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Abstract

Cytochrome c oxidase is discussed as a possible photoacceptor when cells are irradiated with monochromatic red to near-IR radiation. Four
primary action mechanisms are reviewed: changes in the redox properties of the respiratory chain components following photoexcitation of
their electronic states, generation of singlet oxygen, localized transient heating of absorbing chromophores, and increased superoxide anion
production with subsequent increase in concentration of the product of its dismutation, H,O,. A cascade of reactions connected with alteration
in cellular homeostasis parameters (pH;, [Ca;], cAMP, E,, [ATP] and some others) is considered as a photosignal transduction and

amplification chain in a cell (secondary mechanisms).
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1. Introduction

The most frequently used mechanism of photon energy
conversion in laser medicine is heating. Average heating of
irradiated samples occurs with all methods of tissue destruc-
tion (cutting, vaporization, coagulation, ablation). Many of
these surgical laser techniques are reviewed elsewhere.

At low light intensities the photochemical conversion of
the energy absorbed by a photoacceptor prevails. This type
of reaction is well known for specialized photoacceptors such
as rhodopsin or chlorophyll. In medicine light absorption by
non-specialized photoacceptor molecules (i.e., molecules
that can absorb light at certain wavelengths, but that are not
integral to specialized light-reception organs) is used rather
extensively (Fig. 1). The absorbing molecule can transfer
the energy to another molecule, and this activated molecule
can then cause chemical reactions in the surrounding tissue.
This type of reaction is successfully used in photodynamic
therapy (PDT) of tumors. Alternatively, the absorbing mol-
ecule in a light-activated form can take part in chemical reac-
tions, as occurs in treatment of skin diseases with psoralens
and UV-A radiation (PUVA). Importantly, in both PDT and
PUVA therapy the photoabsorbing molecules are artificially
introduced into a tissue before irradiation.
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Fig. 1. Methods of light therapy based on endogenous and exogenous
photoacceptors in cells.

Irradiation of cells at certain wavelengths can also activate
some of the native components. In this way specific biochem-
ical reactions as well as whole cellular metabolism can be
altered. This type of reaction is believed to form the basis for
low-power laser effects [ 1-3]. One should note that light-
therapy methods based on photochemical conversion of
photoabsorbing molecules (Fig. 1) are not laser-specific
methods. Conventional light sources generating the appro-
priate wavelength can also be used (as is done in PUVA and
UV therapy). Laser sources are just handy tools providing
many practical advantages (e.g., efficient fiber-optic cou-
pling to irradiate interior body parts, high monochromaticity
and easy wavelength tunability, simplicity of use and electri-
cal safety in the case of semiconductor lasers).
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Low-power laser effects and, in particular, their primary
and secondary mechanisms, are the topic of the present paper.
During the past few years numerous reviews on this topic
have been written describing various aspects of the problem:
history [ 1,4], controversies [3-9], quantitative laws of vis-
ible-light action on cells [1,2,10], photobiological funda-
mentals [4,9], and molecular mechanisms [11,12]. Specific
data about the effects of irradiation on various cells have also
been reviewed, including: cell cultures in vitro [13,14],
Escherichia coli [15], microorganisms [16], and human
lymphocytes [17,18]. In addition, clinical applications of
low-power laser therapy have been surveyed [19-22]. As a
rule, the material from these previous reviews is not repeated
here.

2. Photoacceptors

A photobiological reaction involves the absorption of a
specific wavelength of light by the functioning photoreceptor
(photoacceptor) molecule. To distinguish specialized pho-
toreceptor molecules such as rhodopsin, phytochrome, bac-
teriorhodopsin, and chlorophylls from nonspecialized
chromophores, let us call the last ones photoacceptors. The
photoacceptors take part in a metabolic reaction in a cell
which is not connected with a light response. After absorbing
the light of the wavelength used for irradiation, this molecule
assumes an electronically excited state from which primary
molecular processes can lead to ameasurable biological effect
in certain circumstances. To work as a photoacceptor taking
part in photobioregulation, this molecule must be part of a
key structure that can regulate a metabolic pathway. Redox
chains are an example of this type of key structure which fits
these requirements.

Several pieces of evidence show that mitochondria are
sensitive to irradiation with monochromatic visible and near-
infrared (IR) light. The illumination of isolated rat liver
mitochondria increased adenosine triphosphate (ATP) syn-
thesis and the consumption of O, [23-25]. Irradiation with
light at wavelengths of 415 [23], 602 [26], 632.8 [24], 650,
and 725 nm [25] enhanced ATP synthesis. Light at wave-
lengths of 477 and 554 nm [23] did not influence the rate of
this process. Oxygen consumption was activated by illumi-
nating with light at 365 and 436 nm, but not at 313, 546, and
577 nm [26]. Irradiation with light at 633 nm increased the
mitochondrial membrane potential (Ay) and proton gradient
(ApH), caused changes in mitochondrial optical properties,
modified some NADH-linked dehydrogenase reactions
(NADH is a reduced form of nicotinamide adenine dinucleo-
tide) [27], and increased the rate of ADP/ATP exchange
(ADP is adenosine diphosphate) [28], as well as RNA and
protein synthesis in the mitochondria [29]. In the case of
state 4 respiration, 351 and 458 nm laser irradiations accel-
erated the oxygen consumption of rat liver mitochondria;
such an acceleration was not observed with 514.5 nm irra-
diation. On the contrary, in the case of state 3 respiration,

514.5 nm laser irradiation activated the oxygen consumption
of mitochondria. Activation did not occur with 458 nm irra-
diation and 351 nm irradiation reduced the oxygen consump-
tion in state 3 [30]. 660 nm irradiation increased state 3
oxygen consumption at both coupling II and III sites, as well
as increasing the respiratory control ratio [31].

It is also believed that mitochondria are the primary targets
when the whole cells are irradiated with light at 630 [29],
632.8 [32-34], or 820 nm [35]. Irradiation with light at 812
[36] or 632.8 nm [37] altered the rhodamine 123 uptake by
fibroblasts. These results were interpreted by the authors as
inducing the perturbation of mitochondrial energy production
[36] and membrane potential [37].

The question is, which molecule in a mitochondrion is
responsible for the effects mentioned above? When consid-
ering the cellular effects, this question can be answered with
the aid of action spectra. We know that within certain limits,
an action spectrum follows the absorption spectrum of the
photoacceptor molecule [38]. On the other hand, the action
spectrum is insufficient to distinguish between potential pho-
toacceptor pigments with very similar absorption spectra.
Moreover, the absorption spectrumn for the photoacceptor pig-
ment may depend strongly on its environment, but this envi-
ronment remains unknown as long as the photoacceptor
pigment itself is unknown. Because of these inadequacies of
the photoacceptor pigment, some other criteria for identifi-
cation are also used.

Action spectra for the DNA and RNA synthesis rate in
HeLa cells in the exponential and plateau phase of growth as
well as those for the adhesive properties of HeLa cellular
membranes were published by Karu et al. [39-41]. Fig. 2
shows a generalized action spectrum for HeLa cells (the sum
of the four spectra for nucleic acid synthesis stimulation,
which were very similar to each other) taken from Refs.
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Fig. 2. The generalized action spectrum of proliferation increase of HeLa
cells for A=330-860 nm [39,40]: curve 1, dose 10 J m 2 curve 2, dose
100 T m~*. A possible assignment of peaks to absorbing chromophores is
marked as suggested in Ref. [61].
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[39,40]. Recall that in the wavelength range 310-500 nm, a
maximum stimulating effect was obtained with a radiation
dose one order of magnitude less than in the longer-wave
spectral range [39,40].

Fig. 2 shows that the action spectrum in the range 580-
860 nm consists of two series of doublet bands in the ranges
620-680 and 760-830 nm with well-pronounced maxima at
620, 680, 760, and 820 nm. In the violet-blue region there is
one maximum at 400 nm with the edge of the envelope near
450 nm.

It is known that the action spectrum is roughly the same
shape as the absorption spectrum of the photoacceptor [38].
Therefore, the bands in the action spectra were identified by
analogy with the metal-ligand system absorption spectra
characteristic of this spectral range [42-44]. The regions
400—450 and 620680 nm are characterized by the bands
pertaining to complexes with charge transfer in a metal-ligand
systemn, and within 760-830 nm, these are d—d transitions in
metals. The region 400-420 nm is typical of —m™ transitions
in a porphyrin ring [45].

Comparative analysis of spectral data for transition metals
and their complexes on one hand, and biomolecules partici-
pating in the regulation of cellular metabolism on the other,
allows us to suggest that multinuclear enzymes containing
Cu(1I) may be participating [ 12,44,45]. Analysis of the elec-
tron excitation transitions of participating molecules contain-
ing Cu(Il) [46—49] shows that metal-ligand transitions in
the range 400450 nm correspond to the N; i4a,01 — Cu tran-
sition, at 620 nm, to the S.yq.ine = Cu transition, and at
680 nm to the S, cnionine —> Cu transition.

Comparing the lines of possible d—d transitions and charge-
transfer complexes of Cu [44,47-50] with our action spec-
trum (Fig. 2) allows us to assume that the photoacceptor

molecule has different types of centers containing Cu(II) in
the ranges 420-450 and 760-830 nm. In the range 420450
nm, this may be a combination of centers of types I and II
(for the characteristics of centers of types I, II and III, see
Ref. [46]) though a center of type I may be present. At 330
nm, a center of type I1I may be present, and in the range 760-
820 nm centers of types I and III coexist. Within 620680
nm, there is a center of type I and a combination of centers
of different types is unlikely.

The above analysis allows us to conclude that all bands in
the action spectrum in Fig. 2 may be related to the cytochrome
¢ oxidase. The fact that the photoacceptors are components
of the respiratory chain was considered earlier [4]. Cyto-
chrome c oxidase (or cyt a/a,) is the terminal enzyme of the
respiratory chain in eukaryotic cells (Fig. 3(a) ), which medi-
ates the transfer of electrons from cyt ¢ to molecular oxygen.
Ferrocytochrome c is oxidized, dioxygen is reduced, and pro-
tons are pumped vectorially from the mitochondrial matrix
to the cytosol. Free energy resulting from this redox chemistry
is converted into an electrochemical potential across the inner
membrane of the mitochondrion, which ultimately drives the
production of ATP. Accordingly, cytochrome c oxidase plays
a central role in the bioenergetics of the cell.

Cytochrome ¢ oxidase of mammalian cells is a large mul-
ticomponent membrane protein of considerable structural
complexity (molecular size 200 kDa). Two heme moieties
(heme a and heme a3), two redox-active copper sites (Cu,
and Cug), one zinc, and one magnesium are the possible
absorbing chromophores for visible light. Recently, the high-
resolution three-dimensional X-ray structures of cytochrome
¢ oxidase of bovine heart [51,52] and Paracoccus denitrifi-
cans {53] were reported. These studies indicated that Cu,, is
adinuclear copper center with an unexpected structure similar
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Fig. 3. (a) Mitochondrial respiratory chain of eukaryotic cells. (b) A scheme of the structure of cytochrome ¢ oxidase (after [51,52,54]).
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to a [2Fe-2S]-type iron-sulfur center in which the Fe ions
and inorganic sulfur atoms are replaced with Cu ions and
cysteine sulfur atoms, respectively. The O, binding site con-
tains heme a,, iron, and Cug; there is no detectable bridging
ligand between the iron and copper atoms. Heme a is coor-
dinated with two imidazoles of histidine residues. The fifth
ligand of heme a; is an imidazole, whereas Cuy is coordinated
by three imidazoles of histidine. The Cu, (Cu—Cu) center is
coordinated by residues of two cysteins, two histidines, one
methionine, and one peptide carbonyl of a glutamate [51].

In the catalytic cycle of cytochrome ¢ oxidase electrons
are transferred sequentially from water-soluble cytochrome
¢ to Cu,, then to heme a and to the binuclear center a;~Cug,
where oxygen is reduced to water (Fig. 3(b) ). Oxygen binds
to heme a; and is reduced to water through a series of short-
lived elusive intermediates. Singular value decomposition
analysis indicated the presence of at least seven intermediates
[55]. The best-characterized species up to now are ferrous-
oxycomplex and peroxy species [ 55-57].

Generally speaking, the cytochrome ¢ oxidase can be fully
oxidized (four redox-active metal centers: Cu,, Cug, and iron
in hemes a and a5, are in their common higher oxidation state;
3* for iron and 2* for copper), or fully reduced (four metal
centers are in their common lower oxidation state; 2* for
ironand 1 * for copper). A partially reduced enzyme, usually
called a mixed-valence enzyme, has some metal centers in
their higher oxidation state and the remainder in their lower
oxidation state. There are also a number of forms of oxidized
enzyme: fastenzyme (reacts relatively rapidly withcyanide),
slow enzyme (reacts at about of 1% of the rate of the fast
enzyme, also called resting enzyme), pulsed enzyme
(obtained by reducing slow enzyme and oxidizing it with
oxygen under conditions in which the production of H,0, is
avoided), and oxygenated enzyme (subjected to a cycle of
reduction and reoxidation under conditions in which H,0, is
produced) [58-60]. These details are given to illustrate how
complicated and controversial the overall picture of the func-
tioning of cytochrome ¢ oxidase still is.

Coming back to the comparative analysis of the action
spectrum in Fig. 2 and available spectroscopic data on cyto-
chrome ¢ oxidase cited above, it was suggested [61] that the
825 nm band belongs to the oxidized Cu,, the 760 nm band
to the reduced Cug, the 680 nm band to the oxidized Cug,
and the 620 band to the reduced Cu, (Fig. 2). The 400-450
nm band is more likely to be the envelope of a few absorption
bands in the range 350~-500 nm (i.e., a superposition of sev-
eral bands). This means that the main contribution to the
mentioned absorption bands is made by these particular chro-
mophores. It does not mean that other chromophores are not
participating to a lesser extent. The band with a maximum
near 404-420 nm can be assigned to the oxidized heme,
whereas the longer-wave edge of the envelope at 450 nm
(due to its asymmetry) should evidently be assigned to the
reduced Cug. The participation of the heme in the action
spectra is confirmed by the optimal dose ratio (10 and 100J
m 2, respectively, for 404 nm and other visible-region max-

ima [39,40]). It should be noted that the Soret band of heme
compounds (i.e., the band in the range 400420 nm) is more
intense by an order of magnitude than the absorption bands
of these compounds in the visible region [45]. The weak
band at 330 nm may belong to the oxidized Cug. Thus, the
bands at 330, 404420, 680, and 825 nm can be attributed to
the oxidized form of cytochrome ¢ oxidase; the edge of the
blue-violet band at 450 nm and the distinct bands at 620 and
760 nm belong to the reduced form of the enzyme.

Analysis of the band shapes in the action spectra (Fig. 2)
and the line intensity ratios enables us to conclude that cyto-
chrome ¢ oxidase cannot be considered as a primary pho-
toacceptor when it is fully oxidized or fully reduced, but only
when it is in one of the intermediate forms (partially reduced,
or mixed valence enzyme).

The conclusion that the action spectrum (Fig. 2) reflects
the absorption spectrum of one of the intermediate forms of
the cytochrome c oxidase complex is supported by the results
of experiments using simultaneous dichromatic irradiation
(Fig. 4(b)). As well as irradiating the cells with light of
different wavelengths as normal (shown on the abscissa of
Fig. 4(b)), they were simultaneously irradiated with light at
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633 nm. This wavelength was close to the position of one
maximum in the action spectrum in Fig. 2 (620 nm). The
technique of this experiment is described in Ref. [62]. The
light doses in both irradiation processes were either optimal
(100 J m~? in the region 600-860 nm, Fig. 4(b), curve 3,
and 10 Jm~2, Fig. 4(b), curve 1) or increased (25 Jm~2in
the blue—green region, Fig. 4(b), curve 2). So, in the case of
simultaneous dichromatic irradiation a new action spectrum
is formed. The comparison of the action spectra in Fig. 4(a)
(curves 1 and 2) and (b) reveals essential differences
between them: the shift of the blue-violet maximum from
404 to 450 nm or its absence in the spectrum; new bands in
the green region (550-560 nm); the absence of bands at 680,
760, and 825 nm. It is known [59] that the shift of the band
from 400 to 450 nm can be observed in the course of cyto-
chrome ¢ oxidase reduction. It should be noted that in the
range 550-560 nm, one can observe an absorption band of
one of the intermediate forms [50]. These results enable us
to conclude that simultaneous dichromatic irradiation
changes the ratio of the reduced and oxidized forms of the
enzyme as compared with ordinary irradiation.

The suggestion that an intermediate form of cytochrome ¢
oxidase is the primary photoacceptor is also supported by the
results of Pastore et al. [63]. The fully oxidized form of the
enzyme appeared to be insensitive to He-Ne laser radiation
as revealed by absorption spectra. The irradiation increased
the absorption of the partially reduced enzyme as well as its
proton pump activity.

It is worth noting that when the cellular monolayer was
irradiated simultaneously with A = 633 nm and various wave-
lengths of visible light, the red and far-red peaks at 680 and
760 nm disappeared (Fig. 4(b)). When the cells were irra-
diated consecutively with wavelengths 633 and 760 nm and
the time interval between the two irradiation events was var-

ied, the DNA synthesis rate depended on the order in which
the wavelengths were used (Fig. 5(a)). Irradiation first with
the light at 760 nm and then with the red light (A =633 nm)
stimulated the DNA synthesis, whereas irradiation in the
reverse order (633 nm followed by 760 nm) inhibited it.
These effects reached their maxima when the time interval
between the successive irradiation events was between 1 and
3 min, and became progressively less pronounced with a
further increase in the interval. It should be noted that the
effects were not equal in magnitude: stimulation amounted
to 60%, while inhibition was 20% (Fig. 5(a)). This result
supports the conclusion made above that the 620 and 760 nm
bands do not belong to the one photoacceptor but to its dif-
ferent absorbing centers (probably Cu, and Cug). Electronic
excitation of these centers in a different sequence may influ-
ence the electron transfer in cytochrome ¢ oxidase in a dif-
ferent way which has an effect on the final photobiological
response, namely, DNA synthesis.

When the consecutive irradiation was performed with red
(633 nm) and blue (404 nm) light, the sequence 633 fol-
lowed by 404 nm had no effect on DNA synthesis, but the
sequence 404 followed by 633 nm stimulated it (Fig. 5(b)).
Again, as in the previous case (Fig. 5(a)), the effects did
not occur until the interval between the two irradiation events
reached 10 s, then increased as the interval was increased.
The difference between the results of the two experiments
presented in Fig. 5(a) and (b) is that in the case of far-red—
red light irradiations (Fig. 5(a)) the effect disappeared (was
reduced to control levels) when the time interval was
increased. In the second case, when irradiation was performed
in the sequence 404 nm + 633 nm (Fig. 5(b) ), the effect was
still maximal at the same time interval of 10* s. It is quite
possible that chromophores absorbing at 404 and 633 nm do
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not belong to one molecule but to different molecules of the
same redox chain.

Let us recall here three results indicating the antagonistic
action of red and far-red light. First, when irradiating isolated
rat liver mitochondria, Gordon and Surrey [25] found that
red light at 650 nm increased oxidative phosphorylation, but
far-red light at 725 nm inhibited it. Irradiating hamster fibro-
blasts with red (632.8 nm) and far-red (760 nm) light caused
a change in the intracellular concentration of cAMP [64],
the cAMP concentration behavior in the former case being
opposite to that in the latter case (increase and decrease,
respectively). Irradiation at 670 and 830 nm stimulated the
proliferation of the Schwann cells, but irradiation at 780 nm
inhibited it [65]. These results could be explained by taking
into account the fact that the wavelengths mentioned above
are absorbed by different chromophores in a different redox
state: A, at 620 nm by Cu, (reduced), A, at 680 nm by
Cug (oxidized), A, at 760 nm by Cug (reduced), and A,,,,,
820 nm by Cu, (oxidized). One can also suggest that differ-
ent absorbing chromophores may play a different role in
driving the metabolism.

One important step in identifying the photoacceptor mol-
ecule is to compare the absorption and action spectra [38].
Recording an absorption spectrum of a cellular monolayer or
individual cell is not an easy task. The absorption spectra of
individual cells up to 700 nm were recorded years ago with
the aim of identifying respiratory chain carriers [66]. The
absorption spectrum for the visible-to-near-IR region of eight
parallel monolayers of human fibroblasts was recorded using
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Fig. 6. Absorption spectra of monolayers of (a) human fibroblasts and (b)
dry HeLa cells. The experimental details are described respectively in Ref.
[67] and Ref. [68].

a commercial double-beam spectrophotometer [67]. This
spectrum is presented in Fig. 6(a). For recording the absorp-
tion of one layer with the aim of studying the irradiation-
induced changes in absorption of cell chromophores, a
sensible multichannel registration method was developed
[68]. The first results of these experiments are presented in
Fig. 6(b) and Fig. 7(a) and (b).

First, we recorded the absorption spectra of a dry mono-
layer (the monolayer was held in air at room temperature for
30 min after being rinsed with Hanks’ solution). An example
of such a spectrum is presented in Fig. 6(b). The spectrum
exhibits distinct absorption bands with maxima at 620, 680
(with a shoulder manifest at 665), 810, and 870 nm, weak
bands being observed at 715, 730, and 765 nm. Irradiating
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this type of monolayer with laser radiation had no effect at
all. This circumstance is explained by the fact that virtually
no cells survived the drying, which was verified through
staining with trypan blue.

Further experiments were aimed at recording the absorp-
tion spectra of a wet monolayer immediately after rinsing
with Hanks’ solution. To improve sensitivity, the spectra in
this series were recorded in the wavelength range 640-790
nm (585-900 nm in the preceding series). In the given wave-
length range (640-790 nm), there are clearly manifest
absorption bands at 670, 718, and 775 nm, and also a less
distinct band or a band shoulder in the vicinity of 750 nm
(curves 1 in Fig. 7(a) and (b)).

Exposing the sample for 10 s to laser radiation with a
wavelength of 670 nm and a dose of 6.3 10° J m~? once
(curve 2 of Fig. 7(a) ), twice (curve 3 of Fig. 7(b) ), or three
times (curve 4 of Fig. 7(a) ) caused changes in its absorption
bands around 670, 750, and 775 nm, the absorption band at
718 nm remaining unchanged (see Fig. 7(a)). In the action
spectra, the band in the neighborhood of 670-680 nm sup-
posedly belongs to the chromophore Cug in the oxidized state,
while that in the vicinity of 760-770 nm belongs to the chro-
mophore Cug in the reduced state [61]. If there is a corre-
spondence between the action spectra bands (Fig. 2) and the
absorption spectra bands presented in Fig. 7(a), the results
presented in Fig. 7(a) are quite natural: as laser irradiation
increases absorption in the band at 670 nm, and hence the
concentration of the chromophore in the oxidized state,
absorption near 750-770 nm (and the concentration of the
reduced chromophore) decreases. It is interesting to compare
the responses of the monolayer to the first, second, and third
exposures to laser radiation. The first exposure to radiation
with a wavelength of 670 nm causes no substantial changes
in the 670 nm absorption band (curve 2) as compared to that
of the unexposed monolayer (curve 1). It is only the subse-
quent two exposures that result in the intensification of the
670 nm band (curves 3 and 4, respectively). An entirely
different effect is observed to occur in the complex absorption
band in the region of 745780 nm. The first exposure (curve
2) brings about a sharp change in both the intensity and shape
of the complex band profile, practically no changes taking
place as a result of the second and third exposures (curves 3
and 4, respectively), which is very like a saturation effect.
Two bands, one with A =745 and a shoulder at A =755 nm
and the other with A=775 nm, are clearly defined in the
absorption spectra of the exposed monolayer (curves 2—4 in
Fig. 7(a)). The shape of the band points to the presence of
two conformers in the hypothetical reduced chromophore.

The exposure of the cellular monolayer to laser light with
A =820 nm (Fig. 7(b)) was also observed to cause changes
in the absorption bands in the vicinity of 670 and 775 nm.
Recall that the action spectra feature a band at around 825
nm, which is supposedly associated with the oxidized chro-
mophore Cu, (Fig. 2). The exposure of the monolayer to
light with A =820 nm was carried out in the same way as in
the case of laser light with A =670 nm in the preceding series

of experiments. The sample was exposed for 10 s to the
radiation at a dose of 6.3 X 10° T m ™2 once (curve 2), twice
(curve 3), or three times (curve 4). Following the first expo-
sure (curve 2), a sharp increase of absorption is observed to
occur in the band near 670 nm (and a correspondingly sharp
reduction of absorption in the band near 775 nm) in compar-
ison with the intact monolayer (curve 1). The second (curve
3) and the third (curve 4) exposures cause no sharp changes
in absorption, which is likely due to an equilibrium being
established between the oxidized and reduced forms of the
chromophore Cug.

Clearly manifest in Fig, 7(b) (curves 2—4) are two bands,
one with A, =750 nm and the other with A, =770 nm, as was
also the case with irradiation at A =670 nm (Fig. 7(a)). One
can therefore state with a certain caution that radiation with
a wavelength of 670 or 820 nm has most likely no effect on
the chromophore reduction mechanism itself. In both cases
(A=670nm and A =820 nm), irradiation reduces the absorp-
tion and the concentration of the reduced form of the chro-
mophore and gives rise to its two conformably ordered forms.

On the contrary, the behavior of the 670 nm band in the
case of exposure to laser light with A =820 nm (Fig. 7(b))
differs drastically from that in Fig. 7(a) (i.e., in the case of
irradiation at A =670 nm). The very first exposure to light
with A=2820 nm increases the intensity of the 670 nm band
(curve 2 of Fig. 7(b)). Following the second exposure
(curve 3), this band changes but little, and practically no
changes are observed to occur following the third exposure
(curve 4) (something like saturation takes place).

Thus, the light wavelength and the number of exposures
have different effects on the supposedly oxidized form of the
chromophore with the absorption maximum at A =670 nm.
Radiation with A=820 nm oxidizes the chromophore Cuy
more strongly in the first exposure (i.e., oxidation proceeds
in a stepwise manner), whereas radiation with A =670 nm
has practically no effect on the oxidized form of Cug in the
first exposure (Fig. 7(a)). It is only after the second and
third exposures that the concentration of the oxidized form
of the chromophore increases, no saturation being reached in
our experiments.

The 718 nm band suffers virtually no changes following
exposure to laser light differing in wavelength. It should be
noted that this band is not manifest in the action spectra ( Fig.
2). The absence of changes in absorption following exposure
to radiation with two wavelengths (Fig. 7(a,b)) also seems
quite logical and gives reason to believe that the chromophore
absorbing in this region takes no part in the photoregulation
process responsible for the action spectrum.

Taken together, the terminal respiratory chain oxidases in
eukaryotic cells (cytochrome ¢ oxidase) and in prokaryotic
cells of Echerichia coli (cytochrome bd and bo complexes
[69]) are believed to be photoacceptor molecules for red-to-
near-IR radiation. In the violet-to-blue spectral region, fla-
voproteins (e.g., NADH-dehydrogenase [11,52]) are also
among the photoacceptors as well as terminal oxidases. It is
suggested that the photoacceptor is not fully reduced or oxi-
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dized terminal oxidase, but one of its intermediate forms (a
so-called mixed valence oxidase), which has not yet been
identified.

3. Primary mechanisms

The primary mechanisms of light action on the photoac-
ceptor molecules have not yet been established. Below, four
main possibilities discussed in the literature so far are
considered.

First, it has been suggested that one possible process
involves an acceleration of electron transfer in the respiratory
chain due to a change in the redox properties of the carriers
following photoexcitation of their electronic states [4,11]. A
similar principle governs the function of photosynthetic reac-
tion centers [70] and is involved in many so-called ‘blue
light responses’ [71,72]. It is well known that electron exci-
tation changes the redox properties of molecules [73]. The
results of recent measurements ( [68], Fig. 7) as well as the
discussion from Section 2 allow one to propose that the pho-
toexcitation of certain reaction centers in the cytochrome ¢
oxidase molecule (like Cu, and Cug or hemes a and a;) or
in cyt bd and bo complexes of Escherichia coli [69] influ-
ences the redox state of these centers, and consequently, the
rate of the electron flow in the molecule. It was suggested,
for example, that irradiation shifts the cytochromes to more
reduced forms, which naturally promote electron transport
[74]. Recently, the redox absorbance changes of the respi-
ratory chain components of Escherichia coli were measured
following He-Ne laser irradiation. A dose of 4.3 X 10 Jm ™2
led to partial oxidation of cyt b and cyt d, while flavoproteins
were found to be slightly reduced [ 75]. Recent developments
clearly show that photoinduced electron-transfer reaction can
initiate the folding of protein, as it was demonstrated for
reduced cytochrome ¢ [76,77]. The thermodynamic analyses
of Pascher etal. [ 76] suggest that many redox-active proteins
will be amenable to a protein-folding trigger based on elec-
tron-transfer chemistry.

Secondly, during light excitation of electronic states, a
noticeable fraction of the excitation energy is inevitably con-
verted to heat, which causes a local increase in the tempera-
ture of the absorbing chromophores [78]. Any appreciable
time- or space-averaged heating of the sample can by pre-
vented by controlling the irradiation intensity and dose appro-
priately. However, there is still the possibility of localized
transient heating of absorbing chromophores. The local tran-
sient rise in temperature of absorbing biomolecules may
cause structural (e.g., conformational) changes and trigger
biochemical activity (secondary dark reactions) such as acti-
vation or inhibition of enzymes.

To evaluate the contribution of local transient heating of
light-absorbing microregions to biochemical activity,
Escherichia coli [79] and HeLa cells [80] were irradiated
using femtosecond laser pulses (A =620 nm, 7,=3Xx 10"
s, f=05Hz, E,=1.1X10* Jcm™2 I,,=55X10"* W

cm™?% I,=10° W cm™?) as well as c.w. laser radiation
(A=632.8 nm, /=13 W cm~2). The irradiation dose
required to produce a similar biological effect (an increase
in the clonogenic activity of irradiated cells compared with
the nonirradiated control) was found to be a factor of about
10°-10° lower for pulsed radiation than for c.w. radiation.
The minimum size of the microregions transiently heated by
irradiation with femtosecond laser pulses was estimated at
about 10 A, which corresponds to the size of the chromo-
phores of the suggested photoacceptors, the respiratory chain
components [79].

The effects of slight local heating and a substantial local
temperature gradient [ 78] occur for both c.w. and femtosec-
ond pulses. The difference is that the density of such local
heating sites in the case of c.w. radiation is extremely low
because of the low radiation intensity. This density is lower
than the density of the absorbing chromophores by a factor
of approximately 10’-10'°, depending on the relaxation time
and excitation cross section of the chromophores. In the case
of femtosecond pulses, the chromophores become excited,
which causes a stronger biological response.

Therefore, it can be concluded that higher than average
local transient heating of microregions with a size character-
istic of absorbing chromophores is possible. The evaluation
of the transient heat intensity of these microregions and the
diffusion of heat from them requires a more detailed analysis.
One should note here that the above considerations involved
individual cells. The problem of local heating of absorbing
chromophores takes on entirely new dimensions and signifi-
cance when whole tissues are irradiated. Some considerations
of this problem are found in Refs. [78,81].

Thirdly, the principal use of oxygen in a respiratory chain
involves its four-electron reduction to water. In normal met-
abolic processes as well as in a number of nonenzymatic
biological reactions both univalent and bivalent reductions
of molecular oxygen also occur (Fig. 8). For example, free
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Fig. 8. The connection of antioxidant enzymes to electron transport, oxida-
tive phosphorylation, and Ca®>* flux. Abbreviations: GSH, glutathione;
GSPx, glutathione peroxidase; SOD, superoxide dismutase; Cat, catalase;
R, reduced lipid; ROOH, lipid peroxide (after [82]).
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radicals like OH" (hydroxyl) and O,"~ (superoxide) appear
as a result of one-electron reduction. It has been shown that
in mitochondrial electron transport the superoxide radical is
produced, and the production of O, ™ as well as the product
of its dismutation, H,0,, primarily depend on the metabolic
state of the mitochondria [82]. By activating electron flow
in the respiratory chain, one can also expect increasing super-
oxide anion, O,"”, production. Some data in the literature
also suggest that besides the above-mentioned method of
generating O,’~, there is another NADH-related way to gen-
erate O, in the mitochondria [83].

It has been demonstrated experimentally that mitochondria
possess a mechanism for the reabsorption of O, ~, and O, ~
may be a source of electrons for the oxidative phosphoryla-
tion of ADP under physiological conditions [84]. Experi-
mental data show that liver mitochondrial ATP synthesis can
be inhibited and promoted by the UV generation of O, ~
[85]. Recall also that even a small increase in O, ~ concen-
tration (and subsequently, an increase in the concentration
of the product of its dismutation, H,O,) in a cell results in
multiple secondary responses, such as an increase in [ Ca* " ];
and pH; (alkalization), release of arachidonate, activation of
Na*/H™ antiport and Ca’* ATPase, and alteration of Na*—
Ca®* exchange [86-88]. Both O,"~ and H,0, are considered
to be oxidizers [89], and, for example, very low concentra-
tions of H,O, can cause activation of lymphocytes {90].
Many of these reactions also occur in irradiated cells as with
visible-to-near-IR radiation will be considered in Section 4.

Experiments measuring the luminol-amplified chemilu-
minescence of murine splenocytes after near-IR irradiation
[91] do not exclude the possibility of increased O, ~ also by
mitochondria. A comparison of the action spectrum of chem-
iluminescence stimulated after irradiation with various wave-
lengths of light and the absorption spectrum of the
cytochrome ¢ oxidase indicated some similarity between
these two. As the absorption band of cytochrome ¢ oxidase
at 830 nm is thought to be due to its copper component [50],
and the chemiluminescence emitted by mitochondria is
believed to be copper dependent [85], one should consider
the possibility that some low-power laser effects can be
related to increased O, production. Recent experimental
results [92-94] support the hypothesis of O, and H,O,
participation in photosignal, the transduction chain leading
to an increase of proliferation. This possibility, discussed first
in Ref. [91], becomes more serious if we take into account
the fact that H,0O,, the product of O,"” dismutation, is
involved in a complex set of reactions linking the H,0, pro-
duction in mitochondria to the regulation of cellular metab-
olism [82]. As shown Ref. [82] and also in Fig. 8, many
antioxidant enzymes are involved in this link. One of the
enzymes taking part in the pathway is catalase. Catalase has
been shown to be involved in the increase in protein synthesis
induced by He-Ne laser light in yeast cells [95] . In that study,
the activity of catalase was measured immediately after the
irradiation of Torulopsis sphaerica and the amount of syn-
thesized protein was tested 18 h later. The activity of catalase

as well as the amount of synthesized protein were increased
in the irradiated cells. The inhibition of catalase activity by
3-amino-1,2,4-triazole at the moment of irradiation sup-
pressed protein synthesis. At the same time, the protein
synthesis was not affected by 3-amino-1,2,4-triazole in non-
irradiated cells. Possible specific links between the increase
in catalase activity and protein synthesis in irradiated cells
were discussed in Ref. [95]. So, a mechanism involving
H,0, as a secondary messenger might also be involved. It is
also quite possible that generated reactive oxygen species like
0, or even H,0O, simply modulate the redox activity of
mitochondria and/or the redox state of the cell. In other
words, the first and third mechanisms discussed above can
provide a similar result.

Fourthly, certain photoabsorbing molecules like porphy-
rins and flavoproteins (some respiratory chain components
belong to these classes of compounds) can be reversibly
converted to photosensitizers [96,97]. Based on monochro-
matic visible-light action spectra for DNA synthesis in HeLa
cells, and spectroscopic data for porphyrins and flavins, a
hypothesis was advanced that the absorption of light quanta
by these molecules is responsible for the generation of singlet
oxygen, 'O, [39]. Chemically active 'A, and 'L, * states of
oxygen with energies of 1.0 and 1.5 eV might play an active
mediator role in achieving the biological effects of irradiation.
This possibility has been considered for some time as a pre-
dominant suppressive reaction during irradiation of cells with
high doses and intensities of light [2,11]. The possible role
of singlet oxygen in low-power laser effects was discussed
in several other papers (e.g., [98,99]). However, experi-
ments demonstrating the generation of singlet oxygen in cells
or tissues after irradiation as well as examination of the pos-
sible secondary (dark) biochemical reactions are to date non-
existent. Fig. 9 presents two principal pathways for 'O,
generation discussed in the papers cited above. The pathway
on the left includes strong permitted transitions and for this
reason is highly probable (classical photodynamic mecha-
nism). This pathway for low-power laser effects was dis-
cussed in Refs. [11,39,99]. Conversely, the pathway on the
right, showing direct excitation of the oxygen molecule,
which was discussed in Ref. [98], has extremely low prob-
ability due to forbidden transitions.

The effects of light on respiration are oxygen dependent
and prevented by anaerobiosis; it is generally believed that
photodynamic reactions promoted by certain respiratory
chain components (flavins, hemes and Fe-S centers) are
associated and occur in aerobic conditions [96,97,100,101].
Irradiating yeasts in aerobic and anaerobic conditions with
an He—Ne laser increased protein synthesis ( which was meas-
ured as the final photobiological macroeffect) in both cases,
the only difference being the dose range [ 102]. This finding
indicates that at least in this particular case, the ' O,-connected
mechanism is not involved. On the other hand, in some other
cases extremely small amounts of 'O, could cause some
change in the redox status of a cell.
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Taken together, there is certainly more than one reaction
involved in the primary mechanisms of low-power laser
effects. The four types of possible reactions discussed above
are summarized in Fig. 10. There are no grounds to believe
that only one of these processes occurs when a cell is irradi-
ated. An important question for the future is which of these
reactions is responsible for a certain low-power laser effect.
However, recent experimental results of measurements of
redox absorbance changes of living cells after irradiation
[68,75] clearly indicate that a mechanism based on changes
in redox properties of terminal enzymes of respiratory chains
might be crucial.

4. Secondary mechanisms

Sections 2 and 3 considered photoacceptor molecules and
possible primary reactions occurring under irradiation. On
the other hand, it is well known that many biochemical reac-
tions in cells occur hours and even days after the irradiation
procedure. Usually, the irradiation lasts on a time scale of
seconds and minutes. The biological responses of cells occur-
ring later, when the radiation is switched off, are called sec-
ondary reactions. The specificity of light action is believed to
be due to the absorption of quanta by a photoacceptor, cyto-

chrome c oxidase molecule (Section 2). Also, a flavoprotein
like NADH-dehydrogenase has been discussed as a possible
photoacceptor for blue and red light [4,11].

If the photoacceptors are located in the mitochondria ( Sec-
tion 2), then how are the primary reactions occurring in the
respiratory chain (Section 3) connected with DNA synthesis
in the nucleus? A scheme presented in Fig. 11(b) can explain
this. This scheme, originally proposed in Ref. [111], is based
on the fact that a redox chain such as the respiratory chain is
capable of controlling cellular homeostasis. The photoexci-
tation induces changes in cytochrome ¢ oxidase (Section 3)
and/or in flavinic components of the chain (e.g., NADH-
dehydrogenase [4,11]); this event can in turn cause other
redox changes and modulations of biochemical reactions
through a photosignal transduction and amplification chain.
The photosignal transduction and amplification chain leads
to a photobiological macroeffect, such as increased prolifer-
ation (marked by DNA synthesis in Fig. 11(b), (c)).

We proposed that the absorption of light quanta by the
respiratory chain components causes a short-term activation
of the respiratory chain and oxidation of the NADH pool
[11]. It is known that oxidation of the NADH pool leads to
changes in the redox state of both mitochondria and cyto-
plasm [103,104]. The activation of the electron-transport
chain also results in an increase of proton motive force (pmf,
Aupy™), electrical potential of mitochondrial membrane
(A¢), ATP pool, and acidification of the cytoplasm. It has
been confirmed experimentally that this is also true in the
case of respiratory chain activation by irradiation: changes in
pmf, Ay, and ApH as well as extrasynthesis of ATP have
been achieved by irradiating mitochondria with a He—Ne laser
[24]. By irradiating cells with wide-band visible light of
A > 400 nm, the enhancement of the activity of ATP-synthase
was observed [105]. The ATP level was also found to be
raised after irradiation of whole cells: human lymphocytes at
820 nm [35], R3230AC adenocarcinoma cells at 630 nm
[29], and HeLa cells at 632.8 nm [32]. Irradiating human
lymphocytes with a He—Ne laser also caused changes in the
ultrastructure of mitochondria, such as the formation of giant
mitochondria, which was interpreted by the authors as an
intensification of the energy metabolism [33]. A perturbation
of the mitochondrial energy production was measured by
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rhodamine 123 uptake when human oral fibroblasts were
irradiated at 812 nm [36].

The acidification of the cytoplasm (rise of intracellular H*
concentration), caused by the activation of the respiratory
chain, controls allosterically the activity of the Na™ /H™ anti-
porter situated in the cytoplasmic membrane [106]. This
enzyme plays a key part in the alkalization of the intracellular
medium. A short-term increase in the intracellular pH ( ApH,)
is one of the necessary components involved in the transmis-
sion of mitogenic signals in the cell [ 106-108].

Recall that a jump in intracellular pH (pH;) after irradia-
tion has been measured experimentally. pH; is a parameter of
cellular homeostasis that is closely connected with the cellular
redox state. These experiments proved that pH; was increased
due to irradiation with red light by 0.20 units in mammalian
cells [109] and 0.32 units in E. coli [110]. The conclusion
of these works is that by means of irradiation it is indeed
possible to shift the pH; and overall redox state of cells into
a more oxidized direction, as suggested by the scheme in
Fig. 11(b).

In a eukaryotic cell, a change in the redox state of the
mitochondria causes changes in the redox state of the cyto-

plasm or, in other words, changes the overall redox state of a
cell. In Fig. 11(b), this event is marked by the NAD/NADH
couple. More exactly, the overall redox state of the cell rep-
resents the net balance between stable and unstable reducing
and oxidizing equivalents in dynamic equilibrium and is
determined by three couples: NAD/NADH, NADP/
NADPH, and GSH/GSSG (GSH = glutathione) . These pairs
are mutually dependent, and altering the ratio in one couple
causes changes in the others. The pH; is also closely con-
nected to these ratios.

There is also an indirect indicator that He—Ne laser irra-
diation alters the redox state of cells. It is known that any
shift in the redox state and metabolic activity of a cell will
necessarily alter its radiosensitivity, adaptive response to
radiation or other forms of endogenous or exogenous free-
radical toxicity [ 111]. In experiments when the y-irradiated
monolayer of HeLa cells was irradiated with a He—Ne laser
at various time intervals before exposure to ionizing radiation,
the viability of the cells previously irradiated with a laser
increased significantly as compared with vy-irradiated cells
[112].






