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The effect of arachidonic acid (AA) combined with UVA irradiation was studied in a
model system mimicking phototherapy PUVA (psoralen+UVA) ex vivo in vitro. The
contribution of damage to the plasma membrane by PUVA was tested on human lym-
phocytes derived from healthy donors. The effect of arachidonic acid (AA) combined
with UVA irradiation was compared with that of a psoralen photoadduct to AA added
to the culture. The adduct, obtained photochemically and purified, was characterized
by NMR and MS spectrometry as a cycloadduct of psoralen to the vinylene bond of
the acid (AA<>PSO).
The reactions of cultured cells, manifested 20 h after treatment by changes in

apoptosis and mitochondrial depolarization, were monitored by flow cytometry by
tagging lymphocytes with appropriate fluorescent probes. Treatment of lymphocyte
suspension within AA doses from 40 to 100 �M gradually induced a shift from
Anx-V+ (single positive cells) to late apoptotic, Anx-V+PI+ (double positive cells) in a
dose dependent manner. The adduct, AA<>PSO, induced apoptotic changes at a con-
centration 2–3 times higher than free AA. Combination of psoralen (1 �M ) or
arachidonic acid (20–120 �M) with UVA irradiation (2–6 J/cm2) accelerated the
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plasma membrane changes in a synergic way. Preliminary studies indicated that
changes in the transmembrane potential of mitochondria paralleled the apoptosis
when cells were treated by AA alone.
Our findings showed that UVA radiation of lymphocytes in the presence of

arachidonic acid, as in the presence of psoralen, enhanced apoptosis of cells in a
synergic manner. Thus, PUVA-induced apoptosis may proceed in part by a still unde-
fined signaling pathway(s) triggered in lymphocyte membranes.

Ultraviolet radiation A (320–400 nm) in
combination with photosensitizing agents is
widely applied to treatment of patients with
various skin disorders like psoriasis, vitiligo,
and other skin manifested diseases (Pathak &
Fitzpatrick, 1992). UV lamps emitting nar-
row band of UVB radiation (290–320 nm) are
also applied for psoriasis treatment (Gordon
et al., 1999; Calzavara-Pinton, 1997). In both
therapies, UV radiation alone and PUVA
(psoralen+UVA), successful treatment is pre-
sumably due to the deep penetration of UV
rays into the skin, comprising subcutaneous
peripheral blood capillaries furnished with
leukocytes responsible for the immune bal-
ance of the system (Krutmann, 1998). The
therapeutic effects of PUVA applied systemi-
cally to patients with psoriasis apparently
stem from its lethal effect on activated T cells
infiltrating skin lesions (Coven et al., 1999).
Since the application of a modality of PUVA
ex vivo in vitro, called extracorporeal
photopheresis (ECP-PUVA), it has been re-
vealed that PUVA treatment preferentially
accelerates apoptosis of neoplastic T cell
clones of blood (Enomoto et al., 1997; Berger
et al., 2002; Bladon & Taylor, 2003).
The intricate mechanism of PUVA action is

still a matter of research. Initially, the pri-
mary PUVA target was thought to be nuclear
DNA (Song & Tapley, 1979), subsequently
DNA and proteins of lymphocytes (Schmitt et
al., 1995), and recently, membrane lipids in
skin cells and in skin infiltrating T cells
(Zarębska et al., 2000). Although numerous
studies had been devoted to the mechanism of
beneficial PUVA treatment, no straightfor-
ward correlation has been found between the
photochemical damage of nuclear DNA in-
side the cell and the immune response re-

flected in apoptosis (Godar, 1999a) or the
spectrum of cytokines released from the cells
(Tokura et al., 2001).
In a system mimicking the ECP-PUVA mo-

dality one can test in vitro the effects of UVA
irradiation in combination with various
photosensitizers on apoptosis induced in neo-
plastic leukocyte lines (Godar, 1999b). In this
report, normal human leukocytes originated
from human blood (peripheral blood
mononuclear cells, PBMC) were treated with
UVA alone, and with UVA in combination
with additives: psoralen, arachidonic acid or
its psoralen photoadduct. For detectable ef-
fects, all the treatments applied to a primary
PBMC culture were tested at doses exceeding
those used in UVA/PUVA therapies (1 �M
psoralen and 2–6 J/cm2 of UVA). Cell viabil-
ity and apoptosis were followed 20 h after
treatment by means of flow cytometry with
the aid of the following probes: annexin V
tagged with fluorescein isothiocyanate
(Anx-V), propidium iodide (PI), and JC-1
(5,5�,6,6�-tetrachloro-1,1�,3,3�-tetraethylben-
zimidazolylcarbocyanine iodide). This appro-
ach enabled us to show that lymphocytes
treated by UVA in the presence of ara-
chidonic acid undergo apoptosis similar to
that induced by classic PUVA (psoralen +
UVA) in an epidermal cell line (Schindl et al.,
1998).
To test the contribution of plasma mem-

brane damage, leukocytes were treated with
exogeneous additives, with and without UVA
radiation. Arachidonic acid (AA) was chosen
as the most powerful agent among other fatty
acids interacting with membrane lipids.
When AA was added to rat lymphocytes at a
concentration of 50 �M, it inhibited [3H]thy-
midine incorporation more effectively than
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linoleic or saturated fatty acids (Calder et al.,
1991). At 75 �M AA tested in situ on a rat
hepatoma cell line induced high reduction in
mitochondrial membrane potential, and
about twice higher reduction than linoleic
acid in contrast to saturated fatty acids which
were practically without effect (Bernardi et
al., 2002, Fig. 4).
Our previous investigations have shown

that freshly isolated, short lived, psoralen
fatty acid cyclobutane adducts activate: (1)
protein kinase pathway in human platelets,
(2) tyrosinase activity enhancing melanin pro-
duction in human melanocytes in culture and
(3) apoptosis in human lymphocytes in cul-
ture (Caffieri et al., 1996). Cyclobutane ad-
ducts of 8-methoxypsoralen to unsaturated
fatty acids were detected in the membrane
fraction of human lymphocytes UVA irradi-
ated in vitro (Caffieri et al., 1991). In the pres-
ent studies arachidonic acid psoralen cyclo-
butane adduct, AA<>PSO, served as a model
compound of products formed in vivo during
PUVA therapy. The aim of present studies
was to investigate whether AA and its
photoadduct induce apoptosis in cultured
human lymphocytes.
The presented findings evidence that ara-

chidonic acid and its cyclobutane adduct with
psoralen take part in a still undefined signal-
ing pathway(s) which induces apoptosis in hu-
man lymphocytes. The contribution of dam-
age to lecithins or phospholipids in the PUVA
induced apoptosis is discussed.

MATERIALS AND METHODS

Isolation and culture of primary human
lymphocytes. Peripheral blood mononuclear
cells were isolated from 40 ml of blood of thir-
teen healthy volunteers by a standard proce-
dure. All volunteers gave their consent to
venipuncture and testing of their blood sam-
ple. Blood withdrawn into heparin solution
was centrifuged in a Gradisol gradient (Aqua
Medica, Łódź, Poland), washed with phos-

phate-buffered saline (PBS), spun down and
suspended in RPMI 1640 medium
(Sigma-Aldrich) supplemented with 2 mM
glutamine, 100 U/ml penicillin/streptomycin,
10 mM Hepes buffer, pH 7.4, and 5% fetal calf
serum (BioCult). The cells were pelleted, sus-
pended in medium at 106 cells/ml, and placed
on a 24-well ELISA plate; each sample was
supplemented with appropriate additives and
filled up with medium to 1 ml. The culture
was incubated at 37°C in a humidified atmo-
sphere with 5% CO2 for about 20 h. Then, the
cultured PBMC were removed from the wells,
and subsequently stained. All the tests were
performed in duplicate, and some controls
with untreated cells were done in triplicate,
the results are expressed as arithmetic mean.
Staining procedure. Annexin-V-FITC/PI

staining was carried out with commercial
Anx-V/PI Kit 1018 (Biosource, U.S.A.). Five
microliters of each probe was added to cell
sample diluted with Binding Buffer: Anx-V di-
luted 10-fold, and PI (50 �g/ml) — 20-fold. At
these dilutions 90% of viable cells remained
unstained (Anx-V–PI–) in the untreated sam-
ple and about 50% of cells became annexin V
positive (Anx-V+) in the sample treated with
100 �M AA. The viability of cells was addi-
tionally checked with the trypan blue exclu-
sion test. For determining changes in mito-
chondrial membrane potential (MMP) was
used fluorescent probe JC-1, 5,5�,6,6�-tetra-
chloro-1,1�,3,3�-tetraethyl-benzimidazolyl-
carbocyanine iodide (Molecular Probes, Eu-
gene, OR, U.S.A.). The staining with JC-1 was
performed by addition of 10 �l of standard so-
lution, 1 mg/ml JC-1 in dimethylsulfoxide to
1 ml of cultured cells, and incubation in the
darkness at 37�C for 15 min.
FACS analysis. Cell sample was washed

with PBS, incubated in the dark with Anx-
V/PI in Binding Buffer for 15 min, and ana-
lyzed by FACScalibur (Beckton Dickinson,
San Jose, CA, U.S.A.) equipped with 488 nm
argon laser. Emission band pass filters were
BP 530/30 nm for tagged annexin V and BP
585/42 nm for PI. Usually 20000 events per
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sample were recorded, unless specified other-
wise, and analyzed with the Cell Quest pro-
gram. Population above 200 FSC-H (forward
light scatter — height) was gated as intact and
damaged lymphocytes, and population of
PBMC below 200 FSC-H was excluded as com-
prising prevalently apoptotic bodies and de-
bris. Monocytes and cell debris, present in
the 20 h culture, were excluded from analysis
by appropriate gating. The cell population cir-
cumscribed in the appropriate gate was fur-
ther submitted to bivariate analysis into
quadrants.
Phototreatment of cells. Samples of about

one million cells suspended in 1 ml of me-
dium, plated in ELISA wells, were supple-
mented with additives in ethanol, within the
range of 1–240 �M; the final concentration of
ethanol did not exceed 2% in culture medium.
After 30 min of incubation, the experimental
wells were irradiated, with the adjacent con-
trol wells covered with aluminum foil. An
Osram HQV125 lamp placed horizontally at a
3.5 cm distance from the plate was cooled in a
stream of air from a fan, while the ELISA
plate was shielded with a plastic cover and
kept on ice to avoid excessive heating. The
commercially characterized lamp emitted
predominantly at 365.5 nm, with admixture
of 6.6% at 334.2 nm and 3.3% at 313 nm. The
irradiation intensity was 0.33 J/cm2 per min
as measured by an IL-1500 Radiometer with
an SEE 015 UVA-sensitive probe (Interna-
tional Light, MA, U.S.A.). The plastic cover
of ELISA plate transmits UV light above 290
nm, with 80% of transmittance at 365 nm and
about 60% above 330 nm.
Preparation of photoadduct. The photo-

adduct of arachidonic acid was obtained ac-
cording to the procedures used to produce
photoadducts of psoralen to lecithin
(Zarębska et al., 1998). Briefly, a mixture of
AA and PSO at a molar ratio 8 :1 was irradi-
ated in ethanol with 30 J/cm2 of UVA in a py-
rex tube for 90 min with two HQV125 Osram
lamps. After irradiation, the mixture was sep-

arated on TLC60 F254 plates (Merck) in hex-
ane/ether/formic acid (50 :50 :2, by vol.).
One of the 11 resultant spots, with RF 0.49, lo-
cated above the psoralen control (RF 0.38)
was eluted with ethanol, purified by millipore
filtration (Millex FH13, Sigma). That spot,
containing the adduct formed at the highest
yield (about 4% of the initial psoralen concen-
tration) was used for molecular characteris-
tics and in the tests with lymphocytes. Subse-
quent NMR analysis was performed one day
after chromatography, and MS within two
weeks. The adduct remained stable when
kept refrigerated in a dry state as checked by
its absorption spectra.
Spectroscopy analysis. Absorption spec-

tra were recorded in ethanol on a Varian Cary
3E spectrophotometer (Australia). NMR ana-
lysis was performed with a Varian Unity Plus
500 MHz spectrometer (Varian, Palo Alto,
CA, U.S.A.) using methods similar to those
previously described (Waszkowska et al.,
2000). Linear and two-dimensional NMR
spectra were measured by collecting 128 ac-
quisitions for each spectrum, recorded at
25�C. The signal of the solvent CDCl3 (Merck,
99.8%) was taken as internal reference at
7.31 p.p.m. Two-dimensional spectra, COSY
(COrrelation SpectroscopY) were made with a
resolution of 4096 � 512 for t2 and t1, respec-
tively; for TOCSY (TOtal Correlation Spec-
troscopY) the mixing time was 80 ms (Bax &
Davis, 1985). The accuracy of the measure-
ments was ±0.01 p.p.m. for the chemical
shifts, compared with the NMR spectra of
original psoralen and arachidonic acid as con-
trols.
Mass spectra were performed with Micro-

mass Q-TOF (Quadruple Time of Flight, Eng-
land) for two separate chromatographic iso-
lates with RF 0.49. Control mass spectra
were those of AA calculated at 305.248 (+1)
and detected at 305.278, and of psoralen cal-
culated at 187.039 (+1) and detected at
187.059  average m/z.
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RESULTS

Studies with lymphocytes

The physiological response with regard to
apoptosis and transmembrane potential of
cells induced by various treatments are pre-
sented within Figs. 1–7, each set of results be-

ing obtained from a culture of the same do-
nor, indicated in the legend. Analysis of cells
derived from thirteen healthy donors gave
similar results although with individual vari-
ance of donors’ response as shown in Fig. 4.
Leukocytes treated with any apoptogenic

agent display a typical shift in cytofluori-
metric density plots as shown in Fig. 1 (com-
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Figure 1. Density plot of light scattering by leukocytes undergoing apoptosis.

Cells were cultured for 23 h and labelled with Anx-V and PI to measure the degree of apoptosis. A, B — Density plot
of changes in size (FSC) and granularity (SSC). Anx-V/PI bivariate analysis was presented in quadrants C–F with
FL-1 for FITC marker and FL-2 for PI. Left-hand panels A, C, E — are of untreated control; right-hand panels B, D, F
— of ones treated with addition of 100 �M AA to the medium. C, D — Distribution of fluorescent probes in gate 1
(R1) and  E, F — Distribution of probes in gate 2 (R2) of lymphocyte population (donor YY).



pare with data in Pompéia et al., 2002). The
gating circumscribed native and damaged
cells and separated debris below 200
FSC-Height. The population of intact cells
(Fig. 1A) was split into two subgroups
(Fig. 1B), where native cells (R2) were fol-
lowed by cells undergoing apoptosis (R1), ap-
pearing as smaller and more granular ones.
The cell populations of both subgroups R1
and R2 were further analyzed by Anx-V/PI
bivariate flow cytometry differentiating into
quadrants (panels C–F): untagged cells — still
native; single positive, Anx-V+ — early apo-
ptotic, and double positive, Anx-V+PI+ — late
apoptotic cells. Left-hand panels of Fig. 1 — A,
C, E — are of nontreated samples and right-
hand panels — B, D, F — are of samples
treated with 100 �M of AA. The cell popula-
tion of the right upper panels D and F (in com-
parison to panels C and E) discloses an in-
crease of late apoptotic cells to about 15%, in
the both subgroups, following treatment with
100 �M AA. However, the subgroup R2 dis-
closed more pronounced rearrangements of
all panels.
The following figures present changes of

apoptosis after various combinations of treat-
ments. Figure 2 shows a dose dependent
apoptotic shift after treatments with AA
alone and its photochemical adduct with
psoralen.
Up to 100 �M AA added to the culture, the

gradual decrease of cell viability (Fig. 2A) was
inversely related to the increase in the num-
ber of cells in gate 2 (Fig. 2B). The dose de-
pendent increase was due to incoming early
and late apoptotic cells to the gated area. Af-
ter 24 h of culture, the early apoptotic cells,
Anx-V+, showed a small increment only up to
60 �M AA treatment and then a rapid de-
crease (Fig. 2C). Increasing the dose of AA
above 60–80 �M induced a shift towards late
apoptotic cells, Anx-V+PI+, as shown in Fig.
2D.
The adduct, AA<>PSO (dashed lines), in-

duced apoptosis at a lower rate than native
AA as shown in all panels in Fig. 2. Apoptosis

induction after adduct treatment was at-
tained at concentrations 2–3 times higher
than by arachidonic acid itself. This was con-
firmed by comparing 50% toxicity of the two
agents towards lymphocytes for two other do-
nors (MD, PD, not shown) which were treated
with adduct up to 240 �M AA<>PSO. Nota-
bly, in Fig. 2 data for 100 �M AA<>PSO treat-
ment, which was not tested with that donor,
are missing.
Analysis of apoptosis induced by classic

PUVA treatment, 1 �M of PSO plus increas-
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Figure 2. Changes in apoptosis of PBMC treated
with AA  and its photoadduct  AA<>PSO.

Cells were cultured for 24 h and tagged with Anx-V and
PI. Fraction of cells in percentage was related to the in-
creasing concentration of additives AA (____) and
AA<>PSO (- - -). A — Remaining viable cells in both
gates 1 and 2; B — Percentage of all cells in gate 2; C —
Early apoptotic cells, labelled with Anx-V+; D — Late
apoptotic cells, double tagged with Anx-V+ PI+; C and
D were calculated as percentage of cells within gate 2
(donor KL).



ing doses of UVA, is shown in Fig. 3. The
gradual decrease of cell viability with the in-
creasing doses of UVA (2–6 J/cm2) is shown
in panel A. The increases in early apoptotic
cells (panel B) were more pronounced than
changes in the late apoptotic ones (panel C).

Evidently, UVA irradiation induced addi-
tional changes in the presence of psoralen
which alone was inert as was checked in con-
trol samples. Notably, the changes induced by
UVA alone were negligible (dashed lines)
whereas those with the combined treatment
(full lines) were significant which indicated a
synergic action of psoralen and UVA radia-
tion. In analogy, experiments combining AA
and UVA treatment were performed (Fig. 4).
In panel A of Fig. 4 the viability curves de-

clined faster under combined treatment of
(AA+UVA) than those with AA alone; addi-
tion of 1 �M PSO accelerated cell death. The
effect of combined treatments was always

stronger than the sum of effects of separate
treatments as was checked by appropriate
controls. This was shown in the late apoptosis
appearance (Fig. 4B) where UVA radiation
significantly enhanced the action of AA alone,
and an additional increment occurred when
PSO and AA were both present in the culture.
The accelerated toxicity of AA under UVA ra-
diation and about doubled effect in the pres-
ence of PSO indicated synergy of actions.
The inverse shape of curves representing vi-

ability and late apoptosis indicated that the
increase in the number of late apoptotic cells
occurred at the expense of viable cells. The
AA-induced toxicity showed considerable
variance among donors when analysed by the
late apoptosis state (Fig. 4C). For lymphocyte
samples coming from the majority of donors
50% viability/toxicity was calculated at
100–120 �M AA, while for adduct treatment
50% viability was around 210 �M AA<>PSO.
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Figure 4. Comparison of combined treatment
with AA+UVA or AA+PSO+UVA versus treat-
ment with  AA alone.

UVA dose was 6 J/cm2; PSO — 1 �M. Cell population in
gate 1 analysed after 23 h of culture. A — Viability; B —
Late apoptosis (for panels A and B, donor XX). C —
Variance among donors in late apoptotic response due
to treatment with AA alone.Figure 3. Changes in apoptosis of PBMC induced

by UVA/PUVA treatment.

Samples were treated singly by UVA or jointly by 1 �M
PSO + 2–6 J/cm2 of UVA, and analysed at 24 h of cul-
ture. A — Number of cells in both gates. B — Cells at
early apoptosis; C — cells at late apoptosis; C and D
were calculated as percentage of cells within gate 1
(donor MD).



The synergism of the combined treatment
was revealed when lymphocyte samples (de-
rived of the same donor) were submitted to
the three treatments: by AA alone; by AA fol-
lowed by UVA radiation (AA—>UVA); and by
UVA radiation preceding addition of AA
(UVA—> AA), as is represented graphically in
Fig. 5.
The UVA irradiation, 6 J/cm2, was the same

at various treatments. Bars of panel A repre-

senting dead cell changes (loss of viability)
show that increments are proportional to AA
concentration, gaining plateau at 120 �M AA,
but considerably higher when irradiation fol-
lows AA addition (AA—>UVA). In the reverse
treatment, when irradiation preceded addi-
tion of AA, UVA—>AA, the synergy was less
evident. Panel B — representing late apoptotic
cell increments — showed negative values
above 100 �M AA due to a shift of fraction of
fragmented apoptotic cells towards a non-
gated debris subfraction.
The synergic changes in late apoptosis after

combined treatment (AA—> UVA) were com-
pared with the changes in mitochondrial
transmembrane potential by alternate stain-
ing with the Anx-V/PI and JC-1 probes of
samples from the same donor. Density plots
and bivariate analysis of lymphocytes treated
and stained with JC-1 are exemplified in
Fig. 6.

Upon treatment with 100 �M AA there was
a shift to gate R2 comprising cells prevalently
with collapsed mitochondria (Fig. 6B), similar
to the apoptotic shift in the cytograms in
Fig. 1B. Further bivariate analysis with JC-1
staining in gate 1 and 2 gave pictures shown
in panels 6 C, D and E, F, respectively. Re-
gions 3 of panels C and D contained mainly
native cells and regions R4 and R6 of panels
E and F — cells with partially or completely

collapsed mitochondrial potential. Notably,
the changes in the numerical values (% of
cells) of regions R4 and R6 of gate 2 (R2)
were more significant.
The dose relationship of apoptosis (detected

by Anx-V/PI) was compared with that of
transmembrane potential collapse (detected
by JC-1) in Fig. 7. Bivariate analyses of both
markers were compared for treated samples,
derived from the same donor, and alterna-
tively labelled with Anx-V/PI or JC-1. This
was done to verify whether the mitochondrial
collapses were in concordance with apoptosis
induced by membrane damage.
The numerical values in percentage of JC-1+

cells analysed from regions R6 were com-
pared with the values for late apoptotic cells
(Anx-V+PI+). In these preliminary experi-
ments, performed on three subjects, it was
found that late apoptotic changes paralleled
mitochondrial collapse, whith a steep in-
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Figure 5. Synergism of
combined action of AA
and UVA radiation on
lymphocytes.

The bars represent percent-
age of values obtained by
combined treatment with
(AA—>UVA) or (UVA—> AA)
in relation to AA alone. UVA
dose was 6 J/cm2. A — Loss
of viability or dead cell incre-
ments designated by de-
creasing values. B — Incre-
ments in late apoptosis (do-
nor CC).



crease of apoptotic appearance (Anx-
V+PI+) and MMP (JC-1+) at 120 �M AA
(panel B and A, full line). In contrast,
when irradiation accompanied AA
treatment, the changes were no longer
similar, the percentage of JC-1+ stain-

ing was almost constant while
Anx-V+

/PI+ cells were steadily increas-
ing within the same treatment by
80–140 �M AA (cf. panels A, B, dashed
lines). This indicated that the UVA-in-
duced (AA+6 J) mitochondrial mem-
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Figure 6. Dot plots of flow cytometric analysis of cells cultured for 21 h and labelled with
JC-1.

A, B — changes in size (FSC) and granularity (SSC). Left-sided panels A, C, E — control,
nontreated; right-sided panels B, D, F — upon addition of 100 �M AA. Panels C, D were analyzed
from gate 1 and panels E, F — from gate 2 populations. Regions 3–5 differentiate JC-1 labelled cells:
R3, mainly native cells; R4 and R6 with partially or completely collapsed MMP; R5, debris (donor
ZZ).



brane collapse proceeds by a different path-
way than the outer membrane damage by AA
alone.

Characteristics of additives to the cell cul-
ture

Absorption spectra

Arachidonic acid has a characteristic ab-
sorption spectrum in the region of 260–350
nm, with three peaks at 287, 301, 315 nm and
a saddle at 260 nm. The other peak, in the far
ultraviolet at 196.5 nm, has an absorption co-
efficient about 850 times higher than the peak
at 301 nm (note the concentrations of the
measured samples in Fig. 8).
The absorption spectrum of the adduct,

AA<>PSO, shows a broad band at 252–259
nm; this band was taken for estimation of
adduct concentration with a molar absorption
coefficient of 6240 at its maximum; the lower
band was at 285 nm, with a saddle at 271 nm.
Another peak of the compound at 232 nm
with a minimum at 240 nm became clearly

visible only after separation by HPLC (not
shown). Altogether, the absorption spectrum
of AA<>PSO resembled that of psoralen
mono-adducts to unsaturated fatty acids, as
formerly described (Frank et al., 1998;
Zarębska et al., 1998).

Arachidonic acid adduct structure

The arachidonic acid adduct structure was
established on the basis of its mass spectra
and NMR analysis. Mass spectra of the chro-
matographic isolates with RF 0.49 showed a
main peak at average m/z 491.312 (+1), equal
to the sum of AA+PSO estimated at 491.648
(+1); this indicated formation of a mono-
adduct of psoralen and arachidonic acid.
Fragmented moieties of the adduct were
found: PSO at 187.059 (calculated 187.039)
and AA at 305.283 m/z. The NMR data on all
additives to the cell culture are presented in
Table 1.

NMR characteristics of the adduct

The proton signals of pyrone ring of adduct,
3H and 4H, moved to the aliphatic part of the
spectrum, appearing as signals at cb3.40 m
and cb3.69 m (cb, cyclobutane ring). Two
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Figure 8. Absorption spectra of native AA and its
photoadduct AA<>PSO.

Curve a, with peaks at 287, 301, 315 nm: 2 mg AA per
ml ethanol was measured in a 10 mm path length
cuvette. Curve b, with a peak at 196.5 nm: 0.225 mg AA
per ml ethanol was measured in a 1 mm path length
cuvette. Curve c, arachidonic acid-psoralen adduct,
AA<>PSO, in ethanol with a large band at 252–259
nm, and a lower band above  285 nm.

Figure 7. Changes in apoptosis compared to the
mitochondrial membrane collapse.

The treated lymphocytes (derived from the same do-
nor) were stained alternatively with Anx-V/PI or JC-1
after 21 h of cell culture and analyzed within popula-
tion of gate 1. Continuous line for AA alone treatment
and dashed line for combined treatment with (AA + 6
J/cm2 of UVA). The collapse in MMP (cells JC-1+,
panel A) was confronted with late apoptotic changes
(Anx-V+ PI+), shown in panel B (donor ZZ).



vinylene protons out of eight were lost in the
acid indicating attachment of one vinylene
bond. A shift around 2.89 p.p.m. indicated
changes in the internal flanking protons,
–CH2– , positioned at C 7,10,13 of the intact
fatty acid. That signal was decreased to two
protons out of six, and a new signal with four
protons was shifted upfield to 2.40 p.p.m. Sig-
nals of the external flanking protons –CH2–
of C4 and C16 were slightly shifted upfield at
2.10 m and 2.07 m, respectively, and showed
an asymmetric enlargement; a new adjacent
signal appeared at cb 2.18 m in vicinity, origi-
nating from cyclobutane ring (vinylene
ridge). That new cb signal, accompanied by
changes in the internal flanking protons of C7
and C10, indicated saturation of the 8==9
vinylene bond.
The signals of the adduct appearing between

3.8 and 2.1 p.p.m. were assigned to a
cyclobutane ring including the 3–4 bonding
of the pyrone ring, and 8–9 of the vinylene
bond, and this was further confirmed by
TOCSY experiments. TOCSY spectra indi-
cated couplings of attached PSO: 7.65�

6.74�7.26 [5�H�4�H�8H]. The cyclobuta-
ne ring was represented by two patterns of
cross-peaks: one at 3.69�3.40�2.45�2.18
[4H�3H�9H�8H], and the other at 3.69�
3.40�2.58�2.18 [4H�3H�8H�9H].
The changes in the vinylene protons be-

tween 5.15—5.55 p.p.m., taken together with
multiple peaks of 5H (doublet) and 8H (trip-
let) of the PSO moiety (see Table 1), and two
patterns of cross-peaks of the cyclobutane
ring indicated that two isomeric forms of the
adduct were present in the eluted sample
(chromatographic isolate at RF 0.49).
Based on our previous studies on the photo-

chemical attachment of PSO to linoleic acid
(Zarębska et al., 1998), the above data justi-
fied the following formula of the adduct
AA<>PSO, appearing in two isomeric forms
(Fig. 9). The cyclobutane attachment of PSO
to the vinylene bond of AA appears at:
C3PSO—C4PSO—C8AA—C9AA and C4PSO—
C3PSO—C8AA—C9AA , with the psoralen mo-
iety directed towards AA-head or AA-tail, re-
spectively (Frank et al., 1998). The chromato-
graphic system applied in our procedure did
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Table 1.  NMR data of additives to cell culture: chemical shifts [p.p.m.], shape of signals: s, singlet;
d, doublet; t, triplet;  q, quartet;  m, multiplet.

All spectra recorded in deuterated chloroform, at 25�C. Signals belonging to a cyclobutane ring are preceded by cb.
The psoralen ring protons are numbered with letter H, while arachidonic acid protons are indicated by sole num-
bers.



not separate the two isomers of the adduct;
hence, the leukocytes were treated with a
mixture of the two isomers.

DISCUSSION

Toxicity level of AA

In our experiments, AA was estimated to be
toxic at 100 — 120 �M (average for lympho-
cytes from eight donors) as was inferred from
the late apoptosis response, after 20 h. The
toxicity threshold of combined treatment
with (AA—>UVA) was somewhat lower, below
100 �M AA. In the reverse experiments with
UVA radiation preceding addition of AA the
synergic action was less evident. This might
indicate that under UVA radiation membrane
damage is induced by AA photoproducts, ad-
ditionally to AA alone.

Exogeneous AA

Exogeneous AA added to cultures of lym-
phocytes in our experiments only slightly ex-
ceeded the concentration of individual fatty
acids in the plasma in vivo. In rat plasma AA
was estimated to be 30–130 �M in fed ani-
mals, and 50–600 �M in exercised, fasted or
stressed states (Calder et al., 1991). Free AA
in the plasma of humans, non esterified and
unbound to albumins, fluctuated between 5.8
and 49.3 �M as cited by Pompéia et al.
(2002). Those author’s findings indicate that
exogenously added and internalised AA is in-

corporated into phospholipids prior to induc-
ing DNA fragmentation and a cascade of
apoptosis.

Variation in viability/toxicity

The effect of AA upon primary leukocytes
from healthy donors was not uniform. The
variation of values in 50% viability of lympho-
cytes (100 to 120 �M AA) reported here prob-
ably reflects the presence of various fractions
of cells with different sensitivities to AA. The
study of Pompéia and coworkers (2002) on
neoplastic cell lines in culture at 5 � 105

cells/ml showed 50% viability in the range of
82–116 �M AA. Interestingly, primary lym-
phocytes were shown to be more sensitive
than Jurkat lymphoma cells to a combined
drug and UVA treatments in the presence of
8-MOP, CPZ and TMA (see Wolnicka-Głubisz
et al., 2002).

Photoadduct of AA

The approximately twice lower effect of the
photoadduct, AA<>PSO, than of free AA may
stem from the difference in their lipophilic af-
finity and limited transport inside the cell.
Oxygenated forms of AA or of its adduct
AA<>PSO may additionally contribute to the
apoptotic pathway(s) initiated in lipids. With
a sensitive gas chromatography-MS assay, it
was possible to detect 5-hydroxyeicosatetra-
enoic acid (5-HETE) in plasma of patients
submitted to PUVA (8-MOP+UVA), which
compound constituted 80% of all HETE iso-
mers (Wiswedel et al., 2000).

Plasma membrane damage and apoptosis

Accumulating evidence suggests that in ad-
dition to the apoptosis triggered by damage to
nuclear DNA, damage to the cell membranes
play a role in induction of apoptosis. Al-
though our studies do not elucidate a direct
link between reactions in the plasma mem-
brane and apoptosis or the collapse of the
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Figure 9. Adduct structure: AA<>PSO, PSO�AA
head.

The adduct formula was based on NMR and MS analy-
ses, for details see text and data of Table 1.



transmembrane potential of lymphocytes —
one can visualize two directions for future
studies, discussed below: 1st — release of AA
from phospholipids due to the combined ac-
tion of UVA radiation and psoralen; 2nd —
UV-irradiated phosphatidylcholine may be
transformed into a derivative of platelet-acti-
vating factor (PAF), a molecular sensor for
cellular damage, which may act as a PAF-like
receptor agonist.
Release of AA by activation of a phos-

pholipase (PLA2) pathway following UVA ra-
diation has been shown in mouse fibroblasts.
Irradiation by UVA (2.5–10 J/cm2) activated
PLA2 which in turn induced the release of
[3H]-AA from cell lysates into the medium
(Cohen & De Leo, 1993). The peak of AA re-
lease was noted 4 hours after irradiation,
which supported the idea of PLA2 activation
by UVA action. The release of [14C]-AA from
a culture of human keratinocytes (NCTC
2544) was observed at a dose as low as 2.5
J/cm2 of UVA; AA released to the medium ef-
fected cell death, detectable by trypan blue
(TB) test; the TB+ cell number increased af-
ter 24 h in comparison with 0.5 h after irradi-
ation (Punnonen et al., 1991).
There is still a matter of debate whether cell

membrane damage or mitochondrial damage
are the causative agents for apoptosis induc-
tion upon AA treatment. Our preliminary
studies indicate that both targets are in-
volved. The mechanism of apoptosis studied
in clonal hepatoma rat cells showed that
arachidonic acid released by PLA2 activation
triggered apoptosis through the mitochon-
drial pathway (Penzo et al., 2004). Jurkat cells
treated in serum free medium by PUVA (50
�M PSO + 1.8 J/cm2) and by irradiated
psoralen alone, also indicated mitochondrial
membrane collapse as responsible for
apoptosis (Canton et al., 2002). However, in
our investigations the cells were treated with
AA and PSO additives in medium containing
5% calf serum, aiming to be closer to the con-
ditions in vivo (Pompéia et al., 2002).
Apoptosis inducing a signal transduction

pathway alternatively to the mitochondrial
pathway may be considered.
Recently, it has been shown in studies on

mice that UV-induced platelet-activating fac-
tor (PAF) activates cytokine synthesis and ini-
tiates UV-induced immune suppression
(Walterscheid et al., 2002). A phospholipid
proinflammatory mediator that participates
in the PUVA-induced immunosuppression
was inferred from ex vivo UV-irradiated
phosphatidylcholine (by means of 270-390 nm
emitting lamps), and then injected into mice
(Nghiem et al., 2002). It was further postu-
lated that the PAF pathway may be involved
in PUVA-induced immune suppression (Wolf
et al., 2003, unpublished data).
Our findings, showing an enhanced effect of

cell damage after addition of (AA+PSO) and
UVA, support the concept that PUVA-induced
apoptosis may be initiated by release of AA
from lymphocyte phospholipids. In turn, re-
leased AA becomes an apoptogenic agent to-
wards adjacent cells. Undoubtedly, the con-
cept of apoptosis induced by a signaling path-
way through the cell membrane damage
requires further studies.
The in vivo metabolism of arachidonic acid,

relevant to this investigation, was a subject of
intensive research (Wolf & Laster, 1999). AA
and its metabolites, the leukotrienes LTB4
and LTD4, were considered to be cellular tox-
ins in neuronal apoptosis in HIV disease; cul-
turing HIV-1 infected monocytes with glia
cells stimulated the synthesis of AA and its
metabolites, LTB4, LTD4, and PAF, leading
to injury of neurons present in the culture.
An increased release of AA was postulated to
be induced by activated PLA2 (Nath, 2001). It
was found that AA converts glutathione de-
pletion-induced apoptosis to necrosis by pro-
moting lipid peroxidation and reducing
caspase-3 activity in rat glioma cells (Higuchi
& Yoshimoto, 2002). AA-induced apoptosis
was connected with oxidative stress accompa-
nied by glutathione depletion (Vento et al.,
2000).
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All the data discussed above suggest that
whatever the cause of AA release to the me-
dium, the released AA combined with UVA ra-
diation contributes to apoptosis triggered in
cell membranes. The synergic action of AA
and UVA radiation suggests that besides free
AA, arachidonic acid photoproducts also
induce apoptosis.
In conclusion, our findings establish that

treatment with arachidonic acid and psoralen
combined with UVA radiation contribute to
lymphocyte induced apoptosis. These model
experiments are relevant to the mechanism of
PUVA action in the human organism.

The authors are indebted to Dr. Nadzieja
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able help and critical reading of the manu-
script. Anna Ostapkowicz (M.Sc., 2000, IBB
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(M.Sc., 2002, IBB PAS, Warszawa) are ap-
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