geted to specific subcellular compartments (Karlsson et al 2010). 
 
Dihydroethidine – Another compound that can be used to visualize 
ROS production in living cells is dihydroethidine (DHE). DHE is a 
cell-permeable non-targetable redox sensor that reacts preferentially 
with O2

•- to form 2-hydroxyethidium (Dikalov et al. 2007). This 
molecule rapidly intercalates into double-stranded DNA, and this in 
turn results in a marked increase in nuclear fluorescence (Eex = 510 
nm; Eem = 590 nm). DHE has already been successfully used to 
demonstrate that O2

•- production in peroxisome-deficient cerebellar 
neurons was almost twice that of littermate controls (Müller et al. 
2011). Note that, as (i) DHE is light-sensitive, (ii) in cells and tis-
sues, DHE can be oxidized to ethidium in a O2

•--independent man-
ner, and (iii) ethidium is difficult to distinguish from 2-
hydroxyethidium by conventional fluorescence techniques upon ex-
citation at 510 nm, care should be taken when interpreting results 
(Dikalov et al. 2007). 
 
Redox-sensitive green fluorescent proteins – Approximately a dec-
ade ago, Remington and colleagues developed novel GFP probes 
suitable for monitoring redox changes in individual cells (Hanson et 
al. 2004). These probes, called roGFPs, contain two engineered cys-
teine residues on adjacent surface-exposed β-strands close to the 
chromophore. Disulfide formation between these residues promotes 
protonation of the chromophore, and this in turn increases the pro-
tein’s excitation peak near 400 nm at the expense of the peak near 
480 nm. As oxidation of the thiol pair causes reciprocal changes in 
the emission intensities (around 510 nm) when excited at these two 
different wavelengths, the fluorescence ratios can provide accurate 
insight into the redox environment of the chromophore. Importantly, 
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the use of genetically encoded ratiometric fluorescent probes allevi-
ates several shortcomings of chemical redox sensors. For example, 
the results will not depend on sensor concentration, cellular thick-
ness, and the sensor distribution pattern; these probes show reversi-
ble changes in fluorescence; and they can be targeted to specific 
subcellular locations (Schwartzländer et al. 2008). Importantly, a va-
riety of roGFP biosensors has been developed and characterized 
(Lukyanov and Belousov 2013). These include, among others, 
roGFP2, Grx1-roGFP2 and Orp1-roGFP2. RoGFP2 preferentially 
interacts with glutaredoxins (Grxs) and is therefore particularly 
suited to monitor changes in the glutathione redox couple 
(GSH/GSSG) (Hanson et al. 2004). However, as the availability of 
Grxs is often a rate-limiting factor in roGFP2-equilibration with in-
tracellular thiols, the response of this probe to changes in redox po-
tential is rather slow. To solve this problem, Dick and colleagues 
fused roGFP2 to human Grx1 and demonstrated that the oxidation of 
this fusion protein by GSSG is at least 100,000 times faster as com-
pared to uncoupled roGFP2 (Gutscher et al. 2009). Next, the same 
research group demonstrated that fusing roGFP2 to the yeast peroxi-
dase Orp1 resulted in a H2O2-specific probe with the spectral proper-
ties of roGFP2. In the meantime, we and others have shown that a 
peroxisome-targeted variant of roGFP2 is sufficiently sensitive to 
detect changes in the peroxisomal redox environment in response to 
altered growth conditions or upon challenge with cell-permeant oxi-
dants and reductants, toxicologically relevant metal ions, or green 
light illumination after peroxisomal KillerRed expression 
(Schwartzländer et al. 2008; Ivashchenko et al. 2011).  
 
Redoxfluor – Redoxfluor is a fluorescence resonance energy transfer 
(FRET)-based redox sensor, which consists of three parts: cerulean, 
a variant of enhanced cyan fluorescent protein (CFP); a tandemly 
repeated fragment of a partial region within the carboxy-terminal 
cysteine-rich domain of Yap1, a yeast transcription factor which ac-
tivates expression of antioxidant genes in response to oxidative 
stress; and citrine, a variant of enhanced yellow fluorescent protein 
(YFP) (Yano et al. 2010). Upon oxidation and excitation at 434 nm, 
CFP emission (near 476 nm) is increased at the expense of YFP 
emission (near 527 nm), thereby decreasing the yellow-to-cyan 
emission ratio. Importantly, Redoxfluor does not measure a specific 
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type of ROS. It rather detects quantitative changes of various redox-
related compounds such as H2O2, glutathione, and thioredoxin. Re-
doxfluor has already been successfully used to compare the redox 
state within peroxisomes and the cytosol in yeast and Chinese ham-
ster ovary cells harboring functional or dysfunctional peroxisomes 
(Yano et al. 2010). One interesting observation of this study was that 
the cytosolic redox state of cell mutants lacking functional perox-
isomes was more reductive than that of control cells. 
 
Hyper – Hyper is a genetically encoded fluorescent biosensor that 
has a high sensitivity and specificity for H2O2 (Belousov et al. 
2006). The probe consists of the regulatory domain of the Es-
cherichia coli transcription factor OxyR (OxyR-RD), a positive 
regulator of H2O2-inducible genes, that is inserted into a circularly 
permuted YFP (cpYFP). Upon exposure of OxyR-RD to H2O2, a di-
sulfide bond is formed between two cysteine residues, and this in 
turn induces a conformational change that alters cpYFP sufficiently 
to shift its excitation maximum from 420 to 500 nm. As these H2O2-
dependent changes are fully reversible, changes in the fluorescence 
ratios of Hyper (emission peak: 516 nm) upon excitation at 420 and 
500 nm reflect alterations in local H2O2-levels (Belousov et al. 
2006). However, in this context, it is essential to point out that Hy-
per measurements are strongly influenced by pH, and therefore it is 
advised to simultaneously monitor local changes in pH (see below). 
By employing targeted variants of Hyper, it has been shown that (i) 
in plants, peroxisomal catalase activity and H2O2-levels are inversely 
correlated (Costa et al. 2010), and (ii) in mammals, the toxicity of 
excess long chain nonesterified fatty acids in insulin-producing β-
cells is mediated by H2O2 derived from peroxisomal, but not mito-
chondrial β-oxidation (Elsner et al. 2011). 
 
Bodipy-PTS1 – To detect lipid peroxidation in peroxisomes in living 
cells, Wirtz and coworkers covalently linked a C-terminal perox-
isomal matrix protein targeting signal (PTS1) to C2-Bodipy581/591, a 
membrane-permeable oxidation-sensitive fluorescent lipid peroxida-
tion probe (Dansen and Wirtz 2001). As the red fluorescence of this 
fatty acid analogue (emission peak: 595 nm) shifts to green fluores-
cence (emission peak: 520 nm) upon oxidation, it can be used as a 
ratiometric indicator of free radical processes that have the potential 
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to oxidize lipids in the peroxisomal membrane. For reasons that are 
not clear, this probe has – until now – only been used to show that 
the intraperoxisomal redox state in rat fibroblasts becomes more 
oxidized upon incubation of the cells with phytanic acid or arachi-
donic acid, which are substrates for peroxisomal α- and β-oxidation, 
respectively. 

Redox Modulators 

Activators and inhibitors of H2O2 production – Peroxisomes contain 
copious amounts of enzymes that can produce or degrade H2O2 (An-
tonenkov et al. 2010). Over the years, it has become clear that the 
expression levels and activities of these enzymes can be influenced 
by several factors. Examples include the induction of peroxisomal 
lipid metabolism in rodents fed a diet containing fibrate drugs, in-
dustrial phthalate ester plasticizers, xenobiotics, or high fat (Kozawa 
et al. 2011). Importantly, long-term treatment of rats with these 
compounds results in disproportionate increases in H2O2-generating 
enzymes and catalase, and this in turn has been linked to increased 
oxidative stress and DNA damage (Kasai et al. 1989). These find-
ings have been further substantiated by other studies, which showed 
that overexpression of ACOX1 can activate NF-κB DNA binding 
activity in a substrate concentration-dependent manner (Li et al. 
2000), and the toxicity of long chain non-esterified fatty acids in in-
sulin-producing β-cells is caused by H2O2 derived from peroxisomal 
β-oxidation (Elsner et al. 2011). Note that the results of the first 
study indirectly indicate that it is most likely possible to modulate 
the intraperoxisomal redox state by altering the activities of other 
bona fide H2O2-producing peroxisomal enzymes. One attractive can-
didate is D-amino acid oxidase (DAO). Indeed, a nuclear-targeted 
variant of this enzyme has already been successfully used to study 
H2O2-dependent signaling events in the nucleus (Halvey et al. 2007). 
Note that exposure of the cells to DAO substrates (e.g. D-proline 
and N-acetyl-D-alanine) is most likely to result in less non-
peroxisomal oxidative stress than exposure of the cells to free fatty 
acids (Soardo et al. 2011). Another attractive approach to modulate 
the peroxisomal redox state involves the up- or downregulation of 
peroxisomal antioxidant enzyme activities. Such experiments have 
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already been successfully performed for catalase. For example, it has 
been shown that restoration of peroxisomal catalase import (e.g. by 
protein transduction of catalase-SKL, a catalase analogue with en-
hanced peroxisome targeting efficiency) can restore a normal oxida-
tive state in aging cells (Titorenko and Terlecky 2011). 
 
KillerRed-PTS1 – KillerRed is a red fluorescent photosensitizer that 
efficiently generates ROS upon green light illumination (Bulina et 
al. 2006). As such, targeted variants of this protein can be used as 
powerful tools to study the downstream effects of local ROS produc-
tion in a spatiotemporally controlled manner. We recently employed 
a peroxisomal variant of KillerRed to study the downstream effects 
of peroxisome-derived ROS (Ivashchenko et al. 2011). This study 
revealed that generation of excess ROS inside peroxisomes quickly 
perturbs the mitochondrial redox balance and leads to mitochondrial 
fragmentation.  

3.2.2 Ion Signaling 

As hydrogen (H+) and calcium (Ca2+) ions are potent modulators of 
essentially all biological processes (Swietach et al. 2013), it is of 
great scientific value to gain a better understanding of how changes 
in peroxisomal metabolism influence subcellular homeostasis of 
these molecules. In the following paragraphs, we discuss the biosen-
sors that have already been used to monitor these signaling ions in 
peroxisomes in living cells. 
 
SNAFL-2-PTS1 – SNAFL-2-PTS1 is a cell-permeable fluorescent 
reporter molecule that can be used to monitor the intraperoxisomal 
pH in living cells (Dansen et al. 2000). It consists of a seminaphto-
fluorescein (SNAFL-2) moiety that is covalently linked to a PTS1 
sequence. As the probe can be present in a protonated or deproto-
nated state (pKA ∼7.7), and the acidic (excitation peak: 488 nm; 
emission peak: 546 nm) and basic (excitation peak: 568 nm; emis-
sion peak: 625 nm) forms have different spectral characteristics, the 
ratio of the red and green fluorescence intensities can be used to cal-
culate the pH by comparing these values with a calibration curve. By 
using this biosensor, these authors have demonstrated that perox-
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isomes in human fibroblasts have an internal pH of ±8.2. However, 
peroxisomes in fibroblasts from patients lacking Pex7p, the import 
receptor for peroxisomal matrix proteins containing an N-terminal 
peroxisomal targeting signal (PTS2), have a pH of ±6.5 (Dansen et 
al. 2000). The pathophysiological relevance of this observation re-
mains to be established. 
 
pHluorin-PTS1 – An alternative method to measure the intraperox-
isomal pH in a non-invasive manner is by using pHluorin-PTS1, a 
peroxisomally located pH-sensitive mutant of GFP (Jankowski et al. 
2001). This pH-sensor has a bimodal excitation spectrum (with 
peaks at 395 nm and 475 nm) and an emission maximum at 509 nm. 
As, upon acidification, the protein’s excitation peak near 395 nm in-
creases at the expense of the peak near 475 nm, the corresponding 
emission ratio can – after calibration – provide an accurate estimate 
of the probe’s local pH environment. Interestingly, by employing 
this biosensor, these authors found that mammalian peroxisomes do 
not regulate their own pH, but that their pH resembles that of the cy-
tosol (pH 6.9-7.1). Note that this finding is in conflict with that ob-
tained by SNAFL-2-PTS1 (Dansen et al. 2000). Here it is worth 
mentioning that the pKa of pHluorin is 6.5 (Miesenböck et al. 1998), 
which is most likely too low to enable reliable measurements in case 
of high pH. To bring more clarity to this issue, the use of a perox-
isome-targeted variant of pHRed (pKa ∼7.8), a recently developed 
ratiometric red fluorescent pH sensor, may offer an alternative (Tan-
tama et al. 2011).  
 
D3cpv-PTS1 – D3cpv is a computationally designed genetically en-
coded high-affinity FRET Ca2+ sensor that has been optimized to 
monitor calcium even in the presence of a large excess of native 
calmodulin (Palmer et al. 2006). The probe has one excitation peak 
near 425 nm and two emission maxima near 480 and 540 nm. Upon 
binding to Ca2+, the protein’s fluorescence emission peak near 540 
nm is increased at the expense of the peak near 480 nm. Therefore, 
the 540/480 nm ratio can be used to monitor Ca2+. By appending a 
PTS1 sequence to this probe, Pozzan and colleagues could demon-
strate that (i) the Ca2+ concentration of peroxisomes in living mam-
malian cells at rest is similar to that of the cytosol, and (ii) perox-
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isomes do not act as Ca2+ stores from which Ca2+ can be mobilized 
upon stimulation (Drago et al. 2008). 
 
PeroxAEQ – Aequorin is a Ca2+-sensitive photoprotein that is com-
posed of two distinct units: the apoprotein apoaequorin, which has 
three high-affinity binding sites for Ca2+; and the prosthetic group 
coelenterazine, a blue light-emitting membrane-permeable molecule 
found in many aquatic organisms (Rizzuto et al. 1992). Both com-
ponents reconstitute spontaneously to form a functional protein that, 
upon Ca2+-binding, undergoes a conformational change (Chudakov 
et al. 2010). This change triggers the conversion of the protein into 
an oxygenase, which oxidizes coelenterazine to coelenteramide. The 
subsequent relaxation of coelenteramide to its ground state results in 
the emission of blue light (near 469 nm), which can be detected by a 
luminometer. Palmieri and colleagues generated a PTS1-tagged 
variant of apoaequorin, termed PeroxAEQ, to study the dynamics of 
free Ca2+ in the peroxisomal matrix (Lasorsa et al. 2008). In contrast 
to the findings reported by Pozzan and colleagues (see above), these 
researchers found that (i) the Ca2+ concentration of peroxisomes in 
living mammalian cells at rest is approximately 20 times higher than 
that of the cytosol, and (ii) peroxisomes transiently take up calcium 
upon stimulation with agonists that induce Ca2+ release from intra-
cellular stores. Further work needs to be done to reconcile these ap-
parently conflicting studies. 

4 Conclusions and Perspectives 

Hidden in the shadow of mitochondria, peroxisomes have only re-
cently begun to emerge as potentially important signaling platforms 
in various physiological and pathological processes (Titorenko and 
Terlecky 2011). As illustrated in Section 2, an increasing amount of 
evidence supports the idea that these organelles are at the crossroads 
between lipid metabolism, redox signaling, and inflammation. This 
is further emphasized by the observation that dysfunctional perox-
isomes sensitize cells and organs for oxidative stress, a condition as-
sociated with the initiation and progression of age-related disorders 
such as type 2 diabetes, cancer, and neurodegenerative diseases 
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(Fransen et al. 2013). In this context, deciphering the role of perox-
isomes in various cellular signaling processes is of paramount im-
portance, both for basic and translational research. Over the past 
years, through the development of novel and improved methods and 
technologies, this research field has fundamentally changed. In this 
chapter, we have mainly focused on the use of a wide range of fluo-
rescent probes that are suitable for live cell imaging (see Section 3). 
However, as (i) each probe has its intrinsic limitations (e.g. Hyper 
measurements are strongly influenced by pH), and (ii) different 
probes sometimes yield different results (e.g. see Sect. 3.2: compare 
SNAFL-2-PTS1 with pHluorin-PTS1, and D3cpv-PTS1 with Per-
oxAEQ), results obtained from live cell microscopy should be con-
firmed by independent methods (e.g. biochemical assays, redox pro-
teomics, microarray analysis, etc.) to avoid misinterpretation. 
Finally, it is needless to say that we are still far from understanding 
the mechanistic details of how peroxisomes are embedded in cellular 
signaling networks. For example, the proximal targets of perox-
isomal ROS are largely unknown; the molecular mechanisms under-
lying stress-related communication events between peroxisomes and 
mitochondria remain to be discovered; and it is even not yet clear 
under which conditions peroxisomes act as net sources or sinks of 
ROS. Finding answers to these and many other questions will cer-
tainly advance our understanding of how peroxisomes are integrated 
into developmental programs, and how dysregulation of peroxisome 
homeostasis may lead to pathological conditions. 
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Figure Legend 

Fig. 1. Model depicting the role of peroxisomes as intracellular signaling platforms. Perox-
isomes play a central role in cellular lipid and ROS metabolism, and substantial evidence sup-
ports the view that the functional state of these organelles can influence redox-, lipid-, and in-
flammatory-mediated signaling pathways. Peroxisomes can also activate and propagate antiviral 
innate immune responses via peroxisomal MAVS, an adaptor protein for pattern recognition re-
ceptors such as RIG-I-like receptor (RLR) and LSm14A. Taken together, alterations in perox-
isome activity may – directly or indirectly – modulate mitochondrial function and trigger 
changes in nuclear gene expression (see text for more details). This in turn may regulate cell fate 
by activating cytoprotective or cytotoxic signaling responses. To visualize peroxisomes in living 
cells, one can employ fluorescence microscopy in combination with selective fluorescent label-
ing techniques. These include genetically encoded (photoactivatable (PA)) fluorescent proteins 
(FPs), fluorescent timers, and self-labeling proteins (e.g. HaloTag), all of which can be tagged 
with a peroxisomal targeting signal (PTS). To monitor local changes in peroxisomal redox and 
ion homeostasis, one can use organelle-targeted biosensors that are capable of detecting non-
specific ROS, GSH/GSSG, H2O2, lipid peroxides (LPOs), H+, or Ca2+. To study how perox-
isomal metabolism affects the global cellular redox state, one can also use non-targetable redox 
sensors, such as H2DCFDA, dihydroethidine, and C11-Bodipy581/591. Finally, to modulate the 
peroxisomal redox state, one can alter the expression levels and/or activity of peroxisomal ROS-
modulating enzymes or employ peroxisomal KillerRed (see text for more details). The organelles 
are not drawn to scale. 3-AT, 3-amino-1,2,4-triazole; ACOX1, acyl-CoA oxidase 1; DAO, D-
amino acid oxidase; MT, mitochondrion; NU, nucleus; PO, peroxisome. 
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