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Abstract:

 Organisms produce free radicals which are essential for various metabolic processes (enzymatic oxidation, cellular respiration, signaling). Antioxidants are important chemical compounds that specifically prevent the oxidation of substances by scavenging radicals, especially reactive oxygen species (ROS). Made up of one or two unpaired electrons, ROS are free radicals that are highly reactive and can attack other metabolites. By using electron paramagnetic resonance (EPR) spectroscopy, it is possible to measure paramagnetic substances such as free radicals. Therefore the dermal antioxidant activity can be determined by applying semi-stable radicals onto the skin and measuring the antioxidant-induced radical scavenging activity in the skin. In recent years, EPR has been developed as a spectroscopic method for determining the antioxidant status in vivo. Several studies have shown that an additional uptake of dietary supplements, such as carotenoids or vitamin C in physiological concentrations, provide a protective effect against free radicals. Using the EPR technique it could be demonstrated that the radical production in stress situations, such as irradiation with infrared and visible light, was reduced with time. However, not only the oral uptake of antioxidants, but also the topical application of antioxidants, e.g., a hyperforin-rich cream, is very useful against the development of oxidative stress. Regular application of a hyperforin-rich cream reduced radical formation. The skin lipids, which are very important for the barrier function of the skin, were also stabilized.
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1. Introduction

Reactive oxygen species (ROS) are essential for biological functions such as the respiratory chain, signal transfer and immune response. However, if the ROS exceed a certain level, negative effects can occur.

The influence of ROS on premature skin aging and tumor incidence is well-known [1]. The skin is confronted with ROS and other free radicals on a daily basis; whereby, the main noxa is solar radiation but also smoking, alcohol consumption and physical and psychological stress lead to the formation of ROS and free radicals in the skin—known as oxidative stress [2]. Oxidative stress promotes the damage of cell components by ROS such as hydrogen peroxide (H2O2), hydroxyl radicals (OH•) or superoxide radicals (O2•) [2,3,4]. Antioxidants as free radical scavengers can protect cells against the consequences of oxidative stress. They interrupt the radical chain reaction by giving up an electron to the ROS [5]. The antioxidants themselves immediately return to their antioxidant form and thus ensure an abrupt end to the dangerous radical chain reaction in the body [6]. If there are enough antioxidants available, the cells remain protected. An imbalance between the body’s antioxidant defense system and the reactive metabolites induces several physiological processes within the body which can lead to e.g., cell aging, tissue damage or cancer [6,7,8,9]. If a strong interference between ROS and cells exists, programmed cell death (apoptosis) can be initiated [3,10,11]. Thereby the ROS can destroy several biomolecules in their function, such as lipids, proteins, enzymes or nucleic acid, promoting, inter alia, a peroxidation of the mitochondrial membrane lipids, leading to a mitochondrial permeability transition (MPT). MPT increases the permeability of the inner mitochondrial membrane, whereby larger molecules can affect the respiratory chain, thus the energy supply is interrupted [12,13].

In general, one can distinguish between the enzymatic and non-enzymatic antioxidant defense systems in the body. Enzymatic antioxidants include, amongst others, the superoxide dismutase, glutathione peroxidase and catalase. Non-enzymatic antioxidants can be differentiated by endogenous (e.g., glutathion) and exogenous antioxidants. Exogenous antioxidants must be supplied with food, such as vitamin C and E, carotenoids (α-carotene, β-carotene, lycopene, lutein), polyphenols (e.g., flavonoids) and trace elements (e.g., selenium, zinc) [14,15]. Today, the oral intake of antioxidants seems to be an effective source for protecting the body against oxidative stress [16,17,18].

One particular question is how the antioxidant status with special regard to the human skin can be enhanced to counteract the formation of ROS. A lot of products promise antioxidant protection, but do they in fact provide this protection? There are only few methods available to prove their effectiveness. Most of these are indirect methods, requiring blood or skin biopsies or they are performed in vitro with the uncertainty of whether they are representative for the in vivo situation. In this review, the in vivo electron paramagnetic resonance (EPR) spectroscopy will be presented as a non-invasive method to determine the radical scavenging capacity of the skin and the protection of stress, here exemplarily in form of irradiation in the visible/near infrared (VIS/NIR) spectral range because several studies suggest that beneficial effects of antioxidant products clearly extend beyond UV protection [19]. First measurements have already been performed using in vivo EPR spectroscopy [20,21,22] but only on single volunteers or small cohorts [23,24,25]. In this context, three studies will be presented and discussed where antioxidants were applied orally or topically in statistically evaluated clinical studies involving 20 or more subjects for providing a statistical significance of the results. The differences between the in vivo and ex vivo investigations are also discussed.



2. Technical Aspects of the Performance of In Vivo EPR-Measurements

Non-invasive EPR is based on the absorption of microwave radiation by paramagnetic substances in an externally applied static magnetic field [26,27,28]. Microwave absorption occurs when the applied microwave radiation corresponds to the energy difference between the spin states of an unpaired electron (Zeeman effect) [19,28,29]. Paramagnetic substances contain unpaired electrons, allowing free radicals and ROS in the skin to be detected [29]. Spin marker and spin traps in combination with L- and S-band EPR are often used for the analysis of radical production, pH measurements or oximetry in vivo/ex vivo [22,30,31,32,33,34,35]. The studies reviewed herein focused on the determination of the antioxidant potential in vivo. All the non-invasive in vivo measurements discussed in this review article were performed with an L band EPR spectrometer LBM MT 03 (Magnettech GmbH, Berlin, Germany) that is capable of measuring the whole arm of a volunteer in vivo [27].

Semi-stable radicals can be used to investigate the radical scavenging capacity of the skin [28]. For this technique, the spin marker TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl) is applied on the volar forearm and the decrease in the EPR signal is monitored over time [27]. The antioxidants react with the spin probe and reduce it to the corresponding EPR silent hydroxylamine. The antioxidant defense system of the skin depletes the radical molecules [36,37]. The decay of the EPR signal intensity can be expressed as a simple exponential function I = I exp(−kt), where k is the rate constant. A high rate constant represents a high antioxidant capacity of the skin. A comparison between the baseline measurement, prior and subsequent to the topical application or oral intake of antioxidants, provides an insight into the radical scavenging capacity of the skin and how the intake of antioxidants have improved the rate constant [27,32,35,38,39]. To carry out oxidative stress measurements, the stable spin probe 3-(carboxy)-2,2,5,5-tetramethylpyrrolidin-1-oxyl (PCA) is applied onto the skin. This spin probe reacts with short-lived radicals produced by stress, such as irradiation. PCA does not directly react with antioxidants [40]. The difference between the measured values of the irradiated and non-irradiated probes reveals the stress-induced radical formation. With this technique, it is possible to determine the protective effect of applied antioxidants or sunscreen products against oxidative stress; applied antioxidants can react with the short-lived radicals whereby the PCA signal decreases less drastically. The topical application of a sunscreen could produce a secondary effect: The radical formation might be reduced due to physical filters which scatter the light before they can penetrate the Stratum corneum (SC) to induce additional radicals [41,42].



3. Discussion


3.1. Effect of Radical Formation in the Visible and Near Infrared Spectral Range

Measurements of radiation-induced radical formation in the skin are representative for an interesting field regarding sun protection, photodynamic therapy, or radiation therapy [43]. It is well-known that solar radiation (UVA and UVB light) promotes the formation of free radicals in the skin [42]. However, considering the total amount of energy that reaches the earth, it was demonstrated that the UV light accounts for only 6.8% (0.5% UVB, 6.3% UVA) and the visible light for only 38.9% of the radiation exposure. The infrared (IR) spectral range accounts for 54.3%, and the NIR (as part of the IR spectral range) wavelength range for 30%of the radiation exposure [44,45]. In healthy skin, only a small amount of UVB irradiation penetrates into skin layers deeper than the epidermis. However, UVA has a higher penetration of the dermis, whereas NIR even penetrates into the subcutaneous tissue. Approximately 50% of the NIR irradiation that reaches the skin is absorbed in the dermis [2] promoting premature skin aging [44,45,46]. It has been found that oxidative stress is induced not only in the UV, but also in the NIR spectral range [47]. This effect was observed by a depletion of dermal carotenoids after NIR irradiation [48]. This could not be explained by a direct radical formation, as the energy of the photons is too low. Several studies have confirmed that NIR irradiation leads to an upregulation of the matrix metalloproteinase 1 (MMP-1) expression in human skin promoting photoaging [2,49]. Therefore, NIR light can be used as a stress source to study the effect of topically applied or orally applied antioxidants concerning the improvement of the antioxidant status of the skin. Using in vivo EPR studies it was possible to analyze the biological response of supplements regarding their radical scavenging activity, whereby the radicals were induced by an external stress source, such as VIS/NIR irradiation. Studies with in situ stress induction were performed for the first time. The in situ measurements are a prerequisite to ensure reliable results allowing the response of the skin to be measured simultaneously.

Radiation as a stress source can be used to investigate the effect of topically applied and orally ingested antioxidants (Figure 1). In principle UV light could also be used to induce stress. Because of ethical reasons and the interesting protection effects beyond the UV wavelength range, the study was performed using VIS/NIR light.

Figure 1. In vivo EPR system with in situ fiber-guided radiation of a solar simulator.
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3.2. Effect of Orally Ingested Antioxidants

Vitamin C is a potential radical scavenger and one of the best known antioxidants in mammal organisms [50]. It is found naturally in many fruits and vegetables, such as citrus fruits and peppers [51] but also ascorbic acid (E 300) and sodium ascorbate (E 301) as food additives (preservatives) should be mentioned as vitamin C sources. However, vitamin C is often used as a component of dietary supplements. It is also known that vitamin C accumulates in the skin and can reduce photo damage after systemic or topical application [52]. Therefore, it can be used as a positive control in studies on the reduction of radical formation in the skin. In one of the recent studies, the radical scavenging capacity of the human skin on the inner right forearm was examined on the baseline and four weeks after supplementation in response to supplementation with moderate vitamin C doses [53,54,55]. A total number of 33 healthy volunteers were given either supplements with vitamin C, a chokeberry peel extract (Aronia melanocarpa), or a placebo for four weeks [54]. The amount of supplementation corresponded to 125 mg of calcium ascorbate per day or 800 mg of Aronia melanocarpa combined with 40 mg of calcium ascorbate. The administered vitamin C doses that were ingested by the volunteers in addition to their usual diet were consistent with the standards of the US Food and Nutrition Board and the German Nutrition Society [53]. An oral supplementation for four weeks with vitamin C and Aronia melanocarpa significantly increased the radical scavenging capacity of the skin by 22% and 23%, respectively (Figure 2).

Figure 2. Rate constant after four week intake of verum and the placebo normalized to the initial values [55], * p < 0.05.
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Thereby, the decrease of the signal intensity of the spin probe TEMPO was measured over time. The placebo group showed no alteration in their rate constant during the entire study [54]. In addition to these results, different vitamin C doses (dose 1: 100 mg/day; dose 2: 180 mg/day) were compared for their efficiency [53]. In this context, the radical scavenging properties of the antioxidant vitamin C were examined using EPR technology after two and four weeks, respectively. After four weeks, a significant increase of 22% (for dose 1) and 37% (for dose 2) of the rate constant was clearly visible. The placebo control group showed no change in their antioxidant activity, indicating a clear improvement of the radical scavenging activity of the skin in the group with the additional uptake of vitamin C. Further to the in vivo measurements, the radical scavenging capacity of the administered substances, described as radical protection factor (RPF), were investigated by in vitro EPR [55]. The RPF can be determined by the reaction of the test substance with the radical probe 2,2-diphenyl-1-picrylhydrazyl (DPPH) and is defined as 3600 × 1014 (neutralized radicals)/mg (test substance) [38]. This procedure is a good measure for evaluating the antioxidant potency of a preparation. Aronia exhibited an RPF value of 3600. The lower dose of vitamin C was adapted to the RPF factor of Aronia. The second vitamin C dose showed a 1.8 times higher RPF [55]. A dose-dependence of the rate constant was clearly demonstrated, and, after two weeks, the rate constant reached its maximum [53]. The EPR technology gives an insight into the reaction towards radicals. An increased intake of exogenous antioxidants improves the antioxidant activity of the skin.

Shindo et al. (1993) show that the vitamin C concentration in the epidermis is six times higher than in the dermis [56]. The increased vitamin C concentration in the outermost skin layer can be explained by the peroxidative environment to which the skin is exposed [57]. In recent studies, the EPR technology was successfully used for the in vivo determination of the radical scavenging capacity of the skin after oral supplementation with antioxidants. It has been demonstrated that the administration of a water soluble extract (Aronia melanocarpa and vitamin C) can improve the antioxidant status of the skin. Both pure synthetic vitamin C and a natural mixed preparation containing mainly flavonoids and polyphenols improve the free radical scavenging properties of the skin in the same way as if applied with the same RPF. These results illustrated that even polyphenols, which are supposed to accumulate in the skin after oral administration, exhibit an antioxidant effect in the skin. It is worth mentioning that vitamin C and the natural product reduce the spin probe TEMPO also in vitro. No significant increase in the carotenoid concentration was detected subsequent to supplementation with pure vitamin C and the mixed preparations after four weeks using resonance Raman spectroscopy. Long-term effects were not assessed as the period of study was too short [53,54,55].

While the first study showed that EPR is able to show the effect of water-soluble antioxidants, the behavior of applied lipophilic antioxidants, which do not react with the spin probe in vitro, was addressed in a second study.

Cutaneous carotenoids are lipophilic antioxidants and serve as a superior marker for the antioxidant capacity of the body [58,59]. Carotenoids such as most of the known antioxidants have to be taken up with food, such as fruits and vegetables, because they cannot be produced by the body itself [60,61]. To investigate the effect of lipophilic antioxidants on the spin probe TEMPO, a double-blinded placebo-controlled study with 24 healthy volunteers was carried out, all of which were given a supplementary lipophilic curly kale extract (Lutex Skin) for 8 weeks [38]. In addition to resonance Raman spectroscopy, which is usually applied for detecting the carotenoid concentration in the skin (Figure 3a), EPR spectroscopy was used for measuring the antioxidant status in the skin (Figure 3b).

Figure 3. Data taken from visits 1 to 4 (V1, before intake; V2, four weeks after intake; V3, eight weeks after intake; V4, several weeks after discontinuing the intake; (a) relative carotenoid concentration; (b) relative rate constant [38], * p < 0.05, ** p < 0.01, *** p < 0.001.
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The rate constant in the verum group was increased, and after 10 min of irradiation with light in the VIS/NIR spectral range, an improved protection against VIS/NIR-induced radicals was detected by EPR. Eight weeks of supplementation with natural carotenoids reduced the radical formation by the VIS/NIR irradiation to 34% (Figure 3b). The EPR results were consistent with the results of the resonance Raman spectroscopy [38]. This reduction occurred although the applied EPR marker did not react with the applied antioxidants, which clearly suggests that the whole antioxidant level was enhanced. Therefore, the carotenoids could serve as a marker substance of the whole antioxidant potential. The antioxidant-rich extract had no significant impact on the skin lipids [38].

A comparison of the results of the recent studies on hydrophilic and lipophilic antioxidants [38,53,54,55] clearly showed that after an oral intake of water-soluble antioxidants, the antioxidant potential of the skin increased within only four weeks, whereas lipophilic antioxidants needed eight weeks to become fully effective. An enrichment of the skin with carotenoids via an oral supplementation for eight weeks increased the free radical scavenging properties of the skin fairly well [38].



3.3. Effect of Topical Application

The topical application of drugs provides an effective method for treating skin diseases. Free radicals play an important role in, for example, atopic dermatitis and Lichen planus [62,63]. The topical application of antioxidants is therefore a promising tool to reduce the radical overload in the skin. Moreover, daily skin care is essential to maintain the skin barrier or to support its regeneration [64]. Hyperforin provides anti-inflammatory, antitumor and antibacterial properties and is a major constituent of St. John’s Wort (Hypericum perforatum) [65,66]. It also reduces the free radical formation in the skin after exposure to UV and IR radiation [42]. In our studies, the protection effect of topically applied antioxidants was examined compared to increased radical formation in skin induced by VIS/NIR irradiation via the EPR marker PCA [40,64].

A hyperforin-rich cream was analyzed for its radical protection in the skin after VIS/NIR irradiation and compared to untreated skin and placebo samples [40,64]. Eleven volunteers with healthy skin were examined after a single, and further four-week cream application. A positive short-term and a long-term effect on the radical protection and skin lipids were demonstrated [40]. One hour after a single cream application, the radical formation after irradiation with VIS/NIR was completely inhibited by both verum and a placebo cream [40]. It is therefore reasonable to assume that the excellent immediate protective effect of both creams is due to their scattering properties rather than to the addition of hyperforin. Moreover, after one hour, the skin surface was still covered with a cream layer which could have provided protection against the radical formation induced by VIS/NIR irradiation (Figure 4a) [19]. The EPR results after long-term usage differed significantly from those obtained after a single cream application. A four-week application of the hyperforin-rich cream significantly reduced the radical formation in skin; for the placebo, a 45% radical reduction was detectable, for verum, the radical formation was reduced by up to 78% (Figure 4b).

Figure 4. (a) Radical formation after single application (* p ≤ 0.05) and (b) after four weeks of twice daily application of the creams (* p ≤ 0.05, ** p ≤ 0.01) [40].
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The hyperforin-rich cream has an RPF of 425 × 1014 radicals/mg, in contrast to the placebo cream with an RPF of 39 × 1014 radicals/mg [40,42]. A high radical scavenging effect was detected with a linear function to the hyperforin concentration (0.5%–5%) [19]. The high antioxidant potential of the skin treated with the verum cream is most likely explainable by the ingredient hyperforin, which has already been proved in a previous study analyzing the antioxidant properties by an UV erythema test in vivo and ex vivo and subsequent EPR measurements [42]. The investigations were performed 5 to 14 h after the last application; a full day protection was observed. In contrast, a single application did not provide 24 h protection; after 5 h the effect had vanished.

The kinetics of the radical production-strong increase at the beginning and decrease after 2 min leads to the assumption that the body responds to the induced stress. Of course, such effects could be beneficial if the induced stress is moderate.

In addition to the stabilization of the antioxidant network of the skin, concentration of skin lipids such as cholesterol and ceramides, which are important for an intact skin barrier, increased (measured by high-performance thin-layer chromatography (HPTLC). Hyperforin and, to a lesser extent, also the antioxidants in the base cream formulation appeared to interact with the antioxidant network of the Stratum corneum (SC) and led to a stabilization of the skin barrier function [40]. This study supports former studies which had shown that antioxidants which were applied topically are able to reduce the radical formation during VIS/NIR irradiation [19,42].

Schempp et al. studied the effect of an antioxidant-containing cream, a base and barrier protection cream on untreated skin in order to analyze the hydration of the SC and the blood flow by a chemically induced contact dermatitis [67]. The best effect was achieved with the antioxidant containing cream, whereas the untreated skin showed the worst results. Other studies with creams containing antioxidants also showed positive skin effects with respect to contact allergies and contact dermatitis [67,68,69,70].

In our study, the radical formation was reduced by almost 80% by applying a hyperforin-rich cream. Furthermore, a full-day time effect was validated after an application time of four weeks. In general, it was shown that a regular application of antioxidant-containing creams is necessary to obtain a fully effective radical protection and to stimulate the antioxidant defense system to counteract any oxidative stress.



3.4. Comparison of In Vivo and Ex Vivo Investigations

Dermal applications of drugs on the skin are of increasing importance in human medicine to counteract certain skin diseases, e.g., acne or psoriasis. In order to find suitable substances and to check their effectiveness, it is necessary to analyze the behavior of drugs ex vivo and in vivo [71]. Often, in vivo experiments display some problems; the reproducibility is often insufficient, most test products are denied official approval and the experiments are difficult to handle, especially when exposure to radiation is involved. Up to now, most irradiation experiments have been performed ex vivo, only a few studies have been conducted on volunteers in vivo [37,72,73]. Taking into consideration the risk of erythema development, the formation of free radicals in the radiation-exposed skin can only be investigated for a limited time, in vivo. Thus ex vivo experiments are very helpful in understanding the kinetics of radical formation during irradiation, because the samples do not have to be removed for erythema development [64]. In dermatology, pig ear skin is commonly used as a human skin model [74]. With the EPR technology, it is possible to measure the radical formation in skin in vivo as well as ex vivo [38,64]. In our study, the radical protection of skin in the visible and infrared spectral range by a hyperforin-rich cream was studied in vivo vs. ex vivo, non-treated skin was measured as control [64]. The radical scavenging capacity of the verum cream was determined for the RPF by EPR measurements and showed a linear function to the hyperforin concentration [19].

A comparison between in vivo and ex vivo was carried out after a single cream application for the pig ear and after four weeks for in vivo (human skin). It was demonstrated that both creams, verum and placebo, protected the skin from VIS/NIR-induced radicals, but the absolute values and kinetics for in vivo vs. ex vivo investigations, with regard to the radical formation, were not comparable (Figure 5).

Figure 5. Cumulative radical production in excised pig ear and human in vivo investigations. Modified and reproduced with permission from [64], published by John Wiley and Sons, 2013.
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The effect of the placebo cream could be explained by the optical properties of the base cream. In addition to the included antioxidants, high scattering properties could be the cause of reduced radical formation for placebo. This effect was successfully demonstrated in ex vivo studies for sunscreens where physical filters were ingredients of the cream [19]. During in vivo studies, the radical production increased quickly but decreased with time after VIS/NIR irradiation. In the ex vivo studies, it remained stable over the investigated time period. This effect is explainable by the loss of oxygen supply ex vivo [41,64]. The stronger decrease in time in vivo could be also explained by a possible up-regulation of the endogenous antioxidant network in the skin, whereby the induced radicals are neutralized [10]. Furthermore, reduced enzymatic and cell activity after excision intensifies the differences between in vivo and ex vivo [64]. Regensburger et al. (2012) showed that ROS formed by vitamins could behave in different ways ex vivo and in vivo [75]. In general, ex vivo show a lower absolute radical production compared to in vivo, but the proportions were quite similar to each other [64]. These results were confirmed by further studies [41].

Ex vivo and in vivo studies occupy a very important position in the research of the development of ROS in the skin and provide a first hypothesis of the effect of external stress induction and how topically applied antioxidants can influence the antioxidant network of the skin. One should keep in mind that ex vivo skin does not behave in a way that is directly comparable to in vivo skin, but it can indicate a tendency.






4. Conclusion

The EPR technique is now a very important and well-established in vivo and ex vivo method in dermatology for measuring the development of free radicals and the antioxidant potential of the skin under in situ conditions.

Several studies have demonstrated that systemic administration but also topical application of antioxidants can enhance the radical scavenging properties of the skin. Ex vivo EPR measurements give a very good primary indication of the influence of topically applied antioxidants for the antioxidant network of the skin and therefore display a good alternative to in vivo investigations. Long-term effects can only be studied in in vivo experiments. A combination of various non-invasive methods (e.g., EPR, resonance Raman spectroscopy) in vivo and ex vivo provides an effective approach to determine the antioxidant potential of the skin. The EPR technology enriches the field of skin antioxidant evaluation. Orally applied water soluble antioxidants (such as vitamin C) increase the antioxidative status of the skin very quickly, lipophilic antioxidants (such as carotenoids) require more time to show their protecting effect against ROS. Topically applied antioxidants showed the highest protection efficiency but only on the applied areas. These results indicate that a diet rich in antioxidants enhances the skin protection against free radicals and therefore provides protection against premature skin aging and radical associated skin diseases.
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