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Dioxygen (the O2 molecule) is an important component 
of all tissues including skin. Even small fl uctuations of 
O2 amount (dioxygen concentration changes in the tissue 
microenvironment) can strongly affect the signaling functions 
of cells through the reactive oxygen species (ROSs) activity and 
hence - the whole cellular metabolism, the cell proliferation, 
and differentiation, etc [1,2]. Most of these species are 
paramagnetic; that is, they possess internal magnetic moment 
[3-7]. Not many dermatology doctors are aware of these 
important dioxygen and ROS properties [8,9] which crucially 
depend on the electronic structure of such radicals and their 
spin interactions. Modern quantum chemistry and biophysics 
provide useful knowledge about spin-dependent interactions 
between ROS, O2 and organic components of the cell [10]. This 
mini-review describes spin-dependent essential features of 
dioxygen and ROS involvement in some dermatology diseases, 
hair growth and other problems being mainly controlled by 
the dermal papilla, the hair follicle, psoriasis treatment and 
photodynamic therapy.

Introduction

Dioxygen as a small diatomic O2 molecule differs from 
other chemical species by its magnetic properties. In big 
contrast to an overwhelming majority of chemically stable 
organic substances, the O2 molecule increases its weight in 
magnetic balance; that is dioxygen is a paramagnetic gas, 
while most organic substances are diamagnetics [1-4]. Both 
types of species are chemically stable at ambient conditions 

(in the absence of fi re or spark). Organic stuff as components 
of alive cells consists of biopolymers and molecules (proteins, 
lipids, sugars, DNA, RNA, adenine, guanine, glucose, etc.), 
all of which possess even numbers of electrons. Being paired 
with anti-parallel spins these electrons provide zero magnetic 
moments; that is why most organic substances represent 
diamagnetic stuff and are slightly repelled by an external 
magnetic fi eld. Both diamagnetics and paramagnetic do not 
retain their magnetization when the external magnetic fi eld 
is removed. For the late species, chaotic movement in the gas 
phase destroys their magnetic moment’s alignment in zero 
fi elds. 

Dioxygen is a stable biradical with internal magnetic 
moment (a paramagnetic species) because of two non-paired 
electrons in the O2 valence shell with parallel spins [2,3]. The 
most important ROSs (the excited singlet O2(a

1Δg) oxygen, 
superoxide O2

-• (X2∏g) ion-radical, hydroxyl OH• (X2∏) radical) 
are short-lived paramagnetic particles. The late two – because 
of the odd number of electrons and one non-paired electron 
spin, the singlet O2(a

1Δg) oxygen – because of the orbital 
magnetic moment [4]. 

Let me remind you that an electron is a tiny magnet; its 
magnetic moment (spin S = ½) has a pure quantum origin 
and no evident analogy in the visible macroscopic world. The 
electron spin arrow in contrast to classical magnet has only 
two possible orientations (Ms = ±½) determined by the pure 
quantum nature of such elementary particle [3]. Most free 
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atoms (besides Nobel gases) have non-paired electrons. Being in 
chemical reactions and entering a molecule the atoms produce 
spin pairing which accompanies the chemical bond formation 
[3]. The dioxygen O = O molecule possesses a double chemical 
bond. However, because of the special orbital symmetry of 
the O2 valence shell, its ground state with the lowest energy 
(the most stable state) keeps two non-paired electrons with 
the parallel spins orientation (↑↑). Such the ground O2 state 
has a non-zero total electronic spin (S = ½+½ = 1) which can 
possess only three possible projections on the molecular axis 
(Ms = 0,±1); thus, this state is called a triplet. In contrast, the 
typical organic molecules with antiparallel spins (↑↓) have a 
total electronic spin S =0 [4] (no intrinsic magnetic moment), 
which corresponds to a singlet diamagnetic state. The fi rst 
excited state of O2 possesses also antiparallel spins; thus it is 
a singlet O2(a

1Δg) oxygen [3]. This state is doubly degenerate; 
that is, there are two states with the same energy of 22 kcal/
mole above the ground triplet state O2(X

3g) [5]. The degenerate 
character of the singlet O2(a

1Δg) oxygen is very often ignored 
in many biomedical studies on Photodynamic Therapy (PDT) 
which hinders the proper understanding of real electronic 
mechanisms behind the PDT phenomena [5]. The degeneracy 
of the singlet O2(a

1Δg) state determines its orbital magnetic 
moment providing a rather unusual paramagnetic character of 
this reactive oxygen species. 

The spin importance in biology was discovered by Linus 
Poling in his studies of hemoglobin [2]. The Fe(II) ion in 
hemoglobin is spin paramagnetic and its coupling with O2 is a 
complicated process depending on the spin state of dioxygen, 
on the exchange and spin-orbit coupling between heme and the 
air molecules [6,7]. This mini-review is devoted to describing 
spin-dependent essential features of dioxygen O2(X

3g) and 
O2(a

1Δg) states superoxide O2
-• ion, and other ROS involvements 

in interactions with human dermal papilla cells and 
melanocytes which are important players in hair pigmentation 
and hair growth, as well as response to physiological dioxygen 
level (5% O2, hypoxia) on melanocytes proliferation, papilla 
cells migration and tyrosinase enzyme activity. 

General data on dioxygen reactivity

Dioxygen reactivity strongly depends on a small number of 
possible activators or special enzymes. It is well known, that the 
triplet O2(X

3g) dioxygen from the air could be either chemically 
extremely active or completely inert depending on the presence 
of paramagnetic radicals in the nearest environment [1-10]. 
This transparent gas can show furious activity in combustion, 
for all that being billion years passive in the Earth’s atmosphere 
[1,2]. Triplet dioxygen protects our life on the Earth’s surface 
from dangerous solar Ultraviolet (UV) radiation through its 
absorption in the 175 nm - 205 nm region (the Schumann-
Runge absorption band), creates a stratospheric ozone layer 
which protects us from the soft UV light (240 nm), and provides 
respiration energy of all aerobic life [6]. Since the majority of 
organic molecules (M) are diamagnetic species, their reactions 
with triplet O2(X

3g) dioxygen are completely spin-forbidden 
processes; the fi nal Products (P) of such possible oxidation are 
also diamagnetic molecules (H2O, N2, and CO2) [7]:

M (↑↓) + O2 (↑↑) ≠ P (↑↓) (↑↓)                  (1)

The spin-fl ip is obvious to complete such a reaction, Eq. 
(1). The fl ip of the spin magnetic moment in Eq. (1) can only 
be induced by magnetic interaction (with the external fi eld 
or through internal perturbations) [6]. It is known, however, 
that external magnetic fi elds are not necessary for organic 
oxidation reactions to proceed [7]. The structure of chemical 
bonds and chemical reactions are determined mostly by 
internal electric forces (these are electrostatic interactions 
between the charged elemental micro-particles, electrons and 
nuclei) [1]. Pure magnetic intrinsic interactions are extremely 
weak in molecules consisting of light atoms; that is why 
magnetic intrinsic interactions are reasonably neglected in the 
Schrodinger equation of traditional quantum chemistry [7]. 
This is the reason why the reaction of Eq. (1) is considered to 
be forbidden by the Wigner-Witmer rule for spin conservation 
in chemical reactions [11]. The question about combustion 
and respiration is clearly solved only in the fi rst case; the 
combustion mechanism, Eq. (1), proceeds through intermediate 
chain reactions being initiated by radicals (R), the reactive 
species with non-paired electrons, Eq. (2): 

M (↑↓) + O2 (↑↑) + R (↓) = Pꞌ (↑↓) (↑↓) + Rꞌ (↑)             (2)

The newborn radical Rꞌ and intermediate diamagnetic 
product Pꞌ can continue the chain; Rꞌ can react again with 
dioxygen without spin-prohibition. The total spin (S = 1/2) and 
its projection (Ms = +1/2) are the same in the right and left parts 
of Eq. (2). This is because the particular spin orientation upon 
O2 (↑↑) and R (↓) collision is possible in Eq. (2) [7]. The next 
organic molecule M can react with O2 and provide a diamagnetic 
product through the intermediate radical involvement. That is 
why the combustion proceeds as a radical chain reaction one of 
the chain links of which is presented by Eq. (2) [2,7].

It is well known that respiration and combustion are fi nally 
identical in the exothermic effects of reaction and in the full 
oxidation products (all organic fuels are completely oxidized to 
CO2, H2O and N2) [2]. Because of such a fi nal identity, a naïve 
question could occur: what is that bio activator that provides “a 
match” to initiate the fi rst radical for the respiration chain in 
the cell? The answer is obvious; the respiration cannot proceed 
through the radical-chain reaction mechanism, since it is not 
compatible with the temperature of most mammalians; the 
radicals would burn the cell. 

At the necessary high concentrations, free radicals are 
hazardous species for living cells; they can damage the major 
cellular constituents [1,2]. At a moderate concentration, 
however, superoxide anion-radical, like other Reactive Oxygen 
Species (ROS) can play a crucial role as a regulatory mediator 
in the cell signaling processes. The ROS-mediated responses 
can reestablish the “redox homeostasis” and protect the cell 
against oxidative stress [7-9]. Such ROS response can provide 
regulation of vascular tone, monitoring of O2 tension in the 
control of erythropoietin (Epo) production in the kidney and 
in membrane receptors signal transduction in numerous 
physiological processes [1]. ROS and nitric oxide are usually 
generated in such cases by tightly regulated enzymes like 
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NAD(P)H oxidase and nitric oxide synthase (NOS), respectively 
[12]. In mitochondria, ROS are generated by many enzymes 
as side products (most undesirable) of oxidative metabolism 
[10-21]. An excessive increase in ROS production is responsible 
for the pathogenesis of cancer, atherosclerosis, diabetes, 
neurodegenerative diseases, rheumatoid arthritis, ischemia 
and other diseases. Finally, paramagnetic free radicals are 
connected with the process of deterioration with age and 
senescence [2,12]. 

Most intracellular ROS are derived from superoxide anion-
radical (O2−•) being generated by one-electron reduction of 
dioxygen. The superoxide radical is transferred to hydrogen 
peroxide by superoxide dismutases (SODs) [12]. Singlet 
oxygen O2(a

1Δg) generation in the dark cell typically occurs 
through the oxidation of superoxide O2−• anion [9]. Finally, 
the Fenton reaction can lead to the hydroxyl OH• radical, the 
most dangerous ROS agent [22]. Thus, the internal magnetic 
properties of superoxide play a fundamental role in ROS 
production and their functionality, though not many chemists 
[13] pay attention to the spin-orbit coupling mechanism [15] 
which affords O2−• anion to overcome spin prohibition for 
dioxygen activity. 

The most fundamental processes of aerobic life are spin 
forbidden

The respiration mechanism is arranged as the Krebs cycle 
of tricarboxylic acid; this is a complicated multistep process 
where O2 is activated by enzymes that contain paramagnetic 
metal ions [2,7]. The metal ions provide the non-zero spin of 
non-paired electrons which interact with the triplet spin of O2 
by exchange coupling; formally this is a spin-allowed process 
that is similar in a way to Eq. (2) [7]. However, there is a great 
difference, since the spin of metal ions is not a free radical 
being tightly bound with organic ligands of the enzyme [4-
7]. The Fe(II) ion in hemoglobin is also paramagnetic and its 
coupling with O2 and NO is a complicated process depending on 
the exchange and spin-orbit coupling [4-7]. Thus, two basic 
processes of all aerobic life, photosynthesis in chloroplasts and 
respiration in mitochondria

2 2 6 12 6 2

6 12 6 2 2 2

6 6 6
6 6 6 ( )
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Represent spin-forbidden reactions activated by the 
presence of paramagnetic Mg (II) and Fe(II) ions in chlorophyll 
and in cytochrome c oxidase, respectively [5]. The triplet O2 

(↑↑) molecule from the air can penetrate through the lung 
alveolus and being bound by paramagnetic Fe(II) ions of 
hemoglobin is transported to a cell where it realizes great 
work in mitochondria [10,19]. Besides respiration O2 molecule 
provides other numerous oxidation reactions being activated by 
various oxidases, mono- and di-oxygenases [13]. Many of these 
enzymes also contain paramagnetic metal cofactors, but many 
others include pure organic fl avins and pterin cofactors without 
paramagnetic species [5,13]. Their mechanisms of O2 activation 
which help to overcome the dioxygen spin prohibition [15] are 
still not known among the modern biomedical community 

[1,2,13,18]. Meanwhile, the well-grounded physical concept of 
strong internal magnetic perturbation inside the intermediate 
superoxide (spin-orbit coupling in O2

-• anion-radical) [15] can 
explain all kinetic peculiarities of metal-free oxidative enzymes 
[5]. Moreover, nowadays there are discovered several new 
enzymes which do not possess cofactor at all; however, they 
can activate dioxygen for substrate oxidation providing a great 
puzzle in modern biochemistry [13,20]. The theory of spin-
orbit coupling in O2

-• anion naturally explains the mechanism 
even for these cofactor-free oxidases and oxygenases [16]. 
Though, few practical biochemists [20] have already accepted 
and utilized the idea of strong magnetic torque in superoxide 
radical [5,17] a large biochemical community is not informed so 
far [13] about the spin-orbit coupling theory of the superoxide 
ion as the main factor of aerobic metabolism. Implications 
of this knowledge in biomedical practice should be useful for 
the treatment of many diseases including dermatology where 
dioxygen is one of the important players [12,18-25].

Thus, dioxygen is vital for living cells and plays a 
fundamental role in cellular metabolism. However, the simple 
molecular diffusion of O2 gas in tissues is not suffi cient for 
an understanding of the metabolic needs of large, active, and 
complex multicellular organisms when dioxygen reactivity 
with organic stuff is forbidden by severe quantum rule for spin 
selection. Consequently, it is necessary to provide tissues and 
cells with numerous activators of dioxygen which can help 
them to overcome spin prohibition without the assistance of 
paramagnetic metals [5,7].

How oxidative enzymes can overcome spin prohibition 
for O2 activation

Numerous enzymes of pure organic nature can really 
activate dioxygen without vital metal assistance [5]. Flavin- 
and pterin-dependent oxidative enzymes are ubiquitous 
in living organisms [13]. Their hetero-aromatic cycles can 
undergo multistep electron transfer demonstrating reach 
redox chemistry [13-16]. Various redox phases of fl avins and 
pterin play important roles in electron-coupled proton transfer 
processes which are crucial for many important biochemical 
functions, such as biosynthesis, oxidation, DNA repair, 
detoxifi cation and biodegradation [12,21-29]. During reactions 
catalyzed by fl avin - and pterin-dependent enzymes numerous 
forms of transient Radical Pair (RP) can be generated, including 
FADH•…O2

-• radical pair [13].

Flavoenzymes oxidation is studied in many details [13]. 
The reduced fl avin (Flred) is usually oxidized to semiquinone 
(Flsq•) radical during interaction with O2 and followed by 
fl avoperoxide FlOOH subsequent formation [5]. Vincent Massey 
has postulated an electron transfer from the reduced fl avin to 
dioxygen with the intermediate triplet RP formation between 
O2

-• ion and semiquinone Flsq• radical in the following form [14]:

Flred(↓↑) +O 2(↑)(↑) → [Flsq• ↑↑ O2
-•]→[Flsq• ↑↓ O2

-•]→FlOO-

→FlOOH                     (3)

In Eq. (3) the spin-fl ip occurs at the triplet ↑↑ RP stage, 
which needs to undergo the triplet-singlet transition in order 
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to form a diamagnetic FlOO- adduct. As an example, glucose 
oxidase (GO) can be considered [15]. A reduced deprotonated 
fl avin in the form of the FADH- anion at the beginning of 
oxidative half-reactions of glucose oxidase can produce an 
electron transfer to the triplet O2 molecule and form the triplet 
radical pair between semiquinone Flsq• (↑) and superoxide O2

-• 

(↑) radicals, Eq. (3). This triplet RP has to undergo spin-fl ip 
in order to continue the usual singlet-state chemistry [15]. 
Vincent Massey had not commented on the magnetic origin of 
those forces which are responsible for the spin-transition in 
Eq. (3) [7,16]. But one can suspect that he had taken in mind 
the Radical Pair Theory (RPT) [15,27,28], which was rather 
popular twenty years ago for the Magnetic Field Effects (MFE) 
explanations in chemical reactions. The RPT considers the 
possibility of the Triplet-Singlet (T-S) transition [28] in radical 
reactions which are induced by Hyperfi ne Interaction (HFI) 
between electron and nuclear spins. This is possible only in the 
separated radicals being inside a non-bound RP [28]. The T and 
S states of such RP are degenerate (possess the same energy) 
according to RPT; that is why even a weak HFI can produce the 
T-S transition [28]. The RPT could be applied to free fl avins 
in aqua solvent but it cannot be applicable to a real enzyme, 
where FADH and O2

-• are kept tightly bound like in the GO 
active site [7,21]. The driving force origin of the spin transition 
in Eq. (3) is the main problem of O2 activation by numerous 
free-of-metal enzymes [7]. To unravel the knowledge of the 
such mechanism is important for many practical biomedical 
applications [12-29] (like photodynamic therapy and psoriasis 
treatment). Extremely weak hyperfi ne interactions cannot 
induce a competitively fast triplet-singlet transition in radical 
pair Eq. (3) of the enzyme active center [19]. The rate constant 
of the T-S spin-fl ip has to compete with the dissociation of 
the RP triplet state in Eq. (3). Such RP dissociation would lead 
to the dangerous and active superoxide-ion release into the 
cytoplasm. Thus, understanding the origin of the driving force 
for the T-S spin-fl ip in Eq. (3) is so important for the medical 
treatment of many diseases including skin disorders. 

The fi rst explanation of the T-S inter-conversion in Eq. 
(3) has been proposed twenty years ago [15] and based on 
account of two electronic confi gurations being possible in the 
degenerate open shell (πg)

3 of the superoxide ion-radical, (↑)
(↓↑) and (↓↑)(↓); here the brackets denote the πg,x and πg,y 
molecular orbitals of O2 [15]. Therefore, the T-S transition in 
the radical pair, Eq. (3), can be presented as

3[Flsq•(↑)…(↑)(↓↑)O2
-•] → 1[Flsq•(↑)…(↓↑)(↓)O2

-•]             (4)

The arrow in Eq. (4) denotes Spin-Orbit Coupling (SOC) as a 
driving force of the spin-fl ip [5]. The left upper symbols in Eq. 
(4) mean the triplet and singlet states; they differ by electronic 
confi gurations inside the superoxide ion whereas the spin of 
fl avin semiquinone radical is the same in the left and right. 
The T-S transition in Eq. (4) corresponds to orbital rotation 
πg,x → πg,y for one electron with its simultaneous spin fl ip inside 
superoxide O2

-•. Such orbital rotation can create a magnetic 
torque responsible for the spin T-S inter-conversion [7,19]. 
The triplet and singlet states in Eq. (4) according to quantum 
perturbation theory are connected by the strong SOC which is 

equal to ½ Aso, where Aso is a SOC constant of the ground state 
X2∏ of the diatomic radical (or O2

-• molecule) [5,15]. According 
to simple approximation [19], the Aso(X

2∏, O2
-•) constant 

coincides with the SOC-induced splitting of the ground state 
of the oxygen atom Aso O(3P) = O being close to a value 160 
cm-1 [5,7]. Such a simple analysis is supported by experimental 
measurement of the O2

-• ion fi ne structure [30]. This energy 
is much larger than the hyperfi ne nuclear-electron spins 
interaction in the radical pair theory [27-29]. It is relevant 
now in connection with dermatology to consider photodynamic 
therapy (PDT) and external magnetic fi eld effects (MFE) in 
biology and medicine [5,10,27-29]. 

The role of spin-orbit coupling in biology and medicine

Weak magnetic fi elds and MFE applications are very popular 
in modern biochemistry and biomedicine [27-29]. Sensitivity 
to weak MFE has been studied in the bird’s magnetoreception 
[29], circadian clock, brain activity, memory, anxiety, genetics 
and many other biological phenomena [28]. The main 
achievements in the MFE understanding are connected with 
the RPT application to electron transfer in cryptochrome and 
in neuronal activities [28,29]. 

The RPT mechanisms were successfully applied to 
cryptochrome in the bird’s magnetoreception and navigation 
in the weak magnetic fi eld of the Earth during the long 
intercontinental bird fl ights [27,28]. This RPT considers radical 
pairs which can possess either singlet or triplet spin state. In 
the S state, two radicals can recombine; however, they can only 
scatter in the T state since the parallel spin orientation does 
not lead to covalent bonding [29]. When the triplet RP collides 
in a solvent, the radicals go apart and there is a possibility for 
the T-S transition during the radicals diffusion in the solvent 
cage. The rate of such spin-fl ip depends on HFI and the 
external magnetic fi eld [28]. The newborn singlet radical pair 
can recombine in the secondary collision [28]. Since the spin 
interaction with a weak magnetic fi eld of a few millitesla (mT) 
is much smaller than thermal energy, only RPT can explain 
such MFE observation. 

Zheng, et al. have applied the RPT ideas and shown that 
a static magnetic fi eld of 4 mT can regulate the migration, 
proliferation and differentiation of human dental pulp stem 
cells [31]. Exposure of human monocytic U937 cells to the 
external magnetic fi eld of 6 mT was shown to decrease 
macrophagic differentiation [28]. The renal cell cultures and 
cortical astrocytes were infl uenced by weak MFE in the fi eld 
of 0.6 mT which can also induce for patients with Parkinson’s 
disease the dopamine-dependent change in cortical excitability 
[28]. All these MFEs are supposed to be explained with the RPT; 
however, the biomedical mechanisms are far from detailed 
explanations [28]. It was shown that oxygen gas is necessary for 
the detection of spin changes in the course of xenon-induced 
anesthesia; accounting for these observations, the authors [28] 
proposed that an electron transfer will play a crucial role in 
the recombination of RP between tryptophan cation-radical 
and superoxide anion in the xenon’s anesthetic action. From 
our point of view, the involvement of O2

-• anion will defi nitely 
lead to the SOC-induced mechanism (the Eq. (3) type) in such 
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RP recombination. The T-S transition process will be driven by 
strong SOC in superoxide, not by RP theory.

One should also mention that numerous MFE fi xations 
studied so far are poorly reproduced and the RTP interpretations 
of magnetic fi eld infl uence on dioxygen functionality [19,28] 
are rather suspicious. One should stress that the most solid 
inference with respect to the internal magnetic interaction 
infl uence on dioxygen reactivity in living aerobic cells is 
connected with Eq. (4) and the role of SOC in oxygenation 
enzymes [17]. 

Spin effects in reactive oxygen species and oxidative 
stress in dermatology

Skin is the largest organ of our body; it serves as a protective 
barrier being our frontier line of defense from reactive 
chemicals, UV solar light and other hazards. The singlet excited 
oxygen O2(a

1Δg) and superoxide O2
-•(X2∏g) radicals are the most 

important reactive oxygen species (ROS) [18,32]. Excessive 
generation of ROS and oxidative stress play a crucial role in the 
pathogenesis of many diseases [1,26,33]. Respiration produces 
ATP molecules through oxidative phosphorylation, along 
with O2 and glucose consumption in mitochondria. Defects of 
mitochondria lead to numerous predictable dysfunctions in 
most tissues [24,33]. 

Superoxide O2
-• ion-radical can escape from oxidative 

enzymes and destroy mitochondria if the T-S spin-fl ip in Eq. 
(4) is not fast enough in order to compete with the dissociation 
of the radical pair described by Eq. (3). The rate of the spin-fl ip 
can deviate from the normal working regime since it strongly 
depends on the hindered rotation of the O2

-• radical in the 
enzyme active center and on the low-frequency vibration in 
the nearest protein environment [16,28]. 

A small diatomic O2 molecule can easily penetrate through 
the cell membrane; hence, the decreased concentration of 
dissolved O2 around the cell (in the cellular milieu) can be 
used to determine dioxygen consumption by the target cell 
[32]. Electrochemical microelectrodes can provide accurate 
measurements of dissolved oxygen by microfl uidic chips. 
Optical sensors using dye fl uorescence and phosphorescence 
can be also useful to monitor dioxygen concentration [32,33]. 
The singlet oxygen O2(a

1Δg) is usually detected in tissue 
through its extremely weak near-IR luminescence (1.27 μm) in 
the singlet-triplet transition O2(a

1Δg)→O2(X
3g) which is doubly 

prohibited by orbital selection rules being also spin-forbidden 
[5]. Quantum-chemical calculations of the dioxygen S and T 
states wave functions in the electronic open shell O2(πg)

2 and 
its spectral analysis provide a new look at the role of intrinsic 
magnetic interactions, which make it possible to overcome 
orbital and spin prohibitions in such fundamental phenomena 
like biological oxidation and light emission by dioxygen 
[7,34]. The fi rst derivation of Eq. (4) was proposed during the 
spectroscopy problems study [35] connected with the singlet 
oxygen O2(a

1Δg) quenching in the gas phase by amines. The 
way from optical spectra to enzymology takes more than 
twenty years [10,35].

The geological history of aerobic evolution recorded by 
numerous fi ngerprints on the mountain rocks indicates the 
ROS occurrence since the very beginning of the photosynthetic 
era; it shows the primordial importance and “strategic” role of 
spin prohibition for the triplet O2(X

3g) dioxygen reactions with 
organic matter and with sunlight [19,36]. The triplet nature 
of O2(X

3g) molecule and spin restrictions clearly explains 
why our world had not been burnt in a fi re during the Great 
Oxygenation Catastrophe (GOC) two billion years ago [12,36] 
when the photosynthetic bacteria and green-blue algae had 
started to fulfi ll the Earth’s atmosphere by dioxygen molecules. 
Anaerobic bacteria and archaea had perished during GOC and 
been substituted by eukaryotes; the more effi cient type of life 
evolution had followed by [2,36]. The primordial atmosphere 
before GOC did not contain O2; with dioxygen occurring the 
new organelles - mitochondria - were evolved which provided 
oxidative phosphorylation and electrochemical proton gradient 
across membranes for the electron transport chain [36]. The 
role of mitochondria is known to extend far beyond the glucose 
oxidation-phosphorylation in living cells. Mitochondria’s new 
role discovered recently [12] concerns their involvement in ion 
homeostasis and apoptosis through the signaling functions of 
ROS. It was proposed that ROS occurred on the Earth’s planet 
simultaneously with photosynthetic dioxygen [12]. The high 
level of ferrous Fe(II) cations in the primordial ocean could 
lead to dioxygen reduction and superoxide generation. The 
O2

-• radical could dismutate to form H2O2; then, the hydrogen 
peroxide interacting with the soluble Fe(II) cations by the 
Fenton reaction [22,37] could produce highly reactive hydroxyl 
OH• radical [12]. All these simple molecules, together with the 
singlet oxygen O2(a

1Δg) produced by natural dyes in solar light, 
constitute the known ROS. Thus, the reactive oxygen species 
had occurred in a natural manner at the very GOC beginning. 
Latter on ROS plaid an important role in the long aerobic life 
evolution. One should note that superoxide dismutase (SOD) 
as the oldest enzyme on the Earth was developed to scavenge 
all ROS very effectively. The SOD was found in all kingdoms of 
life [12] and evolved in GOC time even earlier than archaea-
eukaryotes differentiation happened [36]. The Great Oxygen 
Catastrophe was the fi rst ecological disaster that shacked the 
Earth; it lefts many records that show clearly the SOD history 
in the early Earth’s time. The role of paramagnetic spin factors 
in the ROS and SOD activity including the importance of spin-
orbit coupling effects are described in several recent reviews 
[7,19,27,34,38].

Dioxygen and ROS in skin problems

We know that ROS are generated by peroxisomes and by 
mitochondria during normal cellular metabolism [18]. ROS 
generation may be increased under some pathologic conditions, 
like infl ammation and cancer, upon exposure to various 
exogenous factors (UV light, chemicals, etc.) [23]. The skin 
forms a large part of our body which interfaces with the milieu 
environment; moreover, it is the largest source of reactive 
oxygen species that are induced by solar light exposure. The 
epidermal melanocytes are especially at risk and vulnerable 
to redundant ROS generation due to their particular function: 
melanin synthesis that is stimulated by sunlight exposure, 



021

https://www.peertechzpublications.com/journals/international-journal-of-dermatology-and-clinical-research

Citation: Minaev BF (2022) Dioxygen and reactive oxygen species’ paramagnetic properties are important factors in dermatology. Int J Dermatol Clin Res 8(1): 016-
023. DOI: https://dx.doi.org/10.17352/2455-8605.000046

during tanning, and by infl ammation which results in 
hyperpigmentation [23]. Oxidative stress (OS) can result from 
the excessive over-production of ROS in the cell and from a 
decrease of antioxidant cellular capacity; OS can damage lipids, 
proteins and DNA leading to lipids peroxidation, mutagenesis 
or even to cell death [18].

The epidermal melanocytes usually play the main role in 
the skin’s response to sunlight exposure. They are primarily 
involved in light-induced pigmentation being the fi rst defense 
mechanism. The melanocyte’s alternation, however, can lead 
to melanoma. The role of singlet oxygen O2(a

1Δg) in such 
a transformation process whereby UV-light damage could 
result in melanoma initiation so far is poorly understood. One 
should remember that in pigmented cells melanin can work 
either as a light screen or as the O2(a

1Δg) photosensitizer, 
which is important for UV-induced genotoxicity [18,24]. 
The homeostasis of epidermal melanocytes in human skin 
is maintained by a paracrine network primarily consisting 
of growth factors as well as cytokines synthesized by dermal 
fi broblasts and by epidermal keratinocytes, all being modulated 
by UV radiation [23]. Little is known about the mechanisms 
and energetics of hair follicles growing, especially in the bulb 
abundant by mitochondria [39]. Nowadays, mitochondrial 
and oxidative metabolism can be visualized by multiphoton 
microscopy in plucked human hairs and in cultured bovine hair 
follicles [25,39].

Extensive ROS-induced oxidative stress can play a main 
role in the aging process. ROS are typically generated by 
numerous endogenous and environmental challenges. Our 
body and skin possess some endogenous defense mechanisms, 
like antioxidative enzymes and simple antioxidant molecules, 
protecting us from ROS free radicals by scavenging, 
reducing, and neutralizing them. The production of free 
radicals increases with age, while the endogenous protection 
mechanisms decrease. Such misbalance leads to progressive 
damage of many cellular structures, resulting (presumably) in 
the aging phenotype. Hair aging is known to manifest itself 
as a melanocyte function decrease or graying, as well as a 
reduction in hair growth and hair loss (alopecia) [37]. There 
is evidence that OS may be responsible for the mechanism 
which contributes to hair graying. Nowadays we know the SOC 
effect and electron transfer can infl uence quantum transitions 
between different forms of dioxygen ROS radicals and birdcalls: 
O2(X

3g) →O2(a
1Δg) → O2

-•(X2∏g) → OH•(X2∏1/2) [5,19]. New insights 
into the role of spin-dependent effects and paramagnetic 
properties of dioxygen and ROS could help to prevent 
oxidative stress and open new strategies for the reversal of 
the hair-graying process and age-dependent alopecia [37]. 
New perspective treatments of skin diseases are associated 
with androgen receptors, infl ammation, and oxidative stress 
therapeutics [37,40]. Androgens are natural male sex hormone 
and their interaction with receptors strongly depends on low-
frequency vibrations energy transfer [26,41]. The similar 
vibronic relaxation accompanies the T-S spin transitions in 
Fl…O2

-• radical pairs, Eq. (4) and in the singlet oxygen O2(a
1Δg) 

quenching process [35,41,42]. Quantum-chemical calculations 

of electron-vibration (vibronic) coupling in androgen receptors 
[26,41] show that spin-dependent ROS activity can infl uence 
skin biology in a very peculiar mechanism.

Skin is always under oxidative stress impacted by the 
environment. The Nrf2 (nuclear factor erythroid 2–related 
factor 2) as a regulator of cell resistance to oxidants is of crucial 
importance for skin [9]. The Nrf2 is a master transcription 
factor to regulate cellular redox and oxidative stress in 
skin diseases [37]. Sex hormones are important not only in 
regulating the reproductive systems but also in skin functions. 
Steroid hormone receptors (for testosterone, estradiol and 
estriol) are expressed in numerous types of skin cells, such as 
epithelia of sebaceous glands, dermal papillae, and fi broblasts 
[26,37,41]. Some skin diseases are androgen-dependent 
being associated with a dysfunction of androgen receptors 
signaling systems, such as androgenetic alopecia, hirsutism, 
acne vulgaris, and hidradenitis suppurativa [37]. Microscopic 
connections between ROS and androgen receptor signaling 
systems are not fully understood but their study seems to be 
useful for dermatology. 

Conclusion

Promoting effi cient therapeutics for skin diseases 
represents a big challenge in modern biomedicine since the 
pathogenesis of skin disorders is rather complicated and is 
dependent on many factors including ROS and UV causes. The 
spin-dependent effects and paramagnetic properties of various 
ROS are considered in this review in the general context of 
dioxygen reactivity and dermatology.

Aerobic respiration and photosynthesis are totally spin-
forbidden multistep processes that are activated by the presence 
of paramagnetic metal ions and their exchange perturbations. 
At all this, numerous metabolic oxygenation processes are 
catalyzed by the free-of-metal enzymes. They act by an 
electron transfer step from organic substrate or cofactor (M) 
to dioxygen and ion O2

-• generation. The T-S spin-fl ip occurs 
at this RP step M+.…O2

-• being induced by spin-orbit coupling 
inside the superoxide anion. Similar RP steps may operate in 
epidermal melanocytes of the skin. One should realize at the 
same time, that this mechanism differs from the known radical 
pair theory which is often applied to explain magnetic-fi eld 
therapy. 

The new SOC mechanism, Eq. (4), is widely spread in redox 
O2 biochemistry, being the only way to activate the T-S spin 
fl ip in dioxygen without external paramagnetic assistance. 
It can explain O2 activation by numerous fl avor enzymes, as 
well as cofactor-free dioxygenase. Magnetic torque in the 
superoxide open shell is one of the main driving forces for ROS 
production and O2 activation in many oxidative enzymes. The 
triplet O2 molecule exercises sluggish chemical reactivity in 
the absence of paramagnetic organic radicals or metal ions. In 
living matter (especially in skin) dioxygen shows very effi cient 
activity because of the intermediate action of superoxide and 
other ROS. Future medicine will pay more attention to the spin 
effects of dioxygen.



022

https://www.peertechzpublications.com/journals/international-journal-of-dermatology-and-clinical-research

Citation: Minaev BF (2022) Dioxygen and reactive oxygen species’ paramagnetic properties are important factors in dermatology. Int J Dermatol Clin Res 8(1): 016-
023. DOI: https://dx.doi.org/10.17352/2455-8605.000046

Acknowledgments

This work was supported by the Ministry of Science and 
Education of Ukraine (project 0122U000760) and by the 
Swedish Wenner-Gren Foundations (project GFU 2022-0036). 
The authors express gratitude to Dr. Hans Ågren and Dr. V.A. 
Minaeva for useful discussions.

References

1. Dröge W. Free radicals in the physiological control of cell function. Physiol Rev. 
2002 Jan;82(1):47-95. doi: 10.1152/physrev.00018.2001. PMID: 11773609.

2. Carter R. Oxygen: The Molecule that Made the World. Oxford: University Press. 
2002; 365 .

3. Mulliken RS. Oxygen triplet spin state. Nature 1928; 122,3075: 505-507.

4. Khudyakov IV, Minaev BF. Molecular Terms of Dioxygen and Nitric Oxide. 
Physchem. 2021 Jul; 1(2): 121-132.

5. Minaev BF. Electronic mechanisms of molecular oxygen activation. Russian 
Chemical Review. 2007 Nov; 76(11): 988-1010. DOI: 10.1038/nrmicro821.

6. Zavhorodnia VO, Kovalenko SO, Minaev BF. Interaction of myoglobin model 
with ligands of gas exchange. Cherkasy University Bulletin: Biological Sciences 
Series. 2019 Jun;13-23. DOI: 10.31651/2076-5835-2018-1-2019-1-13-23

7.  Minaev B. The spin of dioxygen as the main factor in pulmonology and 
respiratory care. Arch Pulmonol Respir Care 2022 Dec; 8(1): 028-033. DOI: 
https://dx.doi.org/10.17352/aprc.000081

8. Carreau A, El Hafny-Rahbi B, Matejuk A, Grillon C, Kieda C. Why is the partial 
oxygen pressure of human tissues a crucial parameter? Small molecules 
and hypoxia. J Cell Mol Med. 2011 Jun;15(6):1239-53. doi: 10.1111/j.1582-
4934.2011.01258.x. PMID: 21251211; PMCID: PMC4373326. 

9. Place TL, Domann FE, Case AJ. Limitations of oxygen delivery to cells in culture: 
An underappreciated problem in basic and translational research. Free Radic 
Biol Med. 2017 Dec;113:311-322. doi: 10.1016/j.freeradbiomed.2017.10.003. 
Epub 2017 Oct 13. Erratum in: Free Radic Biol Med. 2021 Jan;162:180. PMID: 
29032224; PMCID: PMC5699948. 

10. Minaev BF, Murugan NA, Ågren H. Dioxygen spectra and bioactivation. 
International Journal of Quantum Chemistry. 2013 Jul; 113 (14): 1847-1867.
DOI: 10.1002/ qua.24390.

11. Wigner E, Witmer EE. Zeits. F. Physik. 1928; 51: 859-864.

12. Mittler R. ROS Are Good. Trends Plant Sci. 2017 Jan;22(1):11-19. doi: 
10.1016/j.tplants.2016.08.002. Epub 2016 Sep 23. PMID: 27666517.

13. Romero E, Gómez Castellanos JR, Gadda G, Fraaije MW, Mattevi A. Same 
Substrate, Many Reactions: Oxygen Activation in Flavoenzymes. Chem Rev. 
2018 Feb 28;118(4):1742-1769. doi: 10.1021/acs.chemrev.7b00650. Epub 
2018 Jan 11. PMID: 29323892.

14. Massey V. Activation of molecular oxygen by fl avins and fl avoproteins. J Biol 
Chem. 1994 Sep 9;269(36):22459-62. PMID: 8077188.

15. Minaev BF. Spin effects in reductive activation of O2 by oxidase enzymes. 
RIKEN Review. Tokyo. 2002 Feb; 44: 147–9.

16. Minaev BF. How cofactor–free oxygenases can overcome spin prohibition in 
substrates oxygenation by dioxygen. Chem. Physics. 2019 May; 251(1): 61–
68. DOI: 10.1016/j.chemphys.2019.01.021.

17. Minaev BF, Minaeva VA. Spin-dependent binding of dioxygen to heme and 
charge transfer mechanism of spin-orbit coupling enhancement. Ukrainica 
Bioorganica Acta. 2008 Oct; 2(1): 56-64. 

18. Abreu CM, Reis RL, Marques AP. Dermal papilla cells and melanocytes 
response to physiological oxygen levels depends on their interactions. Cell 
Prolif. 2021 Jul;54(7):e13013. doi: 10.1111/cpr.13013. Epub 2021 Jun 8. 
PMID: 34101928; PMCID: PMC8249782.

19. Minaev B F. Magnetic torque inside the superoxide radical is the driving force 
for oxygen activation by dioxygenases. Advances in Chemistry Research. 
2022 Aug; 75. Nova Science Publishers, Inc.

20. Baas BJ, Poddar H, Geertsema EM, Rozeboom HJ, de Vries MP, Permentier 
HP, Thunnissen AM, Poelarends GJ. Functional and structural characterization 
of an unusual cofactor-independent oxygenase. Biochemistry. 2015 Feb 
10;54(5):1219-32. doi: 10.1021/bi501200j. Epub 2015 Jan 22. PMID: 
25565350. 

21. Minaev BF, Minaeva VA, Agren H. Spin-orbit coupling in enzymatic reactions 
and the role of spin in biochemistry. In: Leszczynski J, editor. Handbook of 
Computational Chemistry: Springer Berlin/ Heidelberg. 2012 Sep; 1067–1093. 
DOI: 10.1007/978–94-007-0711–5-29.

22. Zakharov II, Kudjukov KY, Bondar VV, Tyupalo NF, Minaev BF. DFT-based 
thermodynamics of Fenton reactions rejects the ‘pure’ aqua complex models. 
Comput Theor Chemistry 2011 Jan; 964(1-3): 94-99. 

23. Denat L, Kadekaro AL, Marrot L, Leachman SA, Abdel-Malek ZA. Melanocytes 
as instigators and victims of oxidative stress. J Invest Dermatol. 2014 
Jun;134(6):1512-1518. doi: 10.1038/jid.2014.65. Epub 2014 Feb 27. PMID: 
24573173; PMCID: PMC4418514. 

24. Sena LA, Chandel NS. Physiological roles of mitochondrial reactive 
oxygen species. Mol Cell. 2012 Oct 26;48(2):158-67. doi: 10.1016/j.
molcel.2012.09.025. PMID: 23102266; PMCID: PMC3484374. 

25. Carrasco E, Calvo MI, Blázquez-Castro A, Vecchio D, Zamarrón A, de Almeida 
IJD, Stockert JC, Hamblin MR, Juarranz Á, Espada J. Photoactivation of ROS 
Production In Situ Transiently Activates Cell Proliferation in Mouse Skin and in 
the Hair Follicle Stem Cell Niche Promoting Hair Growth and Wound Healing. 
J Invest Dermatol. 2015 Nov;135(11):2611-2622. doi: 10.1038/jid.2015.248. 
Epub 2015 Jul 2. PMID: 26134949; PMCID: PMC4640973. 

26. Minaeva VA, Minaev BF, Baryshnikov GV. Temperature effects in low-frequency 
Raman spectra of corticosteroid hormones. Optics and Spectroscopy 2015 
Feb;118 (2): 214-223. DOI: 10.1134/S0030400X15020149

27. Minaev BF, Panchenko AA. Spin–catalysis of Unsaturated Substrates 
Oxidation by Cofactor–free Mono– and Di–oxygenases. How Triplet Oxygen 
Can Overcome Spin Prohibition. Ukr. J. Medicine, Biology and Sport. 2019 Jul; 
4(6): 329-343. DOI: 10.26693/jmbs04.06.329.

28. Zadeh-Haghighi H, Simon C. Magnetic fi eld effects in biology from the 
perspective of the radical pair mechanism. J R Soc Interface. 2022 
Aug;19(193):20220325. doi: 10.1098/rsif.2022.0325. Epub 2022 Aug 3. PMID: 
35919980; PMCID: PMC9346374.

29. Panchenko OO, Minaev BF. Enzymatic spin-catalysis in fl avin-containing 
oxidases and magnetic orientation of birds. Cherkasy University Bulletin: 
Biological Sciences Series. 2018 Jul; 1 :114-120.

30 Land JE, Raith W. Fine Structure of O2− Measured by Electron Time-of-Flight 
Spectroscopy. Phys Rev Lett 1973; 30: 349-352. 

31. Zheng L, Zhang L, Chen L, Jiang J, Zhou X, Wang M, Fan Y. Static magnetic fi eld 
regulates proliferation, migration, differentiation, and YAP/TAZ activation of 
human dental pulp stem cells. J Tissue Eng Regen Med. 2018 Oct;12(10):2029-
2040. doi: 10.1002/term.2737. Epub 2018 Sep 2. PMID: 30058115.

32. Papkovsky DB, Zhdanov AV. Phosphorescence based O2  sensors - 
Essential tools for monitoring cell and tissue oxygenation and its impact on 
metabolism. Free Radic Biol Med. 2016 Dec;101:202-210. doi: 10.1016/j.
freeradbiomed.2016.09.018. Epub 2016 Oct 24. PMID: 27789291.

33. Skuodis E, Leitonas K, Panchenko A. Very sensitive probes for quantitative 
and organoleptic detection of oxygen based on conformer-induced room-



023

https://www.peertechzpublications.com/journals/international-journal-of-dermatology-and-clinical-research

Citation: Minaev BF (2022) Dioxygen and reactive oxygen species’ paramagnetic properties are important factors in dermatology. Int J Dermatol Clin Res 8(1): 016-
023. DOI: https://dx.doi.org/10.17352/2455-8605.000046

 

 
 

 

temperature phosphorescence enhancement of the derivative. Sensors 
and Actuators B: Chemical 2022 Dec; 373: 132727. Doi:10.1016/j.
snb.2022.132727.

34. Minaev B. Magnetc torque in superoxide ion is the main driving force of 
dioxygen activation in aerobic life. Biomed. J. Sci & Tech. Res. 2021 Sen; 
38(4): 121-131. DOI: 10.27717.BJSTR.MS.ID.006171.

35. Minaev BF. Spin-orbit coupling of charge-transfer states and the mechanism 
for quenching singlet oxygen by amines. Theoretical and Experimental 
Chemistry. 1984 Jul; 20(2): 209–12.

36. Lagrone R. The Great Oxygenation Event, Springer International Publishing, 
Cham. 2019;129–154. 

37. Chan YM, Yen-ting L, Chan HW. Androgen receptor, oxidative stress and 
Infl ammation at the crossroads of skin diseases. Int J Dermatol Clin Res 2022 
Jul; 8(1): 012-015. DOI: 10.17352/2455-8605.000045

38. Minaev BF, Valiev RR. Spin-orbit coupling effects in O2 activation by cofactor–
independent 2, 4–dioxygenase. Ukrainian Biochem J. 2019 Apr; 91(1): 38–46. 
DOI: 10.15407/ubj91.01.038.

39. Lemasters JJ, Ramshesh VK, Lovelace GL, Lim J, Wright GD, Harland D, Dawson 
TL Jr. Compartmentation of Mitochondrial and Oxidative Metabolism in 
Growing Hair Follicles: A Ring of Fire. J Invest Dermatol. 2017 Jul;137(7):1434-
1444. doi: 10.1016/j.jid.2017.02.983. Epub 2017 Mar 23. PMID: 28344061; 
PMCID: PMC5545130.

40. Ndiaye MA, Nihal M, Wood GS, Ahmad N. Skin, reactive oxygen species, 
and circadian clocks. Antioxid Redox Signal. 2014 Jun 20;20(18):2982-96. 
doi: 10.1089/ars.2013.5645. Epub 2013 Nov 21. PMID: 24111846; PMCID: 
PMC4038996.

41. Minaeva VA, Minaev BF, Hovorun DM. Vibrational spectra of the steroid 
hormones, estradiol and estriol, calculated by density functional theory. 
The role of low-frequency vibrations. Ukr Biokhim Zh (1999). 2008 Jul-
Aug;80(4):82-95. PMID: 19140454.

42. Minaev BF. Spin-orbit coupling mechanism of singlet oxygen a1∆g quenching 
by solvent vibrations. 2017 Feb; Chemical Physics 483 (1):84-95. http://dx.doi.
org/10.1016/j.chemphys.2016.11.012


