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Abstract

:

Skin surface lipids (SSLs) form the first barrier that protects the human organism from external stressors, disruption of the homeostasis of SSLs can result in severe skin abnormalities. One of the main causes of this disruption is oxidative stress that is primarily due to SSLs oxidation. Squalene (SQ), the most abundant lipid among SSLs, was shown to first undergo singlet molecular oxygen (1O2) oxidation to yield 6 SQ-monohydroperoxide (SQ-OOH) isomers as the primary oxidation products. However, due to the instability and lability of hydroperoxides, we found that when total SQ-OOH isomers are further photooxidized, they form a unique higher molecular weight secondary oxidation product. To generate the compound, we photooxidized total SQ-OOH isomers in the presence of ground state molecular oxygen (3O2), after its isolation and purification, we studied its structure using MS/MS, NMR, derivatization reactions, and chemical calculations. The compound was identified as 2-OOH-3-(1,2-dioxane)-SQ. Photooxidation of individual SQ-OOH isomers revealed that 6-OOH-SQ is the precursor of 2-OOH-3-(1,2-dioxane)-SQ and indicated the possibility of the formation of similar cyclic peroxides from each isomer following the same photoinduced chain reaction mechanism. An HPLC-MS/MS method was developed for the analysis of 2-OOH-3-(1,2-dioxane)-SQ and its presence on the skin was confirmed in SSLs of six healthy individuals. Its quantity on the skin correlated directly to that of SQ and was not inversely proportional to its precursor, indicating the possibility of its accumulation on the skin surface and the constant regeneration of 6-OOH-SQ from SQ’s oxidation. In general, research on lipid cyclic peroxides in the human organism is very limited, and especially on the skin. This study shows for the first time the identification and presence of a novel SQ cyclic peroxide “2-OOH-3-(1,2-dioxane)-SQ” in SSLs, shedding light on the importance of further studying its effect and role on the skin.
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1. Introduction


The skin forms the first defense line that protects the organism against external stressors and pathogens due to its hydrophobic coating with skin surface lipids (SSLs) [1]. Dysregulation of SSLs’ function has been linked to their oxidation resulting in serious skin conditions such as premature aging, melanoma, inflammatory and allergic diseases [2,3,4]. For instance, malondialdehyde (MDA) has been shown to be involved in cell ferroptosis induced in melanoma [5]. Moreover, skin biopsies from psoriatic patients showed an elevated level of 9- and 13-hydroxy-octadecadienoic acids as well as 8- and 12-hydroxy-eicosatetraenoic acids [6]. Squalene (SQ) (SQ, Figure 1), the most abundant among SSLs (12%), and a precursor of natural steroids [7,8,9], plays an overall protective role on the skin, as it acts as an antioxidant and a protective barrier [10,11], it also enhances the skin’s immunity through the promotion of IL-1β and the activation of T cells [12,13]. SQ is also often consumed as a supplement extracted from shark liver oil (its richest natural source) [14], or as a component of different edible oils [15], it exhibits multiple health benefits from being an antioxidant [10,16], a nanoparticle to deliver therapeutic agents [17,18], an adjuvant [19,20,21], and an anticancer agent [22].



Over the years, lipid hydroperoxides and their mechanism of formation have been extensively studied as primary products of lipid oxidation, and they have long been linked to different pathogenesis such as accelerated aging, and inflammatory diseases [23,24,25]. Similarly, due to the terpenic nature of SQ, it has been reported to undergo singlet oxygen (1O2) oxidation on the skin to yield six SQ-monohydroperoxides (SQ-OOH) isomers as its primary oxidation products (Figure 1) [26]. Previously, we demonstrated that the six SQ-OOH isomers increased following the exposure of the skin to sunlight, further confirming the photosensitized 1O2 oxidation of SQ [27]. Its oxidation on the skin can cause significant abnormalities such as hyperpigmentation, inflammation, and formation of wrinkles [28,29,30,31]. However, studies on its secondary oxidation products and the mechanism involved in their formation are rather limited to its breakdown products, mainly upon interaction with ozone [32,33,34]; no significant reports on the formation of higher molecular weight secondary oxidation products could be found. Taking into account the constant exposure of the skin to photons (e.g., sunlight, LEDs), and the unstable nature of hydroperoxides, we assumed that SQ-OOH isomers would undergo further modifications to yield cyclic peroxides as the first secondary oxidation products.



The aim of this study is to verify the formation of higher molecular weight cyclic peroxides as secondary oxidation products resulting from SQ-OOH isomers, and to confirm their presence on the skin. To this end, we photooxidized SQ-OOH isomers as a mixture in the presence of ground state molecular oxygen (3O2). The resulting main secondary oxidation product was isolated, and its precursor and structure were determined using MS/MS, NMR, derivatization reactions, and chemical calculations. Furthermore, oxidation of individual SQ-OOH isomers was carried out to investigate if similar products could be formed from each SQ-OOH isomer. Lastly, we developed an HPLC-MS/MS method for the newly identified compound and checked its presence and quantities in human SSLs of six healthy volunteers in comparison to unoxidized SQ, and SQ-OOH isomers from the same subjects. The results obtained herein offer a new perspective into the oxidation products and mechanism that can be implicated in the skin’s oxidative state, as well as the possible use of the newly described secondary oxidation product as a skin’s oxidative stress biomarker. Such results also open new doors to investigate antioxidants targeting the prevention and scavenging of the described compound, as well as to study its effect and role on the skin.




2. Materials and Methods


2.1. Materials


SQ (99%), RB, 2-methoxypropene (SSL), and NaIO4 were obtained from FUJIFILM Wako Pure Chemical (Osaka, Japan). PPTS and zinc dust were purchased from Sigma Aldrich, Inc. (St. Louis, MO, USA). All other reagents were of the highest grade available.




2.2. Preparation of SQ-OOH Isomers


SQ (30 g) was dissolved in ethanol (100 mg/mL), photooxidized (1O2 oxidation) using RB as a type II photosensitizer (PSII) (at a final concentration of 0.01 mg/mL) under an LED light of 55 Klux intensity at 4 °C with constant stirring. After 7 h of oxidation, RB was removed using a QMA cartridge (12 cc Waters, Milford, MA, USA) following our previously described method [27]. To ensure the formation of SQ-OOH, 10 µL of the resulting solution was evaporated and diluted in hexane (1 mg/mL) for NP UV-HPLC analysis at 210 nm using a silica column (Inertsil SIL 100A 5 μm, 4.6 × 250 mm, GL Sciences, Tokyo, Japan) maintained at 40 °C and a mobile phase consisting of hexane/isopropyl alcohol (100:0.5) at a flow rate of 1 mL/min.



The generated SQ-OOH isomers and unoxidized SQ were separated by RP semi-preparative HPLC using a COSMOSIL 5C18-MS-Ⅱ (20 × 250 mm, NACALAI TESQUE, Inc., Kyoto, Japan) column maintained at 40 °C, and 100% methanol as the mobile phase at a flow rate of 12 mL/min. A portion of the obtained SQ-OOH (isomers mixture) was purified by NP semi-preparative HPLC to obtain individual SQ-OOH isomers, each isomer was reacted with Mxp to protect the hydroperoxide group, purified then deprotected using PPTS followed by several purifications as described previously [35].



The SQ-OOH (isomers mixture) and individual SQ-OOH isomers were analyzed by NP-UV-HPLC as described above then dissolved in ethanol and stored in the dark under nitrogen gas at −80 °C until use.




2.3. Photooxidation of SQ-OOH Isomers


A mixture of SQ-OOH isomers was dissolved in hexane at a concentration of 15 mg/mL and exposed to an LED light of 65 Klux intensity with constant stirring at 4 °C in the presence of 3O2 and absence of a photosensitizer. After 12 h of oxidation, the solution was analyzed by NP-UV-HPLC as stated above. A new peak was detected at around 21.9 min. The newly observed compound was collected using silica-based open column chromatography eluted with hexane/ethyl acetate (90:10) linked to a UV detector at 210 nm and a pump operating at 12 mL/min. The obtained compound was subsequently purified several times using the previously mentioned semi-preparative HPLC systems in both NP and RP. The pure compound was stored in ethanol in the dark at −80 °C under nitrogen gas until further analysis.




2.4. Structural Elucidation of the Purified Secondary Oxidation Product and Oxidation of Individual SQ-OOH Isomers


To elucidate the structure of the isolated and purified compound, Q1 scan and PIS (ESI, positive mode) were carried out on a micrOTOF-Q II (Bruker Daltonik, GmbH, Bremen, Germany) in the presence of an alkali metal (Na+), as it was proven efficient in the characteristic fragmentation of lipid hydroperoxides in our previous studies [36,37,38]. Na+ was used since it will most likely produce characteristic fragments from both hydroperoxides and cyclic peroxides. In addition, to determine the exact SQ-OOH isomer precursor that generated the newly observed secondary oxidation product, the SQ-OOH isomers that were noticed to disappear were oxidized individually in the conditions mentioned above, Q1 scan and PIS were carried out on their oxidation products and compared to that of the newly obtained secondary oxidation product.



The structure of the isolated and purified compound was further studied through several procedures. 1H, 13C, DEPT and 2D, nuclear magnetic resonance (NMR) (heteronuclear multiple bond correlation (HMBC), heteronuclear single quantum coherence (HSQC), correlation spectroscopy (COSY), nuclear Overhauser effect spectroscopy (NOESY)) were recorded on a Varian NMR (Palo Alto, CA, USA) Unity 600TT spectrometer at 600 MHz using deuterated chloroform (CDCl3) as a solvent and tetramethylsilane (TMS) as the reference. A total of 4 candidate structures were hypothesized, among which the final structure was confirmed by a 2-step derivatization reaction and chemical calculations using Spartan’18 (Wavefunction Inc., Irvine, CA, USA) software. The first step of the derivatization reaction consisted of a reduction using zinc dust (50 equivalent, in acetic acid/dichloromethane (1:2)) [39], the product was subsequently purified using RP semi-preparative HPLC in the conditions mentioned before, the second step consisted of oxidative cleavage of vicinal alcohols using sodium periodate (NaIO4) (3.1 equivalent) in acetonitrile/H2O (3:1). The products of this reaction were confirmed by Q1 scan (Supporting Information I, Figure S2). The chemical calculations of the 13C chemical shifts of all possible conformers were compared to the experimental values using Boltzmann distribution and ωB97X-V as the mathematical model [40].



After determining the structure, a detailed study of the Q1 scan and PIS spectra (conditions can be found in Supporting Information I, Table S2) of the individually oxidized SQ-OOH isomers was carried out in the same oxidation conditions, however, due to the scarce quantities of pure individual SQ-OOH isomers, 200 µg/200 µL of hexane was photooxidized of each isomer. One main secondary oxidation product was detected and its structure was proposed in each case. A reaction with Mxp was conducted to verify the suggested structures. Due to the scarce quantities of individual SQ-OOH isomers, pure standards of their respective new secondary oxidation products could not be purified in considerable amounts for detection and quantification from SSLs.




2.5. Analysis of the Identified Compound from Human SSLs


An HPLC-MS/MS method was first developed to analyze the newly identified compound on a 4000 quadrupole/linear ion-trap tandem mass spectrometer (4000QTRAP) (SCIEX, Tokyo, Japan) using a COSMOSIL 5C18-MS-Ⅱ (2.1 × 250 mm, NACALAI TESQUE, INC., Kyoto, Japan) column with methanol 100% as the mobile phase at a flow rate of 200 µL/min (MS/MS conditions can be found in Table S1 of Supporting Information I).



SSLs were extracted from the forehead area of 6 healthy volunteers according to our previously described method with modification [27]. All participants gave informed consent prior to sampling, the experiments were conducted in accordance with the Declaration of Helsinki, and the protocols were approved by the ethics committee of Tohoku University Graduate School of Agricultural Science (registration numbers: 19-A-06). In brief, medical cotton swabs were soaked in acetone for 15 min several times, the middle forehead area was then wiped with the swab about 10 times. The tip of the swab was collected into an amber vial containing 10 mL of acetone/chloroform (1:1), vortexed for 10 min then centrifuged for 10 min at 2000× g. This operation was repeated twice, and the fractions were combined and evaporated under nitrogen gas (using a spin dryer). The obtained sample was dissolved in 1 mL methanol/methyl tert-butyl ether (1:2), 50 µL of this sample was collected for SQ analysis using an HPLC-MS/MS method reported previously [41]. The rest of the fraction was evaporated and dissolved in 70% methanol and purified using an equilibrated C18 cartridge (Strata C18-E, 55 µm, 70 A, 100 mg, 1 mL. Phenomenex, Torrance, CA, USA) [26]. The obtained eluate was evaporated then dissolved in 950 µL hexane. In total, 150 µL of this fraction was evaporated then dissolved in methanol for the analysis of the new SQ secondary oxidation product, while the remaining 800 µL was used to analyze SQ-OOH isomers using a previously reported HPLC-MS/MS method [42]. The concentrations of individual SQ-OOH standards and the secondary oxidation product were determined prior to HPLC-MS/MS analyses using the ferrous oxidation-xylenol orange (FOX) assay as described previously [43,44,45], except in the case of 10-OOH-SQ where it was gravimetrically weighed due to its extreme lability to the assay.





3. Results and Discussion


3.1. Preparation of Total and Individual SQ-OOH Isomers


The photooxidation of SQ in the presence of RB (PSII) proceeded by an ene reaction following 1O2 generation by the photoexcited RB from atmospheric 3O2, and gave 6 SQ-OOH isomers with approximately equal amounts and unoxidized SQ as shown in Figure 2A. Peaks of the isolated and purified fraction of SQ-OOH isomers as shown in Figure 2B were identified from 1 to 6 as follows: 11-OOH-SQ, 7-OOH-SQ, 10-OOH-SQ, 6-OOH-SQ, 3-OOH-SQ, 2-OOH-SQ. These results were consistent with previous reports [27,35]. Individual SQ-OOH isomers were isolated and purified with a purity of at least 98% (Figure 2C). Their purity was verified by UV-HPLC and HPLC-MS/MS (data not shown).




3.2. Photooxidation of SQ-OOH Isomers


Upon exposure of SQ-OOH isomers to photons, and in the presence of 3O2, the profile of SQ-OOH isomers following NP UV-HPLC analysis showed the disappearance of the two isomers: 10-OOH-SQ and 6-OOH-SQ, with the appearance of one prominent peak at 21.9 min (Figure 2D). The decrease in 10-OOH-SQ and 6-OOH-SQ correlated with the appearance of the new secondary oxidation product time-dependently (Figure 3A). We assumed that the precursor of the observed peak is either 10-OOH-SQ or 6-OOH-SQ. The new compound was successfully collected and purified upon open column chromatography and semi-preparative HPLC in both NP and RP with a purity equal to 99% and a quantity of 425 mg. The targeted oxidation of 6-OOH-SQ and 10-OOH-SQ in the mixture of the six isomers will be explained along with the mechanism in the upcoming section.




3.3. Structural Elucidation of the Purified Secondary Oxidation Product


Q1 scan of the newly collected secondary oxidation product revealed m/z 497 = [(SQ-OOH + O2) + Na]+, its PIS showed one main fragment with m/z 365 (Figure 3B). Previously, we assumed that either 10-OOH-SQ or 6-OOH-SQ is the precursor of the new secondary oxidation product; to this end, we photooxidized 6-OOH-SQ and 10-OOH-SQ individually and scanned their oxidation products using Q1 scan. We found that unlike 10-OOH-SQ (Supporting Information I, Figure S1A), 6-OOH-SQ produced one main secondary oxidation product with the same m/z as the newly collected peak (m/z 497). Its PIS showed the exact same fragmentation (m/z 365) observed upon PIS of the newly collected compound (Supporting Information I, Figure S1B). This fragmentation is also observed on the precursor, unoxidized 6-OOH-SQ (Supporting Information I, Figure S1C), indicating the incorporation of 3O2 in the lost fragment of the molecule (Figure 3B). These observations can be interpreted by the possibility of the presence of a cyclic peroxide on this fragment.



To confirm this, 1H NMR showed characteristic peaks (δH 4.22) that were absent from the 1H NMR spectrum of 6-OOH-SQ corresponding to either H3 or H4. Four candidate structures (Figure 4) were hypothesized upon observation of HMBC characteristic correlations (H3 (1A, 1B) or H4 (2A, 2B) to C1, C25 and C2; H1 and H25 to C3 (1A, 1B) or C4 (2A, 2B)). (Full 1H and 13C assignments, 1D and 2D spectra can be found in the Supporting Information I, Section S8). To determine the exact chemical structure among the four possibilities, first, a 2-step derivatization reaction was carried out. Treatment of the compound with zinc dust resulted in a triol that would bear vicinal alcohols in the case of structures 1A and 1B and non-vicinal alcohols in the case of 2A and 2B. After purification of the triol, it was reacted with NaIO4 that selectively targets vicinal alcohols through oxidative cleavage. The reaction with NaIO4 proceeded yielding one main fragment as observed by Q1 scan (Supporting Information I, Figure S2) that could be generated only from 1A or 1B. Next, calculations of the 13C chemical shifts using Boltzmann distribution (ωB97X-V was used as the mathematical model) in Spartan’18 (Wavefunction Inc.) software gave a max absolute value inferior to 2 and a low RMS value in case of structure 1A in its cis configuration, whereas this value was higher than 2 with a higher RMS value in all of the other possible structures (Table 1). The calculations method followed here [40] indicates that the structure of the compound is most compatible with 1A in its cis configuration. Although its trans isomer had a max absolute value equal to 3.4, it is possible that it exists as a minor configurational isomer of the compound following a detailed interpretation of the NMR data (Supporting Information I, Table S5) (detailed calculations can be found in the Supporting Information II). Based on all of the aforementioned results, the structure of the newly observed compound was determined to be 2-OOH-3-(1,2-dioxane)-SQ mainly in its cis configuration (Figure 5). To the best of our knowledge, this is the first report showing the formation of a cyclic peroxide from SQ in general and upon photooxidation in particular.



With regard to the oxidation mechanism involved in the formation of 2-OOH-3-(1,2-dioxane)-SQ from 6-OOH-SQ, we hypothesized that upon exposure of 6-OOH-SQ to photons, a peroxyl radical is formed from the hydroperoxide group either directly, by homolytic cleavage of the O-H bond to give a peroxyl radical and a hydrogen radical, or indirectly by heterolytic cleavage yielding a peroxyl anion and a cation. Further exposure of the peroxyl anion to photons results in the release of a photoelectron that reacts subsequently with 3O2 to give a superoxide anion (3O2−) and a peroxyl radical. In both possibilities, the peroxyl radical forms a cyclic peroxide (1,2-dioxane) through endo-cycloaddition on C3 leaving a radical on C2. In the first case, the radical readily reacts with 3O2 to yield a peroxyl radical on C2 then a hydroperoxide upon reaction with the hydrogen radical. In the second possible route, the superoxide anion forms a peroxyl anion on C2 which reacts with the cation released from the heterolytic cleavage to give a hydroperoxide (Figure 6). Although, several reports showed the formation of a hydroxyl radical and an alkoxy radical upon further oxidation of alkenes’ hydroperoxides under various conditions [46,47,48,49], different from ours, due to the lower dissociation energy of the group’s O-O bond compared to that of the O-H bond. These dissociation energies, however, are basically the homolytic cleavage energies of the bonds under thermal conditions, which are based on the triplet excitation energy of the σ bond. On the other hand, the heterolytic cleavage energies are rarely taken into consideration and they certainly vary from the known bond dissociation energies (BDEs) as they are based on the singlet excitation energy of the σ bond. In conclusion, when it comes to heterolytic cleavage, and under the present conditions (hv + 3O2), common O-O and O-H BDEs cannot be used to predict the products that can be formed. Additionally, classic O-O homolytic cleavage would have produced a rather considerable amount of hydroxyl radicals, these reactive species would have formed mostly water molecules by hydrogen abstraction either from adjacent hydroperoxides or from other carbons [47]. As the used solvent was hexane and the oxidized SQ-OOH quantity was of the order of grams, a clear non-miscible aqueous phase would have formed, an observation that did not take place in our study. In addition, the amount of the generated 2-OOH-3-(1,2-dioxane)-SQ was equal to 84% of the decreased 6-OOH-SQ, indicating the formation of one main intermediate radical (i.e., peroxyl radical and not alkoxy radical) leading to one main final product (2-OOH-3-(1,2-dioxane)-SQ) (Figure 3A). Based on all of the above evidence, we think that the second route of the proposed mechanism may be the most probable.



This also explains the targeted oxidation of 6-OOH-SQ and 10-OOH-SQ in the mixture of the six isomers, which is most likely due to the fact that they both bear tertiary hydroperoxides, increasing the overall electron density due to the inductive effect, making the reactivity, electron transfer, and photolysis more probable in a competitive system such as the present with four other isomers with different properties. Although 2-OOH-SQ also bears a tertiary hydroperoxide, the presence of a double bond on C3 would make its first secondary intermediate oxidation product quite unstable (1,2-dioxetane), giving priority to 6-OOH-SQ and 10-OOH-SQ to interact first with photons and oxygen in the mixture.




3.4. Oxidation of Individual SQ-OOH Isomers


Photooxidation of individual SQ-OOH isomers gave one main secondary oxidation product among other minor by-products upon Q1 scan (Figure 7). All main secondary oxidation products showed a pattern in the number of incorporated 3O2 that is compatible with the oxidation mechanism proposed for the formation of 2-OOH-3-(1,2-dioxane)-SQ from 6-OOH-SQ. For instance, 11-OOH-SQ gave a product of m/z 561 = [(11-OOH-SQ + 3O2) + Na]+, 7-OOH-SQ gave a product of m/z 593 = [(7-OOH-SQ + 4O2) + Na]+, 10-OOH-SQ, gave a product of m/z 529 = [(10-OOH-SQ + 2O2) + Na]+. For 3-OOH-SQ and 2-OOH-SQ, they both gave a main secondary oxidation product of m/z 625 = [(SQ-OOH + 5O2) + Na]+. In each case, the number of incorporated 3O2 was equal to the number of unsaturations in the direction indicated by the arrows on Figure 7F on each SQ-OOH isomer, a direction that would produce a more stable cyclic peroxide (1,2-dioxane), as the incorporation of 3O2 in the opposite direction would result in a 1,2-dioxetane of a relatively unstable nature. However, there was an exception in the case of 2-OOH-SQ, where we suggest that a 1,2-dioxetane is first formed to ultimately give a 1,2-dioxane. Interestingly, the intensity of these compounds increased over a period of 48 h in total (data not shown) except in the case of 10-OOH-SQ where it quickly decomposed when oxidized for more than 4 h (Supporting Information I, Figure S3). A previous report [50] showed the generation of breakdown products from the acid decomposition of methyl linolenate and linoleate cyclic peroxides, however, no reports could be found on the photoinduced decomposition of lipid cyclic peroxides.



Based on the chain reaction mechanism proposed for 2-OOH-3-(1,2-dioxane)-SQ and the Q1 scan of each SQ-OOH isomer’s photooxidation, the main secondary oxidation product in each case is suggested to be bearing several cyclic peroxides (1,2-dioxanes) and a hydroperoxide at the end of the chain (Figure 7). The proposed structure for each secondary oxidation product was confirmed by the fragmentations observed upon PIS (Figure 7). We further confirmed the hypothesized structures by reacting the crude oxidation products of each oxidized SQ-OOH isomer with Mxp, the latter reacts with hydroperoxides to yield a perketal adduct, we assumed that if each main secondary oxidation product forms a single Mxp adduct, it confirms the presence of one hydroperoxide group, and confirms the proposed structures. Effectively, upon Q1 scan, there was one Mxp adduct formed with each main secondary oxidation product confirming further the proposed structures (Supporting Information I, Figure S4). There are very few reports on the formation of lipid cyclic peroxides and they were mostly generated by thermal autooxidation or 1O2 oxidation of lipids [51,52,53,54], however, to the best of our knowledge, no reports could be found on the generation of lipid cyclic peroxides upon exposure to photons and 3O2, and no evidence on SQ cyclic peroxides formation both in vitro and in vivo.




3.5. Analysis of the Identified Compound from Human SSLs


SSLs, deriving from both sebaceous and epidermal origins, were extracted using acetone-soaked cotton swabs from the forehead area of six healthy volunteers. The lipids collected on the cotton swab gather both polar and non-polar fractions of SSLs. Considering that the majority of SSLs are composed of non-polar lipids, after extraction of the lipids from the cotton swab, SQ, given its non-polar nature was analyzed directly using an HPLC-MS/MS method that we reported previously [41]. Whereas for SQ-OOH and 2-OOH-3-(1,2-dioxane)-SQ, they were analyzed only after purification by solid-phase extraction on a C18 cartridge to decrease the amount of non-polar contaminants. SQ-OOH isomers were analyzed by an HPLC-MS/MS method reported previously [42], whereas for 2-OOH-3-(1,2-dioxane)-SQ, a new HPLC-MS/MS method was developed in RP-HPLC. The quantities of 2-OOH-3-(1,2-dioxane)-SQ, SQ, and SQ-OOH were determined using external calibration curves made by the synthesized standards.



2-OOH-3-(1,2-dioxane)-SQ was detected in all tested subjects, the standard’s and SSLs’ chromatograms are presented in Figure 8A,B, with quantities ranging between 1.9 and 9.8 ng per sampled area (Figure 9A). Whereas, the quantities of its precursor, 6-OOH-SQ, ranged between 0.5 × 102 and 6.0 × 102 ng per sampled area (Figure 9C). The chromatograms of SQ-OOH further confirmed the 1O2 oxidation of SQ in SSLs (Figure 8C,D) and the percentage of 6-OOH-SQ among SQ-OOH isomers was between 15.6% and 19.9% (Supporting Information I, Table S3). In subjects where 2-OOH-3-(1,2-dioxane)-SQ was high, for example, subject 2 with 9.8 ng, we expected its precursor to be decreased in quantity among SQ-OOH isomers, however, 6-OOH-SQ in subject 2 represented 19.9% among SQ-OOH isomers, and was the highest percentage of 6-OOH-SQ among all subjects. On the other hand, SQ (chromatograms in Figure 8E,F) quantities were between 0.4 × 105 and 2.7 × 105 ng per sampled area (Figure 9B), and there was a clear correlation between the quantity of SQ and that of 2-OOH-3-(1,2-dioxane)-SQ per subject. Based on this observation and the relative stability of 2-OOH-3-(1,2-dioxane)-SQ, we concluded that 2-OOH-3-(1,2-dioxane)-SQ is formed on the skin from 6-OOH-SQ by photoinduced oxidation in the presence of 3O2, and can accumulate on the skin while new 6-OOH-SQ is being regenerated from SQ upon 1O2 oxidation. Here we confirmed that the newly identified compound, 2-OOH-3-(1,2-dioxane)-SQ is present in all analyzed SSLs from healthy individuals, making it the first evidence of the existence and quantification of this compound on the human skin. SQ-OOH, various lipid hydroperoxides, as well as certain lipid breakdown products such as MDA, have been often used as oxidative stress biomarkers [55], however, we demonstrated in this study the lability and instability of SQ-OOH isomers in conditions to which the skin is often exposed (i.e., photons and 3O2), hence, we suggest that 2-OOH-3-(1,2-dioxane)-SQ can be used as a more stable biomarker to better demonstrate the level of oxidative stress on the skin.





4. Conclusions


In this study, we identified a novel SQ secondary oxidation product as 2-OOH-3-(1,2-dioxane)-SQ, mainly in its cis configuration. We also confirmed the 1O2 induced generation of SQ-OOH on the skin from SQ and demonstrated that 2-OOH-3-(1,2-dioxane)-SQ is generated from 6-OOH-SQ upon its exposure to photons and in the presence of 3O2. The same oxidation pattern was observed in each SQ-OOH isomer to give similar (1,2-dioxane) species. We also developed an HPLC-MS/MS method for the analysis of 2-OOH-3-(1,2-dioxane)-SQ and were able to detect and quantify the compound in SSLs of six healthy volunteers. The obtained results indicate the possibility that the compound might accumulate on the skin. It is of great importance to further confirm and study in detail the oxidation mechanism proposed for the formation of the reported cyclic peroxides, as well as their effect on the skin and their abundance and role in subjects with altered skin conditions. Further oxidation of 2-OOH-3-(1,2-dioxane)-SQ (data not shown) showed more stability of the compound compared to when SQ-OOH isomers were further oxidized. This indicates a longer lifetime of 2-OOH-3-(1,2-dioxane)-SQ and longer periods of its contact with the skin, hence, we suggest that it can be used as a more reliable oxidative stress biomarker. Given its different nature that bears both a hydroperoxide and cyclic peroxide, 2-OOH-3-(1,2-dioxane)-SQ is expected to have a completely different effect on the skin. It is possible that other alkene bearing lipid species present on the skin can undergo the same mechanism reported in this study to give cyclic peroxide species, whose roles and nature are yet to be studied in depth.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/antiox10111760/s1, Supporting Information I: Additional data (Figures S1–S4, Tables S1–S5), NMR assignments, and spectra (File type, PDF). Supporting Information II: Detailed Spartan’18 (Wavefunction Inc.) calculations (File type, Excel).





Author Contributions


Conceptualization, S.K. (Saoussane Khalifa); methodology, S.K. (Saoussane Khalifa) and M.E.; validation, S.K. (Saoussane Khalifa), M.E., S.K. (Shunji Kato) and K.N.; formal analysis, K, Saoussane and M.E.; investigation; S.K. (Saoussane Khalifa); writing—original draft preparation, S.K. (Saoussane Khalifa); writing—review and editing, S.K. (Saoussane Khalifa), M.E., S.K. (Shunji Kato) and K.N.; supervision, K.N.; project administration, K.N.; funding acquisition, K.N. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Ethics Committee of Tohoku University Graduate School of Agricultural Science (registration numbers: 19-A-06).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study. Written informed consent has been obtained from the patient(s) to publish this paper.




Data Availability Statement


Data is available in the article, supporting information I, and supporting information II.




Acknowledgments


We would like to express our sincere thanks and appreciation to Yuka Taguchi for her assistance in taking the NMR spectra.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



De Luca, C.; Valacchi, G. Surface Lipids as Multifunctional Mediators of Skin Responses to Environmental Stimuli. Mediat. Inflamm. 2010, 2010, 1–11. [Google Scholar] [CrossRef]

	



Rinnerthaler, M.; Bischof, J.; Streubel, M.K.; Trost, A.; Richter, K. Oxidative Stress in Aging Human Skin. Biomolecules 2015, 5, 545–589. [Google Scholar] [CrossRef]

	



Sander, C.S.; Hamm, F.; Elsner, P.; Thiele, J.J. Oxidative stress in malignant melanoma and non-melanoma skin cancer. Br. J. Dermatol. 2003, 148, 913–922. [Google Scholar] [CrossRef] [PubMed]

	



Okayama, Y. Oxidative Stress in Allergic and Inflammatory Skin Diseases. Curr. Drug Target Inflamm. Allergy 2005, 4, 517–519. [Google Scholar] [CrossRef]

	



Wang, S.; Yi, X.; Wu, Z.; Guo, S.; Dai, W.; Wang, H.; Shi, Q.; Zeng, K.; Guo, W.; Li, C. CAMKK2 Defines Ferroptosis Sensitivity of Melanoma Cells by Regulating AMPK‒NRF2 Pathway. J. Investig. Dermatol. 2021. [Google Scholar] [CrossRef] [PubMed]

	



Sorokin, A.V.; Domenichiello, A.F.; Dey, A.K.; Yuan, Z.-X.; Goyal, A.; Rose, S.M.; Playford, M.P.; Ramsden, C.E.; Mehta, N.N. Bioactive Lipid Mediator Profiles in Human Psoriasis Skin and Blood. J. Investig. Dermatol. 2018, 138, 1518–1528. [Google Scholar] [CrossRef] [PubMed]

	



Greene, R.S.; Downing, D.T.; Pochi, P.E.; Strauss, J.S. Anatomical Variation in the Amount and Composition of Human Skin Surface Lipid. J. Investig. Dermatol. 1970, 54, 240–247. [Google Scholar] [CrossRef] [PubMed]

	



Nicolaides, N. Skin Lipids: Their Biochemical Uniqueness. Science 1974, 186, 19–26. [Google Scholar] [CrossRef] [PubMed]

	



Thoma, R.; Schulz-Gasch, T.; D’Arcy, B.; Benz, J.; Aebi, J.D.; Dehmlow, H.; Hennig, M.; Stihle, M.; Ruf, A. Insight into steroid scaffold formation from the structure of human oxidosqualene cyclase. Nature 2004, 432, 118–122. [Google Scholar] [CrossRef]

	



Kohno, Y.; Egawa, Y.; Itoh, S.; Nagaoka, S.-I.; Takahashi, M.; Mukai, K. Kinetic study of quenching reaction of singlet oxygen and scavenging reaction of free radical by squalene in n-butanol. Biochim. Biophys. Acta (BBA) Lipids Lipid Metab. 1995, 1256, 52–56. [Google Scholar] [CrossRef]

	



Boussouira, B.; Pham, D.M. Squalene and Skin Barrier Function: From Molecular Target to Biomarker of Environmental Exposure. In Skin Stress Response Pathways; Springer Science and Business Media LLC: Berlin/Heidelberg, Germany, 2016; pp. 29–48. [Google Scholar]

	



Lovászi, M.; Mattii, M.; Eyerich, S.; Gácsi, A.; Csányi, E.; Kovács, D.; Rühl, R.; Szegedi, A.; Kemény, L.; Ståhle, M.; et al. Sebum lipids influence macrophage polarization and activation. Br. J. Dermatol. 2017, 177, 1671–1682. [Google Scholar] [CrossRef]

	



De Jong, A.; Cheng, T.-Y.; Huang, S.; Gras, S.; Birkinshaw, R.W.; Kasmar, A.G.; Van Rhijn, I.; Pena-Cruz, V.; Ruan, D.T.; Altman, J.D.; et al. CD1a-autoreactive T cells recognize natural skin oils that function as headless antigens. Nat. Immunol. 2013, 15, 177–185. [Google Scholar] [CrossRef]

	



Bakes, M.J.; Nichols, P.D. Lipid, fatty acid and squalene composition of liver oil from six species of deep-sea sharks collected in southern australian waters. Comp. Biochem. Physiol. Part B Biochem. Mol. Biol. 1995, 110, 267–275. [Google Scholar] [CrossRef]

	



Khallouki, F.; Younos, C.; Soulimani, R.; Oster, T.; Charrouf, Z.; Spiegelhalder, B.; Bartsch, H.; Owen, R.W. Consumption of argan oil (Morocco) with its unique profile of fatty acids, tocopherols, squalene, sterols and phenolic compounds should confer valuable cancer chemopreventive effects. Eur. J. Cancer Prev. 2003, 12, 67–75. [Google Scholar] [CrossRef] [PubMed]

	



Amarowicz, R. Squalene: A natural antioxidant? Eur. J. Lipid Sci. Technol. 2009, 111, 411–412. [Google Scholar] [CrossRef]

	



Brusini, R.; Dormont, F.; Cailleau, C.; Nicolas, V.; Peramo, A.; Varna, M.; Couvreur, P. Squalene-based nanoparticles for the targeting of atherosclerotic lesions. Int. J. Pharm. 2020, 581, 119282. [Google Scholar] [CrossRef] [PubMed]

	



Dormont, F.; Brusini, R.; Cailleau, C.; Reynaud, F.; Peramo, A.; Gendron, A.; Mougin, J.; Gaudin, F.; Varna, M.; Couvreur, P. Squalene-based multidrug nanoparticles for improved mitigation of uncontrolled inflammation in rodents. Sci. Adv. 2020, 6, eaaz5466. [Google Scholar] [CrossRef] [PubMed]

	



Allison, A.C. Squalene and Squalane Emulsions as Adjuvants. Methods 1999, 19, 87–93. [Google Scholar] [CrossRef] [PubMed]

	



Garçon, N.; Vaughn, D.W.; Didierlaurent, A.M. Development and evaluation of AS03, an Adjuvant System containing α-tocopherol and squalene in an oil-in-water emulsion. Expert Rev. Vaccines 2012, 11, 349–366. [Google Scholar] [CrossRef] [PubMed]

	



de Jonge, J.; van Dijken, H.; de Heij, F.; Spijkers, S.; Mouthaan, J.; de Jong, R.; Roholl, P.; Adami, E.A.; Akamatsu, M.A.; Ho, P.L.; et al. H7N9 influenza split vaccine with SWE oil-in-water adjuvant greatly enhances cross-reactive humoral immunity and protection against severe pneumonia in ferrets. NPJ Vaccines 2020, 5, 1–14. [Google Scholar] [CrossRef] [PubMed]

	



Newmark, H.L. Squalene, olive oil, and cancer risk. Review and hypothesis. Ann. N. Y. Acad. Sci. 1999, 889, 193–203. [Google Scholar] [CrossRef]

	



Gaschler, M.M.; Stockwell, B.R. Lipid peroxidation in cell death. Biochem. Biophys. Res. Commun. 2017, 482, 419–425. [Google Scholar] [CrossRef]

	



Spiteller, G. Lipid peroxidation in aging and age-dependent diseases. Exp. Gerontol. 2001, 36, 1425–1457. [Google Scholar] [CrossRef]

	



Miró, Ò.; Casademont, J.; Casals, E.; Perea, M.; Urbano-Márquez, Á.; Rustin, P.; Cardellach, F. Aging is associated with increased lipid peroxidation in human hearts, but not with mitochondrial respiratory chain enzyme defects. Cardiovasc. Res. 2000, 47, 624–631. [Google Scholar] [CrossRef]

	



Shimizu, N.; Ito, J.; Kato, S.; Eitsuka, T.; Saito, T.; Nishida, H.; Miyazawa, T.; Nakagawa, K. Evaluation of squalene oxidation mechanisms in human skin surface lipids and shark liver oil supplements. Ann. N. Y. Acad. Sci. 2019, 1457, 158–165. [Google Scholar] [CrossRef] [PubMed]

	



Nakagawa, K.; Ibusuki, D.; Suzuki, Y.; Yamashita, S.; Higuchi, O.; Oikawa, S.; Miyazawa, T. Ion-trap tandem mass spectrometric analysis of squalene monohydroperoxide isomers in sunlight-exposed human skin. J. Lipid Res. 2007, 48, 2779–2787. [Google Scholar] [CrossRef] [PubMed]

	



Ryu, A.; Arakane, K.; Koide, C.; Arai, H.; Nagano, T. Squalene as a Target Molecule in Skin Hyperpigmentation Caused by Singlet Oxygen. Biol. Pharm. Bull. 2009, 32, 1504–1509. [Google Scholar] [CrossRef] [PubMed]

	



Nakagawa, K.; Shibata, A.; Maruko, T.; Sookwong, P.; Tsuduki, T.; Kawakami, K.; Nishida, H.; Miyazawa, T. γ-Tocotrienol Reduces Squalene Hydroperoxide-Induced Inflammatory Responses in HaCaT Keratinocytes. Lipids 2010, 45, 833–841. [Google Scholar] [CrossRef] [PubMed]

	



Chiba, K.; Kawakami, K.; Sone, T.; Onoue, M. Characteristics of Skin Wrinkling and Dermal Changes Induced by Repeated Application of Squalene Monohydroperoxide to Hairless Mouse Skin. Skin Pharmacol. Physiol. 2003, 16, 242–251. [Google Scholar] [CrossRef]

	



Chiba, K.; Yoshizawa, K.; Makino, I.; Kawakami, K.; Onoue, M. Comedogenicity of squalene monohydroperoxide in the skin after topical application. J. Toxicol. Sci. 2000, 25, 77–83. [Google Scholar] [CrossRef]

	



Petrick, L.; Dubowski, Y. Heterogeneous oxidation of squalene film by ozone under various indoor conditions. Indoor Air 2009, 19, 381–391. [Google Scholar] [CrossRef]

	



Arata, C.; Heine, N.; Wang, N.; Misztal, P.K.; Wargocki, P.; Bekö, G.; Williams, J.; Nazaroff, W.W.; Wilson, K.R.; Goldstein, A.H. Heterogeneous Ozonolysis of Squalene: Gas-Phase Products Depend on Water Vapor Concentration. Environ. Sci. Technol. 2019, 53, 14441–14448. [Google Scholar] [CrossRef] [PubMed]

	



Zeng, J.; Mekic, M.; Xu, X.; Loisel, G.; Zhou, Z.; Gligorovski, S.; Li, X. A Novel Insight into the Ozone–Skin Lipid Oxidation Products Observed by Secondary Electrospray Ionization High-Resolution Mass Spectrometry. Environ. Sci. Technol. 2020, 54, 13478–13487. [Google Scholar] [CrossRef] [PubMed]

	



Shimizu, N.; Bersabe, H.; Ito, J.; Kato, S.; Towada, R.; Eitsuka, T.; Kuwahara, S.; Miyazawa, T.; Nakagawa, K. Mass Spectrometric Discrimination of Squalene Monohydroperoxide Isomers. J. Oleo Sci. 2017, 66, 227–234. [Google Scholar] [CrossRef]

	



Kato, S.; Nakagawa, K.; Suzuki, Y.; Asai, A.; Nagao, M.; Nagashima, K.; Oikawa, S.; Miyazawa, T. Liquid chromatography–tandem mass spectrometry determination of human plasma 1-palmitoyl-2-hydroperoxyoctadecadienoyl-phosphatidylcholine isomers via promotion of sodium adduct formation. Anal. Biochem. 2015, 471, 51–60. [Google Scholar] [CrossRef] [PubMed]

	



Otoki, Y.; Nakagawa, K.; Kato, S.; Miyazawa, T. MS/MS and LC-MS/MS analysis of choline/ethanolamine plasmalogens via promotion of alkali metal adduct formation. J. Chromatogr. B 2015, 1004, 85–92. [Google Scholar] [CrossRef]

	



Ito, J.; Mizuochi, S.; Nakagawa, K.; Kato, S.; Miyazawa, T. Tandem Mass Spectrometry Analysis of Linoleic and Arachidonic Acid Hydroperoxides via Promotion of Alkali Metal Adduct Formation. Anal. Chem. 2015, 87, 4980–4987. [Google Scholar] [CrossRef] [PubMed]

	



Sun, X.-Y.; Tian, X.-Y.; Li, Z.-W.; Peng, X.-S.; Wong, H.N.C. Total Synthesis of Plakortide E and Biomimetic Synthesis of Plakortone B. Chem. Eur. J. 2011, 17, 5874–5880. [Google Scholar] [CrossRef] [PubMed]

	



Hehre, W.; Klunzinger, P.; Deppmeier, B.; Driessen, A.; Uchida, N.; Hashimoto, M.; Fukushi, E.; Takata, Y. Efficient Protocol for Accurately Calculating 13C Chemical Shifts of Conformationally Flexible Natural Products: Scope, Assessment, and Limitations. J. Nat. Prod. 2019, 82, 2299–2306. [Google Scholar] [CrossRef]

	



Wada, Y.; Kikuchi, A.; Kaga, A.; Shimizu, N.; Ito, J.; Onuma, R.; Fujishima, F.; Totsune, E.; Sato, R.; Niihori, T.; et al. Metabolic and pathologic profiles of human LSS deficiency recapitulated in mice. PLoS Genet. 2020, 16, e1008628. [Google Scholar] [CrossRef]

	



Shimizu, N.; Ito, J.; Kato, S.; Otoki, Y.; Goto, M.; Eitsuka, T.; Miyazawa, T.; Nakagawa, K. Oxidation of squalene by singlet oxygen and free radicals results in different compositions of squalene monohydroperoxide isomers. Sci. Rep. 2018, 8, 9116. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, Z.-Y.; Hunt, J.V.; Wolff, S.P. Ferrous ion oxidation in the presence of xylenol orange for detection of lipid hydroperoxide in low density lipoprotein. Anal. Biochem. 1992, 202, 384–389. [Google Scholar] [CrossRef]

	



Gay, C.; Collins, J.; Gebicki, J.M. Hydroperoxide Assay with the Ferric–Xylenol Orange Complex. Anal. Biochem. 1999, 273, 149–155. [Google Scholar] [CrossRef]

	



Tanno, R.; Kato, S.; Shimizu, N.; Ito, J.; Sato, S.; Ogura, Y.; Sakaino, M.; Sano, T.; Eitsuka, T.; Kuwahara, S.; et al. Analysis of oxidation products of α-tocopherol in extra virgin olive oil using liquid chromatography–tandem mass spectrometry. Food Chem. 2020, 306, 125582. [Google Scholar] [CrossRef]

	



Martini, S.; Cavalchi, M.; Conte-Junior, C.; Tagliazucchi, D. The paradoxical effect of extra-virgin olive oil on oxidative phenomena during in vitro co-digestion with meat. Food Res. Int. 2018, 109, 82–90. [Google Scholar] [CrossRef]

	



Hosoda, S.; Sato, T.; Takahashi, M.; Tanuma, I.; Yamada, R. Chemiluminescence studies on the photooxidation of isotactic polypropylene. Polym. Degrad. Stab. 2021, 188, 109575. [Google Scholar] [CrossRef]

	



Cao, J.; Jiang, X.; Chen, Q.; Zhang, H.; Sun, H.; Zhang, W.-M.; Li, C. Oxidative stabilities of olive and camellia oils: Possible mechanism of aldehydes formation in oleic acid triglyceride at high temperature. LWT 2019, 118, 108858. [Google Scholar] [CrossRef]

	



Miotto, G.; Rossetto, M.; Di Paolo, M.L.; Orian, L.; Venerando, R.; Roveri, A.; Vučković, A.-M.; Travain, V.B.; Zaccarin, M.; Zennaro, L.; et al. Insight into the mechanism of ferroptosis inhibition by ferrostatin-1. Redox Biol. 2020, 28, 101328. [Google Scholar] [CrossRef] [PubMed]

	



Frankel, E.N.; Neff, W.E.; Selke, E. Analysis of autoxidized fats by gas chromatography-mass spectrometry. IX. Homolytic vs. Heterolytic cleavage of primary and secondary oxidation products. Lipids 1984, 19, 790–800. [Google Scholar] [CrossRef]

	



Frankel, E.N.; Neff, W.E.; Miyashita, K. Autoxidation of polyunsaturated triacylglycerols. II. Trilinolenoylglycerol. Lipids 1990, 25, 40–47. [Google Scholar] [CrossRef]

	



Frankel, E.N.; Neff, W.E.; Weisleder, D. Formation of hydroperoxy bis-epidioxides in sensitized photo-oxidized methyl linolenate. J. Chem. Soc. Chem. Commun. 1982, 599–600. [Google Scholar] [CrossRef]

	



Neff, W.E.; Frankel, E.N.; Selke, E.; Weisleder, D. Photosensitized oxidation of methyl linoleate monohydroperoxides: Hydroperoxy cyclic peroxides, dihydroperoxides, keto esters and volatile thermal decomposition products. Lipids 1983, 18, 868–876. [Google Scholar] [CrossRef]

	



Porter, N.A.; Funk, M.O.; Gilmore, D.; Isaac, R.; Nixon, J. The formation of cyclic peroxides from unsaturated hydroperoxides: Models for prostaglandin biosynthesis. J. Am. Chem. Soc. 1976, 98, 6000–6005. [Google Scholar] [CrossRef] [PubMed]

	



Bielfeldt, S.; Jung, K.; Laing, S.; Moga, A.; Wilhelm, K. Anti-pollution effects of two antioxidants and a chelator—Ex vivo electron spin resonance and in vivo cigarette smoke model assessments in human skin. Skin Res. Technol. 2021, 13068. [Google Scholar] [CrossRef] [PubMed]








[image: Antioxidants 10 01760 g001 550] 





Figure 1. Chemical structure of unoxidized squalene (SQ) and its six singlet oxygen monohydroperoxide products (SQ-OOH isomers). 
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Figure 2. UV-HPLC chromatograms of the crude oxidized SQ (A), purified mixture of SQ-OOH isomers (B), purified individual SQ-OOH isomers (C), and the photooxidized mixture of SQ-OOH isomers (D). 
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Figure 3. (A) correlation between the decrease in 10-OOH-SQ, 6-OOH-SQ and the increase in 2-OOH-3-(1,2-dioxane)-SQ. The peak area of 6-OOH-SQ decreased by a value of 1019 while 2-OOH-3-(1,2-dioxane)-SQ’s peak area reached 856 after 8 h, equal to 84% of the decreased 6-OOH-SQ. (B) Q1 and product ion scan (PIS) spectra of the newly observed SQ secondary oxidation product. 
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Figure 4. Candidate structures of SQ secondary oxidation product and their heteronuclear single quantum coherence (HMBC) correlations. (1A,1B), based on the correlations of H1 and H25 to C3, and H3 to C1, C2 and C25; (2A,2B), based on the correlations of H1 and H25 to C4, and H4 to C1, C2 and C25. 
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Figure 5. Chemical structure of the newly identified SQ secondary oxidation product, 2-OOH-3-(1,2-dioxane)-SQ. 
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Figure 6. Proposed mechanism involved in the formation of 2-OOH-3-(1,2-dioxane)-SQ from 6-OOH-SQ following two possible routes. 
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Figure 7. Q1 and PIS spectra of the main photooxidation products of individual SQ-OOH isomers and their suggested chemical structures. (A) [(11-OOH-SQ + 3O2) +Na]+; (B) [(7-OOH-SQ + 4O2) +Na]+; (C) [(10-OOH-SQ + 2O2) +Na]+; (D) [(3-OOH-SQ + 5O2) +Na]+; (E) [(2-OOH-SQ + 5O2) +Na]+; (F) direction of the chain reaction’s propagation. 
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Figure 8. (A) 2-OOH-3-(1,2-dioxane)-SQ standard’s chromatogram with characteristic fragments as demonstrated on the structure. (B) 2-OOH-3-(1,2-dioxane)-SQ chromatogram from skin surface lipids (SSLs). (C) SQ-OOH standards’ chromatogram. (D) SQ-OOH chromatogram from SSLs. (E) SQ standard’s chromatogram. (F) SQ chromatogram from SSLs. 
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Figure 9. Quantities of 2-OOH-3-(1,2-dioxane)-SQ (A), of SQ (B), and of SQ-OOH isomers (C) in SSLs of six healthy individuals calculated by the use of external standards using HPLC-MS/MS. 
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Table 1. Results of the 13C chemical shifts calculations carried out on Spartan 18 software.
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	RMS
	0.96
	1.85
	9.55
	10.05
	4.23
	4.31
	10.72
	10.35



	Max absolute
	1.80
	3.40
	21.00
	22.00
	7.20
	5.90
	31.60
	30.20



	Mean absolute
	0.75
	1.58
	6.90
	7.51
	3.65
	3.61
	6.62
	6.32
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