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Background and Objectives: The objective of this study
was to investigate the possibility of involvement of nitric
oxide (NO) into the irradiation-induced increase of cell
attachment. These experiments were performed with a
view to exploring the cellular mechanisms of low-power
laser therapy.
Study Design/Materials and Methods: A suspension of
HeLa cells was irradiated with a monochromatic visible-to-
near infrared radiation (600–860 nm, 52 J/m2) or with a
diode laser (820 nm, 8–120 J/m2) and the number of cells
attached to a glass matrix was counted after 30 minute
incubation at 378C. The NO donors sodium nitroprusside
(SNP), glyceryl trinitrate (GTN), or sodium nitrite (NaNO2)
in the concentration range 5� 10�9–5� 10�4M were added
to the cellular suspension before or after irradiation. The
action spectra and the concentration and fluence depen-
dencies obtained were compared and analyzed.
Results: The well-structured action spectrum for the
increase of the adhesion of the cells, with maxima at 619,
657, 675, 740, 760, and 820 nm, points to the existence of
a photoacceptor responsible for the enhancement of this
property (supposedly cytochrome c oxidase, the terminal
respiratory chain enzyme), as well as signaling pathways
between the cell mitochondria, plasma membrane, and
nucleus. Treating the cellular suspension with SNP
(5� 10�5M) before irradiation significantly modifies the
action spectrum for the enhancement of the cell attachment
property (band maxima at 642, 685, 700, 742, 842, and
856 nm). The action of SNP, GTN, and NaNO2 added before
or after irradiation depends on their concentration and
radiation fluence.
Conclusions: The NO donors added to the cellular
suspension before irradiation eliminate the radiation-
induced increase in the number of cells attached to the glass
matrix, supposedly by way of binding NO to cytochrome c
oxidase. NO added to the suspension after irradiation can
also inhibit the light-induced signal downstream. Both
effects of NO depend on the concentration of the NO donors
added. These results indicate that NO can control the
irradiation-activated reactions that increase the attachment
of cells. Lasers Surg. Med. 36:307–314, 2005.
� 2005 Wiley-Liss, Inc.
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INTRODUCTION

The free radical nitric oxide (NO) is an important
inter- and intracellular messenger involved in a variety
of physiological and pathophysiological conditions [1].
Experimental studies performed so far to investigate the
possible role of NO in the effects of low power laser therapy
bear witness to the involvement of NO at least in two cases.

The analgesic effects of red and near-infrared laser
radiation were well documented in various laboratory and
clinical experiments (see review [2]). NO was found to
mediate the fast and transient analgesic effects caused by
low-power laser radiation at 904 nm [3].

NO is involved in the radiation-induced mesenteric
arteriolar vasodilatation and the subsequent increase in
the microcirculatory blood flow [4]. Irradiation at different
wavelengths induces vasodilatation in blood-perfused
vessels but not in saline-perfused ones [5]. It was suggested
that NO–hemoglobin might serve as a light-sensitive store
of NO in red blood cells from which it was released by
irradiation [6].

NO also accomplishes regulatory tasks in cultivated
cells. Addition of NO donors to cells cultivated in vitro
increases or inhibits their proliferation and cell-to-matrix
adhesion [7–13]. Energy production, stimulation of the
biogenesis of mitochondria, and apoptosis can be controlled
by NO [14,15].

Investigations into the possible regulatory role of NO in
irradiated cells have gained no attention so far. A pilot
experiment has indicated that high concentrations of NO
donors inhibit the attachment of irradiated cells [16]. The
existence of an irradiation-controlled mitochondrial NO
signaling pathway in cells has recently been explored [17].

The surface of a cell and its adhesive interactions are
involved in the regulation of such processes as embryo-
genesis, cell growth and differentiation, wound repair,
formation of metastases, to name but a few [18]. The
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present study is aimed at studying, on a cell-to-glass
adhesion model, the irradiation-controlled cellular signal-
ing pathways including cytochrome c oxidase and NO.
We use three NO donors (sodium nitroprusside, SNP;
sodium nitrite, NaNO2; and glyceryl trinitrate, GTN) in a
wide concentration range (10�9–10�4M) in combination
with visible-to-near infrared (NIR) radiation of various
wavelengths (600–860 nm) and fluences (8–120 J/m2).
The experimental approach in this study is the recording
of the light action spectra of the cells, rather than their
absorption spectra. This approach offers an important
benefit. The recording of the absorption spectra of living
cells in the far red-to-NIR region under physiological
conditions, as well as the interpretation of these spectra,
is a problem because of the technical difficulties associated
with the broad overlapping of the weak absorption bands of
the redox carriers in this region of the spectrum and the
extremely fast electron transfer in the course of the redox
cycles. Light action spectra are much easier to record, and
such spectra can provide information about the primary
photoacceptor. Recall that any graph representing a bio-
logical response as a function of radiation wavelength is
called an action spectrum, and the action spectrum coin-
cides (to certain limits) with the absorption spectrum of
the photoacceptor molecule involved [19]. We intend to
demonstrate that NO can control the irradiation-activated
reactions that increase the attachment of cells to a glass
matrix.

MATERIALS AND METHODS

Cells

HeLa cells, obtained from the Institute of Virology,
Moscow, Russia, were cultivated as monolayer in closed
Carrell vials (diameter 45 mm), at 378C in 5 ml of RMPI-
1640, with 10% of fetal bovine serum, and 100 U/ml of
penicillin and streptomycin. 1.5� 106 cells were plated per
vial and grown for 72 hours (middle-log phase). The HeLa
culture used is characterized by anchorage-dependent
growth and forms confluent monolayer. All chemicals used
for cell cultivation were purchased from ICN Pharmaceu-
tical, Amsterdam, The Netherlands.

Cells were harvested using 0.02% Versene solution (378),
and suspension for irradiation was prepared in medium
RMPI-1640 containing 10% of bovine embryo serum.
Cell culture processing was performed in dark or under
dim natural light. Extraneous illumination (sunshine or
artificial light) was avoided.

Light Sources

Monochromatic radiation was obtained by means of a
monochromator designed by Dr. A. Lifshits at the Institute
of Spectroscopy, Russian Academy of Sciences, Troitsk,
to have bandwidths of 400–700 and 540–1,050 nm. The
monochromator was operated in accordance with an auto-
collimation scheme. A single-slit 1.2 mm wide was used to
direct radiation both into and out of the monochromator.
Dispersion amounted to 8 nm/mm. Thus, the exit radiation
bandwidths came to 10 nm (full wide at half maximum,

FWHM). The dispersive element used was a diffraction
grating of 1,200 lines per millimeter. To obtain radiation in
region 600–860 nm, the second order of the grating, a
thermal filter and a 600 nm cut-off glass filter, placed
between the radiation source (a stabilized 250 W high-
pressure xenon arc lamp) and the monochromator, were
used. The source radiation was focused with a positive lens
and delivered by a fiber light guide to the upper part of
the slit. After diffraction of the beam, the monochromatic
radiation was exited from the lower part of the slit and
transmitted by another light guide. In the range of wave-
lengths 600–860 nm, the output power of the monochro-
mator and the power measured after the sample were
constant. Power meter Fieldmaster (Coherent, Portland,
OR) suitable for measuring powers in microwatt range was
used for the measurements. Light intensity in experiments
was 1.3 W/m2, dose 52 J/m2, irradiation time 40 seconds.
The light spot fully covered the vial with cell suspension
(0.38 cm2).

Radiation at 820 nm was obtained from a GaAlAs
light diode (Polyus, Moscow, Russia). The technical
characteristics of this light source were as follows:
l¼ 820� 10 nm, pulse repetition frequency 10 Hz, pulse
width 20 milliseconds, and duty factor (pulse duration-to-
pulse period ratio), 20%. Irradiation was performed
through an optical fiber, so that a homogenous light spot
covered the exposed suspension surface (0.38 cm2). The
radiation intensity at the suspension level was 3.54 W/m2,
and the radiation dose varied from 8 to 120 J/m2 (exposure
time, from 10 to 170 seconds). Intensity measurements
were taken using power meter M404 (Spectra-physics,
Mountain View, CA).

Irradiation

The samples of cellular suspension were irradiated in
glass sample cells. These cuvettes were made as follows.
Two glass rings with ground in edges (inner diameter
0.7 cm, height 0.4 cm, volume 130 ml) were stuck on a
microscope slide with 5-cm distance between them. Both
wells were filled with cell suspension (85,000 cells per vial).
Always, one of the vials was irradiated and another one was
used as control. Optimal irradiation conditions (shape and
dimensions of the vial, number of cells per vial) were
developed in a special series of experiment [20]. Irradiation
was performed at room temperature in the dark. The
control well was protected from light during irradiation
experiment. The new pair of sample cells was used for every
measurement.

Measurement of Cell–Glass Adhesion

The criterion by which changes in the adhesion pro-
perties of the cell membrane were judged was the number
of cells that attached themselves to the bottom of the
cuvette in the course of 30 minutes at 378. This time was
chosen according to experiments describing time-course
of attachment of HeLa cells to the glass substratum in
our experimental condition [20]. In control culture,
42.5%� 2.5% of cells is adhered to the surface after
30 minute incubation. Thus, in these conditions the
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stimulatory and inhibitory effects of the irradiation and
chemicals could be measured under the same conditions.
After incubation, the nutrient medium was removed, and
the cuvettes were washed with warm (378) Hanks’ solution
to remove non-attached cells. The attached cells were
trypsinized, and their number was counted with a haemo-
cytometer. Each data point represents the mean of at least
10 independent measurements.

NO Donors

SNP and NaNO2 were purchased from Sigma Chemical
Co (St. Louis, MO). GTN (commercial name Nitrocine) was
from Schwarz Pharma AG (Monheim, Germany). Ten
microliters of freshly prepared solution of a chemical
in non-colored Hanks’ solution (378) was added to each
cuvette immediately before or after irradiation; 10 ml of
Hanks’ solution without the chemical was added to the
control cuvettes. Stock solutions of the chemicals were
made up freshly before the experiments and protected
from light. The toxicity of the chemicals was assessed using
the Trypan blue exclusion test: all concentrations used
were found to be non-toxic under our experimental
conditions (viability of cells > 95%). The solutions of
inhibitors did not show any absorption bands in the optical
region under study (checked by recording the absorption
spectra).

Statistical Analysis

The results obtained were statistically processed by
means of the Graphpad Prism 4.0 (San Diego, CA) program
package and expressed in terms of the mean value�SEM
from 10 measurements.P< 0.05 was considered significant
using the ANOVA and Student’s t-tests. Deconvolution of
action spectra with Lorentzian fitting and baseline correc-
tions were made using the Origin 7.5 (Northampton, MA)
software program.

RESULTS

Addition of NO Donors to Cell Suspension in
Certain Concentration Range Does not Affect
Cell Attachment to the Glass Matrix

In our experimental conditions 42.5%� 2.5% of the total
number of cells in a cuvette (85,000) attached to the glass
bottom of the vial. Figure 1 presents the dependencies of
percent of adhered cells on the concentration of added
chemicals SNP, GTN, and NaNO2 without irradiation.
In our experimental conditions, SNP and NaNO2 in con-
centration range from 5� 10�9 to 5� 10�4M do not in-
fluence cell attachment. GTN do not influence cell
attachment in concentration range from 4� 10�9 to
4� 10�7M. The percentage of attached cells increases at
higher GTN concentrations (from 4� 10�6 to 4� 10�4M) in
concentration-dependent manner.

In our following experiments we use NO donors in con-
centrations which were found in these experiments not
to influence cell adherence. Decomposition of NO donors
under irradiation is not expected due to absence of absorp-
tion bands in red-to NIR optical region.

Red-to-NIR Radiation Increases Cell
Attachment in Wavelength-Dependent Manner
and NO Modifies This Action Spectrum

The percentage of cells attached to the glass surface
is increased upon irradiating the cell suspension
samples with certain wavelengths. Figure 2A represents
the measured light action spectrum as well as the
deconvolution of this spectrum with Lorentzian fitting.
The light action spectrum of cell adherence to glass
(Fig. 2A) is characterized by a single peak at 619 nm,
triplet peaks at 657, 675 (main peak), and 699 nm (a
weak shoulder), doublet peaks at 740 and 760 nm (main
peak) as well as by quartet peaks at 800, 820, 840, and
860 nm (Table 1). In this quartet, the main peak is at
820 nm and peaks at 800, 840, and 860 nm are resolved as
shoulders.

Figure 2B presents the measured action spectrum as
well as deconvolution of this spectrum with Lorentzian
fitting when SNP (5� 10�5M) is added to cell suspension
samples before the irradiation. This new action spectrum is
characterized by a single peak at 642 nm, doublet peaks at
685 and 700 nm (main peak), single peak at 742 nm (with
shoulder at 770 nm), and doublet peaks at 842 (main peak)
and 856 nm.

Table 1 presents the results of comparison of two action
spectra and underlines the changes in peak positions occur-
ring due to SNP addition. The results of this experiment
evidence that NO added before the irradiation causes
substantial changes in absorption of the primary photo-
acceptor.

Fig. 1. Dependencies of cell attachment on concentration of

nitric oxide (NO) donors added to cell suspension in the absence

of irradiation: sodium nitroprusside (SNP), glyceryl trinitrate

(GTN), and sodium nitrite (NaNO2). The dashed line shows

the attachment of control cells. Asterisks indicate difference

from control (P< 0.05).
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Modification of Cell Attachment by NO Depends
Both on Fluence and Concentration of NO Donors

In the action spectroscopy experiment (Fig. 2), we used
SNP in concentration of 5� 10�5M and the wavelength of
radiation was changed. In the next series of experiments we
examined the situation when SNP as well as GTN and
NaNO2 were taken in various concentrations from 4� 10�9

to 5� 10�4M but only one wavelength (820 nm, i.e., the
wavelength of one maximum in the action spectrum,
Fig. 2A) and one fluence (60 J/m2) were used. The fluence
60 J/m2 was chosen because this provides the maximal
effect for the increase of cell attachment at the wavelength
of 820 nm (curve labeled hv in Fig. 3). Note that pulsed
radiation provides less stimulative effect (64.5%� 2.0%)
when used in the optimal fluence (60 J/m2, maximum of the
curve labeled hv in Fig. 3) as compared with the continuous

wave (CW) light used in action spectroscopy (at 820 nm and
fluence 52 J/m2 percent of adhered cells is 90.0� 2.0%,
Fig. 2A). This finding corroborates the data about different
magnitude of a biological response of cells to CW and pulsed
light of the same fluence and wavelength [21]. Pulsation
of the light has no principal importance in the present
experiments insofar as the wavelength is the same.

The increase in percentage of adhered cells as the
dependence on the light fluence is labeled hv in Figure 3.
SNP in concentration 5� 10�7M does not affect cell attach-
ment at any fluence (curve labeled 5� 10�7 SNPþhv in
Fig. 3) as compared to curve labeled hv. SNP in concentra-
tion 5� 10�5 M eliminates the light-induced cell attach-
ment stimulation fully at fluence 60 J/m2 only. At lower and
at higher fluences, a gradual elimination of radiation-
induced stimulation occurs. At the fluences of 16 and 120 J/
m2 (curve labeled 5� 10�5 SNPþhv in Fig. 3), the percent of
attached cells is comparable to that in samples irradiated at
optimal fluence of 60 J/m2. SNP at a high concentration of
5� 10�4M inhibits cell attachment, maximal inhibitive
effect occurs at 60 J/m2 (curve labeled 5� 10�4 SNP in
Fig. 3).

Figure 4 presents the dependencies of percentage of
adhered cells on concentration of SNP, NaNO2, or GTN
added before (Fig. 4A) or after (Fig. 4B) irradiation at
820 nm and 60 J/m2. In the control suspension, 42.5%�
2.5% of cells is attached. Irradiation at 820 nm (60 J/m2)
increases the percent of attached cells to 64.5%� 2.0%.
It means that a new subpopulation (22%) is attached due
to the irradiation.

Treatment of cell suspension with NO donors in various
concentrations before the irradiation influences the per-
centage of cells attached (Fig. 4A). It is possible to distin-
guish three regions of concentrations with different types
of action. First, at low concentrations of NO donors (from
4� 10�9 to approximately 5� 10�8M), percents of cells
attached are comparable to this in the control. It means that
NO do not allow a subpopulation (�20%) of cells to adhere.
In other words, in presence of low concentrations of NO the
effect of radiation (stimulation of cell attachment) does
not appear. Secondly, NO donors in medium concentration
range (approximately between 10�7 and 10�5M) do not
influence cell attachment. In this case, the percentage of
attached cells is close to the percent of cells attached under
irradiation without chemicals added. Thirdly, at higher
concentrations (approximately higher than 5� 10�5M), NO
donors gradually decrease percentage of cells stimulated by
light to attach. SNP causes even an inhibition of cell
attachment below the control level. Three curves in
Figure 4A do not coincide exactly and the concentration
regions are defined rather roughly. This is probably caused
by differences in NO release mechanisms and thereby NO
fluxes provided by different donors [22–26].

The situation is opposite to that described above when
the cell suspensions are first irradiated at 820 nm (60 J/m2)
and then NO donors are added at various concentrations
(Fig. 4B). NO donors added after the irradiation do not
obstruct cell attachment stimulation both at low concen-
trations near 10�9–10�8M and at high concentrations near

Fig. 2. Dependence of cell attachment on wavelength used for

irradiation of cell suspensions (CW light, fluence 52 J/m2,

intensity 1.3 W/m2, irradiation time 40 seconds, adhesion

measurements performed 30 minutes after irradiation) (A)

without,and (B) withSNP (5� 10�5M)added before irradiation.
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10�5–10�4M. There is an concentration range between
approximately 5� 10�8 and 5� 10�6M: added in these con-
centrations donors eliminate light-induced cell attachment
stimulation. Percent of attached cells is comparable to that
in the control when the concentration of NO donors is near
5� 10�7M. It means that NO deliberated at this point fully
obstructs a subpopulation of cells (�20%) to adhere after
cells have percept the light signal. Again as in the previous
case (Fig. 4A), the concentration ranges here are not exactly
the same for all three donors (Fig. 4B).

Complicated dependencies of cell attachment on ir-
radiation fluence at different concentrations of NO donors
(Fig. 3) as well as those on concentration of NO donors
when irradiating at a constant dose (Fig. 4A,B) indicate
that both factors (irradiation and NO) have a subtle
influence upon a reaction channel (cellular signaling
cascade) between the photoacceptor and the response of
cells to irradiation (cell attachment).

DISCUSSION

The number of HeLa cells attached to glass substrate
increases after irradiation of cell suspensions with mono-
chromatic visible-to-NIR radiation, which means that a
new subpopulation of cells enter an adhesive state due to
irradiation. The percentage of the subpopulation made
capable of adhering to glass depends on the parameters of
the radiation used, first of all on wavelength (existence of
the action spectrum, Fig. 2A) and on fluence (Fig. 3, the
curve labeled hv).

Maximal amount of cells in this subpopulation in our
experimental conditions under radiation at 820 nm is
�22% (Figs. 3 and 4). An analysis of the results presented

in Figures 3 and 4 indicates that NO in combination
with irradiation also influences attachment of a cell popula-
tion in amount approximately 20%. There is no reason
to exclude the possibility that NO affects the same

TABLE 1. Comparison of Peak Positions in Two Action Spectra (Control and SNP Added)

Control spectrum

SNP (5� 10�5M)

added before the irradiation
Changes in peak position

due to SNP additionCharacteristics Peak positions, nm Characteristics Peak positions, nm

Single 619 — Disappeared

Single 642 New peak with the same intensity as the

peak at 619 nm in control spectrum

657 — Disappeared

Triplet 675 Doublet 685 Shiftþ 10 nm, decrease in intensity two

times

699 w. sh 700 New and intensive band instead of weak

shoulder of the peak at 675 nm in

control spectrum

Doublet 740 Doublet 742 No changes in the intensity, but this is a

new distinct band

760 �770 w. sh From this peak only a shoulder keeps

800 s. sh. — Disappeared

Quartet 820 Doublet — Disappeared

840 s. sh. 842 No change

860 s. sh. 856 s. sh. No change

s. sh., strong shoulder; w. sh., weak shoulder.

Peak positions are calculated from Lorentzian fitting data; changes < 5 nm are considered to be nonsignificant. Main peaks are

marked bold.

Fig. 3. Effects of SNP on cell attachment in irradiated cells.

SNP in concentrations 5� 1�4, 5� 10�5, and 5� 10�7M was

added to the cell suspensions before irradiation at various

fluences (pulsed radiation at l¼ 820 nm, intensity 3.54 W/m2,

irradiation time 10–170 seconds). The dashed line shows the

attachment of control cells; the curves labeled hv indicate the

dose-dependence of light action. Asterisks indicate difference

(P< 0.05) from control (*) or from curve labeled hv (þ).
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subpopulation that was stimulated to adhere by irradia-
tion. Recall that NO donors without irradiation have no
influence on attachment of cells in concentrations (Fig. 1)
used in experiments, results of which are presented in
Figures 3 and 4. So, both agents, photons and NO, quite
probably affect the same subpopulation of cells and the final
result (change in percent of attached cells) depends both on
radiation fluence (Fig. 3) as well as on concentration of NO
donors and application order of irradiation and NO donors
(Fig. 4).

Our data evidences that the irradiation activates a
reaction channel from the photoacceptor (putatively cyto-
chrome c oxidase [17,27]) that leads to the regulation of cell
attachment. An analysis of data in Figure 4A allows to
suggest that NO donors applicated before the irradiation
in low (�10�9–10�8M) as well as in high (�10�5–10�4M)
concentrations block this light-induced reaction channel.
NO block does not occur in medium concentration range
of the donors (�10�7–10�8M). The block created by NO
appears on the level of the primary photoacceptor as
evidenced by the results of action spectroscopy (Fig. 2).

The situation is inverse when NO donors are added after
the irradiation. NO donors in low and high concentrations
do not influence attachment of irradiated cells. NO donors
only in medium concentration range (�10�7–10�6M) cause
a decrease of percentage of cells stimulated to attach by
irradiation (Fig. 4B). It means that NO released from the
donors applied in these concentrations can inhibit a light-
activated reaction channel also downstream. It appears
that different action mechanisms to influence cell attach-
ment by NO are in work in dependence of concentration of
NO donors and application order.

In addition to multiple regulatory functions on organism
level [1], NO has been recognized as a potential signaling
molecule controlling cell respiration [14,15,28–32]. It is
known that NO in nanomolecular and low micromolec-
ular concentration range reversibly inhibits cytochrome c
oxidase in a competitive manner with oxygen [15,28,32].
However, concentration of NO as well as NO flux, which
achieves the respiratory chain are not known in situ when
NO donors are added to cell suspension. Also, it is known
that not total NO released but NO flux is important in
reactions inside the cells [22]. Three NO donors used in our
study differ from each other by NO release mechanisms and
rates [23–26]. Concentrations of NO donors added to cells
are apparently higher than NO concentrations within the
cells and mitochondria, but the exact values of it are not
known in our experiments. It is difficult to discuss why
different concentrations of NO donors provide for different
effects when applied together with the irradiation (Figs. 3
and 4). One reason is that at high concentrations, NO
inhibits many components of the respiratory chain, the
oxygen binding site of cytochrome c oxidase included [14].
Also, NO can be substrate, inhibitor or effector of cyto-
chrome c oxidase, depending on cellular conditions [28].

The light action spectrum of cell attachment enhance-
ment shown in Figure 2A is believed to mirror the ab-
sorption of one (as yet unidentified) redox intermediate of
cytochrome c oxidase [17,27]. Changes in absorption of the
photoacceptor molecule (reflected by the action spectra in
our case) are commonly caused by structural and con-
formational modifications of this molecule. The present
type of experiment can not evaluate the type of interaction
occurring between NO and the photoacceptor molecule.
Two reactions of NO fast enough to be relevant to the
cytochrome c oxidase turnover are those between NO and
reduced haem a3 and between NO and oxidized CuB. Both
these reactions can play a role in the inhibition of enzyme
activity by NO [28], but important from our point of view is

Fig. 4. Dependence of cell attachment on concentration of

SNP, GTN, and NaNO2 added to the cell suspension (A) before

or (B) after irradiation at l¼ 820 nm, 60 J/m2. The dashed line

labeled hv shows the attachment of cells irradiated at

l¼ 820 nm, 60 J/m2 without chemicals added. The dotted line

indicates the attachment of control cells. Asterisks indicate

difference (P< 0.05) from control (*) or from curve labeled

hv (þ).
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the first one as far as only the NO–haem complex is
photolabile [33,34]. It is known that the light sensitive,
reversible inhibition by NO occurs at high electron flux
only (reduced enzyme) [28]. Recall that monochromatic
radiation in visible region can cause photoreduction of
cytochrome c oxidase both in soluble preparations as well as
in isolated mitochondria [35–41]. Purified cytochrome
c oxidase both in soluble preparations as well as in isolated
mitochondria were photoreduced by green light [40] simi-
larly by UV radiation (l< 300 nm) [41]. Pulsed laser light at
532 nm caused redox absorbance changes and electrogenic
events in partly reduced cytochrome c oxidase, indicating
increased electron transfer from CuB to oxygen [41,42].

An analysis of the action spectra (Table 1) indicates that
NO causes a new internal distribution of electrons in redox
centers of the photoacceptor molecule. A comparison of
spectra in Figure 2A,B shows that all system of bands
characteristic to one redox state of the photoacceptor
smoothly shifts in the presence of NO to an alternate redox
state of the photoacceptor. An important feature of this
rearrangement is closing of some reaction channels
between redox centers and opening of some new ones with
similar characteristics of band intensity, shape of contour,
and bandwidth.

The signaling pathways (reaction channels) that are
involved in signal transduction between the photoacceptor
in the respiratory chain, the nucleus, and the plasma
membrane are not established yet. Suggestions have been
made to explain these complicated signaling pathways via
regulation of cellular homeostasis parameters like pHi

and cellular redox potential, increase in ATP and Ca2þ

concentration, expression of redox-sensitive factors like
NF-kb [27]. A recent research result using cDNA micro-
arrays indicates that irradiation with red light regulates
expression of genes in human fibroblasts. Several genes
related to antioxidation and mitochondria energy metabo-
lism are also expressed upon irradiation [43].

It is found in this study that NO donors applied to cell
suspension before irradiation eliminate increase of attach-
ment of cells to the glass matrix supposedly via binding
of NO to the cytochrome c oxidase. NO added to the cells
after irradiation can inhibit light-induced signal also
downstream. Both effects of NO depend on concentration
of NO donors added as well as light fluence.
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