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Abstract

:

Oxidative stress, defined as a misbalance between the production of reactive oxygen species and the antioxidant defenses of the cell, appears as a critical factor either in the onset or in the etiology of many pathological conditions. Several methods of detection exist. However, they usually rely on ex vivo evaluation or reports on the status of living tissues only up to a few millimeters in depth, while a whole-body, real-time, non-invasive monitoring technique is required for early diagnosis or as an aid to therapy (to monitor the action of a drug). Methods based on electron paramagnetic resonance (EPR), in association with molecular probes based on aminoxyl radicals (nitroxides) or hydroxylamines especially, have emerged as very promising to meet these standards. The principles involve monitoring the rate of decrease or increase of the EPR signal in vivo after injection of the nitroxide or the hydroxylamine probe, respectively, in a pathological versus a control situation. There have been many successful applications in various rodent models. However, current limitations lie in both the field of the technical development of the spectrometers and the molecular probes. The scope of this review will mainly focus on the latter.
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1. Introduction


One of the greatest forthcoming challenges facing developed countries is affording active and healthy aging conditions in their population. Cancer, brain, and cardiovascular diseases, and musculoskeletal conditions are among the largest contributors to morbidity and mortality worldwide, while their prevalence increases with age. Hence, there is an urge for the introduction of new early diagnosis methods and efficient treatments against these debilitating pathologies. These conditions are associated with a large variety of distinct risk factors. For instance, in a number of neurodegenerative diseases, such as Parkinson’s, Alzheimer’s diseases, and amyotrophic lateral sclerosis (ALS), a specific dysfunctional protein is responsible for neuronal degeneration and the appearance of clinical symptoms. However, it is more and more evident that there are also shared pathological mechanisms that exacerbate disease development, whatever the condition. Indeed, oxidative stress has a major impact on disease susceptibility and contributes to the general weakness of the aged subject. Oxidative stress is defined as a misbalance between the endogenous production of reactive oxygen and nitrogen species (RONS, Figure 1) and the antioxidant defenses at the cellular level, and leads to oxidative damage to proteins, lipids, and DNA. The redox status is reflected in the thiol/disulfide balance since this constitutes the principal cellular redox buffer. In the context of oxidative stress, protection afforded by potential therapeutic agents could arise from their antioxidant properties and their ability to eliminate RONS in the cell.



A non-invasive method of the detection and mapping of oxidative stress in vivo would thus afford valuable information on disease development and would help in the design of tools for early diagnosis and treatment. Ideally, the specific identification of the redox chemistry involved in a pathological condition is desired [1]. However, monitoring global modifications in the redox status in vivo is helpful as a complementary technique to more specific ex vivo methods.



EPR spectroscopy has long been a method of choice for the detection of paramagnetic species, such as free radicals or transition metal ions in vitro, but the boost in in vivo EPR spectroscopy and imaging applications in biology and biomedicine is more recent [2,3]. In order to evaluate oxidative stress in vivo by EPR, an injection of exogenous molecular probes essentially based on either aminoxyl radicals (nitroxides) or hydroxylamines is necessary [4]. Then, differences in the rate of the decrease or increase of the EPR signal in vivo after injection of the nitroxide or the hydroxylamine probe, respectively, in a pathological versus a control situation, reflect differences in the redox status (Figure 2). Apart from the probe injection, the invasiveness of the technique is reduced with exposure to low intensity magnetic fields (0.3 T) and low power microwave radiations (<200 mW). EPR also has a competitive advantage over fluorescence or luminescence techniques routinely used to measure RONS in cells and tissues because (depending on the frequency) microwave penetration is enough for whole body in vivo studies of rodents, including the brain, without a need for trepanation. However, to avoid the non-resonant microwave absorption by water contained in living tissues (i.e., the phenomenon which is used to heat food in microwave ovens), the working frequency must be lowered to 1.2 GHz or below (L-band). This leads to a dramatic decrease in sensitivity compared to in vitro experiments at X-band (9.8 GHz).



EPR spectroscopy in association with molecular probes has been successfully applied to the evaluation of the redox status of tumors [5,6,7,8,9,10] or in rodent models of diverse pathological conditions, such as hypertension, stroke, epilepsy, and sepsis [11,12,13,14,15,16,17]. However, major limitations remain that can be divided into two kinds: technical and chemical. First, time-resolved oxidative stress imaging studies are still impossible with current commercially-available spectrometers due to slow magnetic field sweeping in conventional continuous wave (CW) EPR (15 to 30 min for a bidimensional image, depending on the signal-to-noise ratio, the desired field of view, and the resolution). Indeed, to obtain an EPR image by this method, the accumulation of very large numbers of EPR projections recorded with stepping orientations of the magnetic field gradient to effectively encode spatial information in the EPR spectra is required before signal processing through deconvolution and backprojection. However, recent advances in EPR technology suggest that this technological lock will soon be removed. Pulsed EPR [18], rapid-scan EPR [19], and fast field scanning CW EPR associated with improved image reconstruction procedures [20,21,22] considerably reduce the acquisition time (tridimensional EPR images with a submillimetric resolution are obtained in one or two minutes). Secondly, available molecular probes are extremely limited in number, they have a poor biostability, and their lack of specificity makes the interpretation of observations difficult. In the present article, we will define the ideal molecular probe for the evaluation of oxidative stress by EPR, describe the limitations of current probes, and review the directions for improvement suggested in the literature.




2. The Ideal Molecular Probe for Evaluation of Oxidative Stress by EPR


The list of characteristics of the ideal probe below follows general rules for molecular probe design; solely the fifth item is specific to EPR probes:

	
The probe is transformed specifically by RONS produced by cells and is not sensitive to reductive processes. The variation of intensity of the EPR signal thus reflects the level of oxidative stress;



	
Metabolization and excretion of the probe are slow compared to the typical time-scale of EPR imaging;



	
The probe is highly water-soluble or can be easily formulated for in vivo administration;



	
The probe distributes to the tissue of interest and accumulates to above the level of detection of the EPR spectrometer. Its compartmentalization corresponds to the site of RONS production;



	
The spectral properties of the probe, especially its EPR linewidth, are compatible with the acquisition of EPR images with a resolution of a few millimeters;



	
The probe is not toxic at the dose required for imaging.









3. Problems to Solve


3.1. Probe Reactivity


Even though key RONS, such as superoxide, hydroxyl radicals, or nitric oxide, are paramagnetic species, their direct detection by EPR is usually prevented by their short lifetime and low steady-state concentration or because of magnetic properties. Detection by EPR in association with spin traps has been developed to circumvent these problems (Figure 3). The radical product of the reaction, the so-called spin adduct, is stabilized compared to the initial radical and accumulates, while the characteristic EPR spectrum of the spin adduct affords unambiguous identification of the trapped radical because a covalent bond is formed during the reaction. Spin trapping is thus the ultimate in selectivity in vitro. However, apart from scarce examples outside physiological relevance [23], in vivo applications of cyclic nitrones are currently prevented by a lack of sensitivity of conventional EPR spectrometers. In the case of a superoxide, for instance, concentrations of spin adducts in vivo are very low because the spin trapping rate by cyclic nitrones is slow (k < 102 M−1 s−1) and outcompeted by endogenous elimination systems (like superoxide dismutase and nitric oxide) and the nitroxide spin adducts are highly unstable in the presence of biological reductants [24,25,26,27]. NO imaging using ferrous iron-dithiocarbamate complexes dates back to the early 1990s, but many potential artefacts have been reported since then, related to the spin trap reactivity. We refer the reader to dedicated reviews for further details [28,29].



The main type of molecular probes currently in use in vivo for the monitoring of oxidative stress are nitroxide radicals (Figure 4), especially piperidine or pyrrolidine derivatives. By opposition to nitroxide spin adducts derived from cyclic nitrones, these radicals are almost indefinitely persistent in buffered aqueous solutions, due to the exhaustive substitution of carbons adjacent to the nitrogen by methyl groups and are often referred to as “stable” radicals in the literature. Nevertheless, these radicals can take part in electron-transfer reactions with cellular components and thus report on the redox activity of the cell by shuttling between three oxidation states: the aminoxyl radical (the only EPR detectable species), the hydroxylamine (the reduced form obtained by coupled proton-electron transfer), and the N-oxoammonium cation (the mono-electronic oxidation product) (Figure 4).



The biochemistry of tetramethyl-substituted nitroxides has been reviewed elsewhere [30,31]. In brief, after the in vivo injection of nitroxide, a decrease in the EPR signal is observed, mainly due to the reduction to hydroxylamine [32,33]. In normal tissues, this phenomenon is usually attributed to mitochondrial enzymatic reduction, with a potential role of ascorbic acid and, indirectly, thiols [34,35]. Therefore, in tumors, where hypoxic conditions are found with concomitant enhancement of reducing activity, the rate of decay of the nitroxide is increased, reflecting a more reductive environment [5], while in the case of the overproduction of hydrogen peroxide by monoamine-oxidases (MAO) induced by neuroleptics [36], or in ischemia-reperfusion injury [12,20], which depletes the reducing capacity of the brain, the rate of nitroxide decay is decreased compared to the control. However, under some oxidative stress conditions, such as sepsis [14], the rate of decay of the signal also increases, likely due to initial oxidation of the nitroxide to the oxoammonium cation by a superoxide radical [37] or other RONS [38,39,40], followed by reduction to the hydroxylamine by two-electron reductants, such as NAD(P)H or thiols [37,41]. The acceleration of signal decay then reflects the level of oxidative stress and it is reversed by treatment with antioxidants or inhibitors of RONS-generating enzymes. EPR observations are thus difficult to interpret without a good knowledge of the system under study. To eliminate this ambiguity, it is desirable to prevent the reduction of nitroxide probes by biological reductants (be it small molecules or enzymes) and to make them more selective for oxidation by RONS.



Another approach consists of using cyclic hydroxylamines as molecular probes for oxidative stress [42,43,44,45]. In this case, the EPR signal appears along with nitroxide formation in the tissue following oxidation of the probe by RONS (Figure 5). Far from being specific, oxidation occurs primarily upon reaction with a superoxide anion, peroxyl radicals, or peroxynitrite, whereas reaction with hydrogen peroxide is negligible, except in the presence of transition metal ions [46,47,48]. However, under aerobic conditions, lipophilic hydroxylamines are oxidized by cytochrome c oxidase in membranes, while hydrophilic hydroxylamines are not significantly oxidized by cells [49]. The use of specific inhibitors or scavengers of RONS is required in vitro for clarification of the oxidizing species, but it is more difficult to apply in vivo, so interpretation of the results should be done with caution. Different factors decrease the sensitivity of the technique. Most commonly used hydroxylamine spin probes exist in equilibrium with high proportions of their unreactive protonated forms at a physiological pH (pKa ≈ 7) [45]. Because the product of oxidation of the hydroxylamine spin probe is a nitroxide, it is susceptible to bioreduction, which leads to loss of the EPR signal. Another problem is that for standard tetramethyl-substituted spin probes, the superoxide reacts faster with the nitroxide than with the corresponding hydroxylamine [46], leading to underestimation of the rate of superoxide production at a high level of probe conversion. Because they are susceptible to autoxidation, free hydroxylamines have almost never been used for in vivo EPR and ex vivo analysis is usually preferred [45].



Alternatives to free hydroxylamines, acyl-protected hydroxylamine spin probes, such as ACP (1-acetoxy-3-carbamoyl-2,2,5,5-tetramethylpyrrolidine), are inert to autoxidation and easier to handle in air prior to use. These compounds require intracellular activation by esterases to release the corresponding reactive hydroxylamine in situ (Figure 6). A very important study using ACP in sepsis model mice induced by lipopolysaccharide (LPS) showed that the signal of the corresponding nitroxide in the chest and upper abdomen increased up to 7–8 min after ACP injection and then decreased; however, this was significantly slower in the LPS-treated compared to healthy mice [16]. Suppressed decay of the in vivo signal in LPS-treated mice was cancelled by either the simultaneous administration of polyethylene glycol-conjugated SOD and catalase or the administration of L-NAME, N(ω)-nitro-L-arginine methyl ester, an NOS inhibitor. Therefore, peroxynitrite rather than a superoxide anion was proposed as the main contributor to hydroxylamine oxidation in LPS-treated mice.



The glutathione (GSH) redox status in vivo, characterized by both the GSH concentration and the GSH/glutathione disulfide (GSSG) ratio, is considered as an important biochemical indicator of oxidative stress and a potentially relevant predictive biomarker of tumor response to therapy in the clinic. Typical cytosol GSH concentrations range from 1 to 10 mM and the GSH/GSSG couple represents close to half of the total thiol/disulfide pool in the cell. In normal conditions, reduced GSH highly predominates over the oxidized form (GSH/GSSG ≈ 100 or higher) [50]. A series of lipophilic disulfide-linked dinitroxide spin probes has been proposed to measure GSH and the image thiol redox status in vivo. These probes are paramagnetic versions of Ellman’s reagent. Upon reaction with reduced thiols via the thiol-disulfide exchange reaction, the EPR spectrum undergoes a drastic change from the complex spectrum of a biradical with spin exchange to the typical triplet pattern of mononitroxides (Figure 7). Recent versions of these probes include 15N-labelling of the aminoxyl function and perdeuteration to sufficiently increase the signal-to-noise ratio for in vivo application and imaging [51,52]. Interpretation of in vivo EPR results with these probes is far from straightforward for several reasons. The concentration of the probe must be small compared to that of GSH, so as not to exhaust the reducing equivalents of the cell. Therefore, concentration estimations do not rely on endpoint measurements but on kinetic rate determination, when it has been shown that these rates are highly dependent on local pH and temperature due to the dominant contribution of the thiolate anion GS- in the reaction. Multiparametric measurements are thus required, involving both probes for pH and redox status [10]. Fortunately, protein thiols react much slower than GSH, the major thiol compound in the cytosol, and are supposed to moderately interfere [53]. However, reduction processes are active on both the nitroxide and the biradical. Even though thiols do not reduce nitroxide directly, they increase ascorbate-induced nitroxide reduction [35,54]. Reduction potential of the tissues must be taken into account because it contributes to modification of the EPR spectrum and highly complicates the extraction of kinetic rates [51]. Once again, reduction-resistant nitroxide probes would afford an easier interpretation of in vivo observations.




3.2. Metabolic Biostability and Pharmacokinetics


Following in vivo administration of a nitroxide radical, the decrease of the EPR signal is not only dependent on redox processes that we previously described. It also depends on the pharmacokinetics of the compound [31]. If the probe is the substrate of an efflux pump in the cell, excretion may prevent the evaluation of oxidative stress in the tissue of interest.



Metabolic pathways relevant for nitroxides are scarce, but very efficient. Most studies in this field have focused on cyclic tetramethyl-substituted nitroxides. Depending on the structure, nitroxide elimination in vivo principally occurs through renal excretion and reduction to hydroxylamine in tissues, while reduction in the blood is negligible [55,56,57,58,59,60,61,62,63,64,65]. Other pathways could play a minor role for some structures, such as the transformation of the six-membered ring of TEMPO, (2,2,6,6-tetramethyl-piperidin-1-yl)oxyl, to a five-membered ring by cytochrome P450 in the liver [64,66].



For acyl-protected hydroxylamines, the rate of the deacylation process is dependent on the organ and may be rather slow outside the liver and the kidney. Ex vivo, > 70% of 500 µM ACP was cleaved in liver homogenates; 35% in kidney; 8% in brain; and < 4% in lung, stomach, heart, spleen, and muscle homogenates, or blood after 10 min at 37°C [67]. Despite the large differences in local rates of hydrolysis, the free hydroxylamine was rather uniformly distributed in the body (apart from the brain) 10 min after i.v. injection of ACP, suggesting some redistribution of the hydroxylamine after hydrolysis in the liver and kidneys [67]. Detection of oxidative stress with these probes is, therefore, not limited to intracellular RONS production in the absence of an intracellular accumulation motif.




3.3. Probe Formulation


Various modes of administration of spin probes have been used in vivo (intraperitoneal, intramuscular, i.v. [31]), but i.v. injection is the most common. When the probe is hydrophilic, phosphate-buffered and saline solutions are satisfactory vehicles. However, when hydrophobicity increases, a simple formulation of the probe compatible with i.v. injection is desirable.




3.4. Biodistribution


The rather low sensitivity of L-band EPR requires that sufficient amounts of probe reach and accumulate in the tissue of interest above the limit of detection by EPR. This becomes a critical issue when the brain is the target because a complex structure, the blood-brain barrier (BBB), protects this organ from intrusion by xenobiotics. Molecules present in the bloodstream must cross this barrier either by passive diffusion or by active transport; the actual mechanism being highly dependent on the probe structure and physicochemical properties (lipophilicity, i.e., logP values, molecular weight, and H-bonding capacities) [68,69]. Covalent coupling of the probe to a ligand of specific receptors expressed at the cellular membrane of the organ or tissue may help targeting. In the case of localized tumors, the probe is injected directly inside the tumor to circumvent the distribution problem.



Besides, when the EPR signal appears after reaction of the probe with RONS, it may be a problem if the probe then diffuses away from the site of RONS production. Therefore, substituents that enhance probe retention inside cells could help in better localization of oxidative stress. Introduction of esterase-clivable functionalities on carboxylic acid and phosphoric acid derivatives has been tested for this purpose [70,71,72]. The starting compound is cell-permeant, but a charged group is unmasked at a physiological pH after hydrolysis by intracellular esterases, which can no longer diffuse out to the extracellular space.




3.5. Spectral Properties


Usually, a spatial resolution of a few millimeters of EPR images is enough for oxidative stress mapping. It allows the distinction of different hemispheres or substructures in the brain, for instance. All other parameters being constant, the EPR imaging resolution increases with the intensity of the magnetic field gradient and decreases when the EPR linewidth of the signal (ΔHpp) increases (Figure 8; the reader is referred to the appendix of reference [73] for a concise theoretical background of EPR imaging and of the influence of EPR linewidth on image resolution). The EPR linewidth must therefore be as small as possible. Typical linewidths for tetramethyl-substituted nitroxides are about 0.1 mT, which is compatible with the target image resolution. However, the linewidth is sensitive to the structure [74,75]. The major contribution to line broadening comes from unresolved hydrogen hyperfine couplings. Perdeuterated nitroxide analogues show significantly smaller linewidths than nitroxides with a natural distribution of isotopes. With piperidine nitroxides, the substitution at position four of the ring has a major influence on the linewidth. When the carbon at position four is trigonal planar, as in TEMPONE, (4-oxo-2,2,6,6-tetramethyl-piperidin-1-yl)oxyl, the conformational interchange is fast enough to allow the dynamic averaging of hyperfine couplings of hydrogens on equatorial and axial methyl groups, which results in smaller hyperfine splitting and smaller ΔHpp. Substitution of the same carbon by a hydroxyl group in TEMPOL, i.e., radical (4-hydroxy-2,2,6,6-tetramethyl-piperidin-1-yl)oxyl, slows down the above-mentioned conformational interchange and results in line broadening. The replacement of methyl groups flanking the aminoxyl function with ethyl groups gives rise to additional hyperfine coupling with hydrogen and consequent line broadening with all types of rings. Bulky substituents may further increase the rotational correlation time and increase ΔHpp.



Another important (and tightly linked to linewidth) parameter is the signal-to-noise ratio obtained in vivo. Indeed, the lower the signal-to-noise ratio is, the longer the image acquisition and the lower the temporal resolution of the method. An increase in the signal-to-noise ratio can be obtained by increasing the amount of probe, provided it is not toxic.



At similar injected doses, a higher signal-to-noise ratio will be obtained with a 15N-labeled probe (I = ½, two-line EPR spectrum) than with the 14N-analogue (I = 1, three lines). Exhaustive substitution of hydrogen atoms in close vicinity to the radical center by deuterium also increases the signal-to-noise ratio. However, the relatively high cost of these isotopically substituted molecules limits their use for in vivo studies when large amounts of probes are required. Only the most promising probe candidates are usually prepared in their 15N- and 2H-labeled versions.




3.6. Toxicity


Typical i.v. injection doses up to 2 mmol kg−1 have been used for both EPR spectroscopy and imaging in rodents, even if most studies use less probe. This has to be compared to the acute LD50 of nitroxides, which is above 15 mmol kg−1 for (3-carboxy-2,2,5,5-tetramethylpyrrolidin-1-yl)oxyl radical 1 (Figure 9) [76], but is as low as 6 µmol kg−1 for TEMPOL in rats. A hypotensive effect has to be taken into account at high doses for compounds that easily permeate cell membranes and are efficient SOD-mimics, like TEMPOL [77].





4. Solutions from the Literature That Have Already Been Tested In Vivo


4.1. Liver, Kidney, and Stomach


Nitroxide radicals are metabolized in the liver and excreted in the kidney. Their concentration is rather high in these organs. After an injection of 0.75 mmol kg−1 of TEMPOL in mice, the maximum nitroxide concentrations (derived from MRI measurements) in the liver and in the kidney were 1.6 and 5.3 mM, respectively [78]. Under the same conditions, 4.7 and 7.1 mM were detected for nitroxide 2, respectively.



TEMPOL, a six-membered ring nitroxide, is too rapidly reduced to allow imaging, but it has been used to monitor reduced renal reducing activity in puromycin aminonucleoside (PAN)-induced nephrosis [62,79]. The TEMPOL EPR signal decayed slower in the kidneys of treated rats, which was linked to mitochondrial impairment using ex vivo studies. To verify the implication of RONS in this model, the acyl-protected hydroxylamine ACP was used and showed an increased nitroxide signal in the kidney only one hour after PAN administration, which was inhibited by pre-treatment with SOD, catalase, or DMSO [80]. The concentration of nitroxide formed from ACP in the kidney was estimated to be 8 µM after a 0.4 mmol kg−1 tail vein injection, which was too low to perform imaging.



Using water-soluble nitroxide 2 (3-carbamoyl-2,2,5,5-tetramethylpyrrolidin-1-yl)oxyl along with specially designed resonators, the liver and kidney were among the first organs to give in vivo EPR images [81,82,83]. At the time, EPR imaging was still invasive and minor surgery was performed to expose the target organs. In a model of streptozotocin-induced diabetic mice, the nitroxide probe was reduced faster in the diabetic kidney than in the control, an effect suppressed by Tiron (4,5-dihydroxy-1,3-benzenedisulfonate), a radical scavenger [83]. On the contrary, in Nrf2 transcriptional factor-deficient mice, a model of lupus-like autoimmune nephritis, a decrease in the reducing activity of the liver and kidney in the aged and juvenile Nrf2-deficient mice translated into a prolonged half-life of nitroxide 2 [82].



The enhanced reduction of radical 2 in tumors was used to visualize gastric carcinoma in a rat model [7]. The stomach was externalized by laparotomy for better positioning of the resonator. Normal stomach mucosa and walls exhibited a uniform distribution of the nitroxide, while the gastric tumor was clearly visible as a hole in the image.



Aiming at less invasiveness, most EPR studies of oxidative stress in vivo have been focused on the brain and hind limb of mice. The main advantage of such models is the ease of immobilization of these body parts. Indeed, compensation of contractile heart motion and animal breathing movements is still challenging in EPR imaging [84,85]. Only rare examples of the in vivo evaluation of the whole-body organ-specific redox state exist, such as EPR/MRI co-imaging of smoke-exposed mice [86].




4.2. Brain Studies


Brain studies by EPR using nitroxide radicals started in the late 1990s [87,88]. They compared the distribution in rodent head tissues of hydrophilic commercially-available structures that hardly cross the BBB, such as compound 1 (logP = -1.70 [14,89]) and 2 (logP = -0.26 [90]), and more lipophilic structures 3 (logP = 0.94 [14,89]), 4 (logP = 0.61 [89]), and 7 (logP =1.04 [89]) that cross the BBB and that were synthesized for this purpose (Figure 9) [89,91,92]. Because the hyperfine coupling constant to nitrogen (AN, Figure 8) increases with the lipophilicity of its environment, two overlapping triplet components in the spectra demonstrated partitioning of the lipophilic probes 3, 4, and 7 between the brain lipids and the cytosol. We can expect that redox processes would impact these two components differently, but EPR imaging is not yet able to individually record their evolution.



These lipophilic drugs are quickly eliminated from the brain by passive diffusion. To increase accumulation in the brain, Utsumi et al. [89] proposed an acetoxymethoxy ester derivative 5 (Figure 9) [89,91]. The latter is lipophilic enough (logP = 0.61 [89]) to cross cell membranes and is hydrolyzed within cells by esterases to compound 1 that is trapped by the lipid bilayer thanks to its negative charge at a physiological pH. Knowing the structure of BBB, one can, however, question the localization of the nitroxide once the ester has been cleaved. The authors stated that the probe crosses the BBB and accumulates in the brain because they detected more probe in brain tissue after oxidation by ferricyanide ex vivo. However, the probe could have been trapped within the endothelial cells lining the blood vessels, away from the brain parenchyma. The resolution of the EPR image is far too low to answer this question.



Another problem appears. According to good practice guidelines for the administration of substances in animal experimentation [93], the maximal i.v. bolus volume for rodents is 5 ml kg−1. To reach 1-2 mmol kg−1 doses, the probe concentration in typical injections must be 200-400 mM. BBB-permeant drugs are more lipophilic and cannot be prepared in saline as a vehicle at such high concentrations. To make the stock solutions stable, the probes are often first dissolved in ethanol or methanol, and then further diluted in saline before injection (usually 10% alcohol final content is used [89]). The neurotoxicity of the vehicle is not mentioned in the articles, but it may explain why animals are sacrificed shortly after the experiment.



Later, the water-soluble and BBB-permeant probe 6 was proposed (logP = 0.26 [14]) [94] (Figure 9) and extensively used to study the effects of neuroleptics [95] and models of ischemia-reperfusion injury [12,20] or sepsis [14]. In 2014, the use of a fast EPR imager able to record one tridimensional image per minute showed, however, that the rate of EPR signal decay of nitroxide 6 in the brain is highly influenced by efflux processes, whereas for compound 3, redox mechanisms dominate [96]. Thus, compound 6 would not be a reliable reporter of redox processes in the brain. The apparent half-life of radical 3 in the brain is extremely short (t1/2 = 2-3 min), and it cannot be recorded with current commercially-available spectrometers. Compound 3 is now the most currently used nitroxide probe for oxidative stress imaging using fast new generation EPR imagers and has been tested in a large variety of animal models (epilepsy, Alzheimer’s disease, methamphetamine-induced dopaminergic neurotoxicity) [17,97,98,99,100,101]. Interestingly, some of these studies showed an enhanced rate of EPR signal decrease in the pathological situation [97,100,101] and this was interpreted as a sign of oxidative damage, whereas other studies using the same EPR probe showed a prolonged half-life of nitroxide 3 in the sick brain and assigned it to a decrease in the reducing abilities of selected brain regions [17,36,98]. The direction of variations was opposite in two mouse models of Alzheimer’s disease [98,99]. In the more recent studies, efforts were made to correlate the results obtained by EPR imaging with other techniques: biochemical assays for GSH, cysteine, and ascorbate levels [17,97]; SOD activity [98]; or lipid peroxidation [97], immunohistochemistry [98], or MRI evaluation of BBB function [97]. Even with these correlations, it is not always possible to unambiguously track down the origin of enhanced nitroxide reduction. In methamphetamine-treated mice, both elevated RONS and the inhibition of cytochrome c oxidase (complex IV in the mitochondrial respiratory chain, which is known to reoxidize lipophilic hydroxylamines [49]) could explain enhanced nitroxide decay, and it was not related to variations in GSH levels or GSH redox status [97]. It is thus highly controversial to universally use redox maps obtained from EPR imaging of nitroxide 3 to estimate GSH levels, as recently proposed by Emoto et al. [100,101].



In an attempt to increase the stability of nitroxides towards biological reduction and thus to make them compatible with current commercial EPR imagers, synthetic efforts have been focused on tuning the steric and electronic environment of the aminoxyl function. The introduction of four ethyl groups effectively protects against reduction by ascorbate in vitro [102,103]. It is likely to also afford protection against reductases and mono-oxygenases, thereby increasing the selectivity of measurement, but this has never been verified, to our knowledge. Radical 4-oxo-2,2,6,6-tetraethyl-piperidin-1-yl)oxyl (TEEPONE, Figure 9) and its 15N analogue displayed an apparent half-life above 80 minutes in the mouse brain in vivo [104]. However, the lipophilic character is even higher in these structures (logP = 2.14 [90]) and the formulation of the probe becomes a key issue. Different unsuccessful trials have been made using liposome and cyclodextrin encapsulation. Dissolution of TEEPONE in a lipophilic emulsion designed for human parenteral nutrition (10% INTRAFAT) gave satisfactory results for both EPR and MRI imaging in control animals, but has not been tested in pathological models [104,105]. Even if this formulation opens interesting perspectives, the use of a pre-formed emulsion as a vehicle may not be universal. Crystalline compounds, such as nitroxide 5, for instance, do not significantly dissolve in this emulsion. The development of tailored formulations thus appears as a future important aspect of the development of probes for EPR imaging.



Conjugation of nitroxide probes with a ligand of nicotine acetylcholine receptors, mainly localized in the central and peripheral nervous systems, was tested with compounds 9 and 10 as a tool for targeted delivery of the EPR probe to the brain (Figure 9) [106]. Compound 10 demonstrated enhanced and specific accumulation in the brain in opposition to compound 6, which distributed in all head tissues and to compound 8, which was excluded from the brain due to its negative charge at a physiological pH. Compound 9, despite its very close structure, was totally BBB-impermeant. While they did not report on the logP values of compounds 9 and 10, the authors attributed this differential behavior to the presence of an amide linkage with an H-bonding capacity in compound 9. Unfortunately, the potential neurotoxicity of compound 10 is a limitation to further use of this probe for longitudinal studies.



Acyl-protected hydroxylamine probes were also tested as brain imaging agents. In a rat model of kainic acid (KA)-induced epileptic seizures, a 5 mmol kg−1 intraperitoneal injection of ACP allowed EPR imaging and revealed a greater EPR signal intensity in the hippocampus and striatum in the KA group versus control, while intensities in the cortex were similar [43]. This effect was not due to differences in ACP uptake between groups or regions of the brain. The observations correlated with higher lipid radical levels in the hippocampus of KA-treated rats and were thus attributed to enhanced RONS production in selected brain regions. Searching for acyl-protected hydroxylamines with higher BBB-penetration, a series of lipophilic compounds 11-13 were synthesized (Figure 9; logP not reported), and their biodistribution was assessed in vivo [44]. While compounds 12 and 13 were hardly detected in the brain, compound 11 was shown as a promising candidate, but has never been used since then.




4.3. Hind Limb-Implanted Tumor Studies


Cell-permeant nitroxides allow the EPR evaluation of intracellular tumor reducing capacity. Compound 2 has been used since the late 1990s in the mouse radiation-induced fibrosarcoma (RIF-1) tumor model to image nitroxide distribution and bioreduction heterogeneity in tumor tissue [5]. The exchange interaction between molecular oxygen and nitroxide modulates the EPR linewidth of the nitroxide from which the tissue oxygen content can be derived. Perdeuterated-TEMPONE was then used as an oximetry probe, before being replaced with more sensitive probes, such as particulate lithium phthalocyanine spin probes or trityl radicals [107]. Compound 6 was later used in the same model as a redox-sensitive probe [9].



In recent years, major efforts have been dedicated to the development of extracellular dual probes for redox and pH, such as that displayed in Figure 10 [10,108], and of probes for GSH redox status (Figure 7) [51,52]. A multifunctional approach is indeed crucial for understanding tumor physiology and metabolism.





5. Perspectives from In Vitro Results


Progress towards in vivo imaging of cyclic nitrone spin adducts has recently been made using rapid-scan EPR and improved algorithms for image reconstruction [109]. We may thus hope that spin traps will become applicable for the in vivo identification of radicals in the near future. However, quantification of radical production using spin traps is likely to remain difficult because of competition with the biological elimination processes and because the reduction processes may vary from one biological condition to the other.



Besides, trityl-based probes are currently being developed as selective and quantitative sensors for superoxides, but have not yet been tested in vivo [110,111]. Their selectivity relies on the specific transformation of tetrathiatriarylmethyl radicals by a superoxide to quinone-methide products [112] (Figure 11). Their narrow EPR linewidth (≈0.02 mT under anaerobic conditions) makes them very promising probes for imaging. Dendritic encapsulation enhances the selectivity for a superoxide and increases the resistance against reduction to the corresponding triarylmethanes, while only moderately decreasing the reaction rate with a superoxide (k ≈ 104 M−1 s−1) and reducing albumin binding [110]. These sensors are, however, not able to permeate cells and will thus be limited to extracellular detection of a superoxide. Moreover, the prohibitive cost of trityl-based probes may prevent a widespread use in vivo.



In vitro, selectivity for oxidative processes has also been obtained with imidazolidine nitroxides substituted by four ethyl groups at the alpha positions of the aminoxyl function and bearing a hydrogen atom at position four of the heterocycle (Figure 12). These radicals are resistant to reduction and undergo irreversible oxidative fragmentation in the presence of mono-electronic oxidants [113]. Imidazolidine nitroxides bearing four geminal ethyl groups show rather large linewidths (≈0.7 mT), notably due to the hindered rotation of ethyl groups by substituents at position three and four of the ring [114,115]. Deuteration would therefore be required prior to in vivo application.




6. Conclusions


Continued progress in EPR spectroscopy and imaging has made the investigation of in vivo oxidative stress more and more accessible. A better understanding of probe reactivity and pharmacokinetics, together with the parameters that control EPR spectroscopic properties, has been obtained. However, we are still searching for the ideal probe that would combine all the knowledge acquired over the years. Great care should be taken in interpretation of the results and the complementary use of additional techniques will help to unravel the origin of oxidative stress.







Abbreviations


ACP—1-acetoxy-3-carbamoyl-2,2,5,5- tetramethylpyrrolidine;



ALS—amyotrophic lateral sclerosis;



AN—hyperfine coupling constant to nitrogen;



BBB—blood-brain barrier;



BMPO—5-tert-butoxycarbonyl-5-methyl-1-pyrroline N-oxide;



CMH—1-hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine;



CW—continuous wave;



ΔHpp—EPR peak-to-peak linewidth;



DEPMPO—5-diethoxyphosphoryl-5-methyl-1-pyrroline N-oxide;



DETC—diethyldithiocarbamate;



DMPO—5,5-dimethyl-1-pyrroline N-oxide;



DMSO—dimethyl sulfoxide;



DTCS—N-(dithiocarboxy)sarcosine;



EPR—electron paramagnetic resonance;



GSH—glutathione;



GSSG—glutathione disulfide;



i.v.—intravenous;



KA—kainic acid;



L-Arg—L-arginine;



L-Cit—L-citrulline;



L-NAME—N(ω)-nitro-L-arginine methyl ester;



logP—log10 of the octanol-water partition coefficient;



LPS—lipopolysaccharide;



MAO—monoamine-oxidases;



MGD—N-methyl-D-glucamine dithiocarbamate;



MRI—magnetic resonance imaging;



NAD(P)H—nicotinamide adenine dinucleotide (phosphate);



NOS—nitric oxide synthase;



PAN—puromycin aminonucleoside;



RIF-1—radiation-induced fibrosarcoma;



RONS—reactive oxygen and nitrogen species;



SOD—superoxide dismutase;



TEEPONE—4-oxo-2,2,6,6-tetraethyl-piperidin-1-yl)oxyl;



TEMPO—(2,2,6,6-tetramethyl-piperidin-1-yl)oxyl;



TEMPOL—4-hydroxy-2,2,6,6-tetramethyl-piperidin-1-yl)oxyl;



TEMPONE—(4-oxo-2,2,6,6-tetramethyl-piperidin-1-yl)oxyl;



Tiron—4,5-dihydroxy-1,3-benzenedisulfonate.
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Figure 1. Principal reactive oxygen and nitrogen species (RONS) and a few elimination pathways. (NOS: nitric oxide synthase, L-Arg: L-arginine, L-Cit: L-citrulline, GSH: glutathione, GSSG: glutathione disulfide). 
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Figure 2. Principle of oxidative stress evaluation by EPR. Molecular probe administration is followed by monitoring of the EPR signal in vivo in a control vs. pathological condition. 
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Figure 3. Principle of spin trapping with cyclic nitrone spin traps (a) and ferrous iron-dithiocarbamate complexes (b). In both cases, a covalent bond is formed between the radical and the spin trap. 
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Figure 4. Redox reactions of nitroxides (pyrrolidine, n = 0; piperidine, n = 1); protonation of hydroxylamine to hydroxylammonium cation is also presented. 
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Figure 5. The principle of using hydroxylamines as probes for RONS. Electron-transfer reactions of 1-hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine (CMH), the most often used hydroxylamine probe, with superoxide and peroxynitrite. 
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Figure 6. Principle of acyl-protected hydroxylamine spin probes. As with free hydroxylamine, RONS detection is based on an electron-transfer reaction. 
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Figure 7. Principle of disulfide-linked dinitroxide spin probes for glutathione redox status evaluation. 
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Figure 8. A typical L-band EPR spectrum of a 14N-nitroxide radical in aqueous solution at 21°C; g—g factor; AN—hyperfine coupling constant to nitrogen; ΔHpp—linewidth; I—signal intensity. 
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Figure 9. Structures of nitroxide and acyl-protected hydroxylamine probes mentioned in this review. 
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Figure 10. A typical dual pH-redox nitroxide probe for investigation of the tumor microenvironment. Covalent linkage to a charged glutathione moiety (-SG group in the structure) ensures extracellular localization and prevents diffusion through cell membranes. The ethyl groups close to the redox-sensitive nitroxide function enhance nitroxide stability towards reduction, affording a slow enough reduction rate (t1/2 ≈ 5 min) for monitoring the reducing capacity of the extracellular matrix of the tumor. Protonation of the N-3 atom induces a strong variation (≈ 0.1 mT) in the hyperfine splitting AN, which is used as a pH-sensitive marker. The pKa of the probe (6.60 at 37°C) has been tuned for the measurement of extracellular tumor acidity through the introduction of a pyrrolidine substituent at position 4 of the imidazoline ring. 
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Figure 11. Principle of dendritic trityl-based selective sensors for a superoxide. 
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Figure 12. Imidazolidine nitroxides bearing a hydrogen atom at position four of the heterocycle are oxidized to unstable oxoammonium cations by monoelectronic oxidants (superoxide, peroxyl, or lipid-derived radicals). Proton abstraction by a weak base (B) induces irreversible ring fragmentation. 
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