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Summary: Polycyclic aromatic hydrocarbons (PAH) are ubiquitous environmental pollutants, distinguished by genotoxic,
hepatotoxic, nephrotoxic and immunotoxic effects. Especially secondary toxicity after bioactivation by microsomal mono-
oxygenases (dependent on cytochromes P450) is characteristic of them. The immunotoxic effect is the result of very
global impact on immunological reactivity of an organism and immunosuppression by induction of apoptosis of pre-B
lymphocytes represents one of its particular forms. It has been proved that the effect of PAH is caused mostly by the follow-
ing mechanisms: enzymatic induction by the way of activation of AhR (Aromatic hydrocarbon Receptor); alteration of
cellular DNA; development of oxidative stress; increase in the concentration of intercellular calcium and decline of activity
of NF-kB (Nuclear Factor - kappa B). Most sensitive to these changes are particularly B-lymphocytic precursors and
pre-B lymphocytes. Intensity of entire manifestations is also considerably dependent on the presence and intensity of me-

chanisms of active or passive resistance of cells.
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Introduction

PAH are ranked among ubiquitous environmental pol-
lutants. They arise and get into life environment mostly by
imperfect burning of fossil fuels, gases, wood but also a lot
of other organic materials, especially tobacco (10). From
a chemical point of view it is a very heterogeneous group of
organic materials that are composed of at least two con-
densed benzene nuclei on which various substituents can
be bound. PAH are considerably lipophilic. They enter an
organism through the skin, by respiratory and gastrointesti-
nal systems. Because of their physicochemical attributes
they are able to get through the membranes very easily,
without participation of active transporters (38).

Toxicity of polycyclic aromatic hydrocarbons

A much-discussed problem in connection with PAH is
their toxicity for living systems. Primary toxicity (the toxi-
city PAH in the form in which they enter an organism) is
relatively low. During biological experiments in rodents it
has been proved that tissue damage with ultimate death
have not been distinct until the quite high dose, calculated
per kilogram of body weight (38). After the biotransforma-
tion to active metabolites (secondary toxicity) the toxicity

ACTA MEDICA (Hradec Kralové) 2002;45(4):123-128

of PAH rises very intensively and even at low doses it is pos-
sible to observe the disorders on sub cellular, cellular and
organ levels. The damage of DNA - genotoxicity (and it im-
plicates mutagenicity and potential carcinogenicity) - is
among the most important toxic manifestations. Of organs,
which are the most usually affected by PAH is necessary to
mention liver (hepatotoxicity), kidney (renal toxicity) and
immune system (immunotoxicity) (4,11,37,38)

Bioactivation of polycyclic aromatic hydrocarbons

In cytoplasm PAH induce a sequence of biological re-
actions whose products are molecules or molecular frag-
ments with higher toxicity than the toxicity of the substan-
ces entering the reactions (bioactivation). The activity of the
process mentioned above is different in different tissues in
dependence on the expression of specific enzymes (11,16).

The metabolism of PAH is not basically different from
the metabolism of any other xenobiotic. The first phase is
the oxidation by one of the enzymes of a large family of
cytochromes P450 which give a rise to phenols, dihydro-
diols and epoxides. The second phase is their conjugation
with sulfates, glutathione or glucuronic acid which gives a rise
to water soluble conjugates which are excluded in urine.

The activity of cytochromes P450 seems to be necessa-
ry for biological effects of PAH because of the characte-
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ristic electrophilic attributes of their metabolites. These att-
ributes are given by the rise of an atom, missing an electron
in its valence orbital (17). The electrophiles are very potent
reactants which react with molecules rich in electrons - the
nucleophiles - and create covalent adducts. Even the nuc-
lear DNA is among these nucleophiles. Highly reactive free
oxygen radicals, which are responsible for the development
of oxidative stress, are the byproducts of oxidizing reactions
mentioned above (28).

The group of cytochromes P450

Cytochromes P450 create a group of hemoproteins,
which catalyze the oxidation of many endogenous mole-
cules and xenobiotics. They are located predominantly in
the endoplasmic reticulum of hepatocytes but they are also
probably present in all the other cells (17). They have been
subdivided into the families according to their structural
characteristics. In human body there are mostly the fami-
lies CYPI, 2 and 3. These are divided into the several sub-
families from which CYP1A1 (with substantial expression
in different tissues), CYP1A2 (expressed mostly in a liver)
and CYP1BI1 are the most important enzymes for the meta-
bolism of PAH. CYP1BI1 is a recently described cytochro-
me, very strongly expressed in the cells of bone marrow
(14). The expression of all those enzymes (mentioned abo-
ve) is PAH inducible.

Immunotoxicity of polycyclic aromatic hydrocarbons

It is provable that immune system is damaged by expo-
sure to PAH (21). This damage is expressed by immuno-
pathological reactivity - as its gain (which can be clinically
expressed as an allergy) or its dilution, which leads to the
immunosuppression. The immunosuppression more or less
generally affects single components of immune system with
consequently increased susceptibility to infections or tumor
proliferation. Mechanisms of the effect are different and
in many cases very hardly definable and clinically provable.
In addition, these mechanisms are usually combined to the
final effect (5). The most important impacts include reduc-
tion of the thymus and the bone marrow cells due to the
apoptotic death of precursor cells of T and B lymphocytes
(40,22), alteration of antigen - receptor signaling, augmen-
tation of another signaling pathways, interference with cal-
cium metabolism (6) and impairment of the cytokine
network by changes of level of some cytokines, particularly
of interleukins 1 and 2 (38). According to some authors it
is possible to observe the evident relationship between carci-
nogenity and immunosuppressive potential (4,11,37).

Molecular mechanisms
of biological effects of PAH

As it was mentioned above, due to their lipophilic cha-
racter, PAH are able to enter a biomembrane without a par-
ticular transporter. After the entry to the cytoplasm they
start a lot of processes of which the activation of AhR
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(Aromatic hydrocarbon Receptor) (26), bioactivation of se-
lected cytochromes, genotoxic effect of metabolites, deve-
lopment of the oxidative stress (28), impairment in the
cellular homeostasis of calcium (7,32) and even a decrease
in the activity of nuclear factor NF-xB (23) are essential for
the eventual effect.

Functions of AhR, enzymatic induction

AhR is the intracytoplasmatic molecule belonging to
the group of proteins/transcription factors Per/ ARNT/Sim.
In a resting phase, it is associated with stress protein Hsp90
and with molecule ARA9/XAP-2 (hepatitis B virus X-asso-
ciated protein 2). Attachment of PAH is followed by release
of AhR from the bond and its own translocation to the
nucleus with the help of transporter ARNT (aryl/aromatic
hydrocarbon receptor nuclear translocator) (22). In the
nucleus, AhR interacts with nucleotides sequence called
DRE (dioxin response elements; dioxin is a model ligand of
AhR). DRE impulses regulate the group of genes, marked
as AhR-gene battery. It consists of at least six genes which
code enzymes that take part - more or less - in the meta-
bolism of PAH, of which CYP1A1l, CYP1A2 (28) and
CYP1B1 (14) have to be stressed. The enzymatic induction
by the activation of AhR mentioned above apparently
modulates the reactivity of an organism to long-lasting
exposure to PAH. However, it has been shown that it is not
an essential variable for induction of apoptosis of preB-
lymphocytes derived from the bone marrow and even
more for apoptosis of experimental T- cell hybridoma
(14,22,40).

Genotoxicity

Genotoxicity of PAH is understood as the ability of its
active metabolites (particularly diols and epoxides) to da-
mage the cellular DNA. The point mutations, DNA adducts
formation, breaks of single-strand DNA and the chromoso-
mal aberrations are induced by PAH (38). Predominant tar-
gets are the cells with active synthesis of DNA; it means the
dividing cells, among them particularly lymphoid precur-
sors. There can be a malignant transformation as well as an
increased elimination of impaired cells by apoptosis, as
a consequence of their genotoxic damage. It seems that in
complex mixtures of PAH, occurring in the environment,
the genotoxic effects are mostly associated with the content
of benzo(a)pyrene (11).

Oxidative stress

Ocxidative stress is defined as a damage of a cell or an
organism by free radicals. The free radicals are highly reac-
tive molecules or molecular fragments, containing unpaired
electron in its valencial orbital. They usually rise as bypro-
ducts of oxidative reactions particularly in course of the re-
spiratory chain (physiologically, 2-5 % of oxygen is reduced
univalently on arise of free oxygen radicals, so-called ROS
- reactive oxygen species) and in oxidation of substrates,
e.g. PAH, by cytochromes P450 (28). Under normal cir-



cumstances there exists a balance between the production
of ROS and activity of so-called scavengers (SOD, GPX,
and catalase) and antioxidants (vitamins A, C, E, glutathi-
one, methionin, cystein etc.). Only during their increased
production (for example due to higher activity of cytochro-
mes P450), they are responsible for the chemical degrada-
tion of numerous targets in the cell (9) and the positive
transcriptial regulation of some genes, due to regulative moti-
ves from DNA, designated as ARE (antioxidants response
elements) (28). The oxidative stress itself is very powerful
inducer of apoptosis.

Interference with level of intercellular calcium

The deregulation of calcium homeostasis turns out to
be a very important factor of toxicity of PAH metabolites
(27). As it is proved below, the increased calcium ions con-
centration in cell is mediated by at least two mechanisms:
first by its release from microsomes by the alteration of
function of channel RyR1 (ryanodine receptor) (32) and
second by the activation of protein kinase PTK with
following activation of phospholipase C and mobilization
of calcium which is dependent on production of inositol-
triphosphate (IP3) (7).

Increase in the level of calcium is very stressful for the
cell, especially for the risk of exhaustion of energetic reser-
ves, dysfunction of microfilaments and the activation of
hydrolytic enzymes (17). It is also a characteristic feature of
the apoptosis.

Role of NF-xB transcription factor

The role of nuclear factor kappa B, as an important fac-
tor for survival of the cell, has already been discussed in
association with its antagonistic effect on apoptosis. It has
been proved that the nuclear factor kappa B is able to in-
hibit apoptosis of cells induced by specific extracellular
proapoptotic stimuli TNF-a and IL-la (2). Conditions
associated with down regulation of activity of NF-xB lead
to depression of life span of the cells. One of the examples
is even the exposure to PAH. Mechanism mentioned above
takes also part in the whole immunosuppressive effect,
caused by apoptotic death of pre-B lymphocytes (23).

Apoptosis

Apoptosis can be defined as a particular form of gene-
tically regulated cell death. In a life of an organism it has
absolutely essential role to keep a tissue homeostasis, and
an optimal number of functional cells. It represents the
contrary to the mitosis. Physiologically, it occurs either
regulated (elimination of the cells during embryonic deve-
lopment - programmed cellular death) or repressive, not re-
gulated mechanism for removing of insulted cells either
virally infected or malignantly transformed (unprogram-
med cellular death) (35).

Under pathological conditions, in the case of its dere-
gulation, apoptosis could be at the beginning and the deve-

lopment of illness (for example proliferation of malignantly
transformed cell clone is associated with the loss of apopto-
tic potential or on the other hand, neurodegenerative di-
seases cause the excessive apoptotic death).

Apoptosis progresses with the highly conservative
phylogeneticaly script. The basic principle of that script is
a gradual activation of specific genes and proteins. In the
end, there is a coordinated cleavage of cellular structures,
which is energy dependent (29,30).

Phases of apoptosis

The cell in the course of apoptosis goes through these
two phases: signaling and effector’s one. During the signa-
ling phase, numerous signals and information are process-
ed in the cell to testify in or out cell’s favor. They are either
extracellular or intracellular. They can be either specific
(TNFa, FasL, growth factors) or nonspecific (metabolism
failure or DNA damage). Only after their summation - in
the case of proapoptotic information prevalence - the cell
enters the second phase. The activation of latent cystein
proteases - caspases, is the hallmark of this process (12).

Characteristic signs of the process mentioned above
are: the development of oxidative stress, which takes part
in the degradation of some cellular organelles (9), the in-
crease in intracellular calcium level and the increase in per-
meability of mitochondrial membranes (8).

4.1.1 Internal pathway of apoptosis, protein p53

Any change of internal environment represents a risk
for keeping the integrity of the whole organism. As a most
common example it is possible to stress the random muta-
tion of genome, caused by fault in the replication of DNA
or during the process of gene segments rearrangement. On
this condition, the protective cell mechanisms are imme-
diately activated. The cell cycle progress is stopped in at-
tempt to repair the errors. If genetically defaults are
irreparable, the altruistic suicide of cell by apoptosis is in-
duced (13,33,39).

The gatekeeper of integrity of genome, which initiates
the processes mentioned above, is p53 protein. It is a tumor
suppressor protein with molecular weight 53 kDa. The p53
protein is bound to DNA by the area adjacent on C-end
(rich on basic amino acids) where it is possible to detect
the damaged area. In the same time that protein can imme-
diately initiate the DNA reparation (13).

In the case that DNA damage exceeds the frame of easy
reparation the expression of the p53 protein increases and
it takes its function as a transcription factor. As a first step
it is possible to detect the increase in the expression of p21
protein (blocker of cycline dependent kinase). This protein
is able to stop the cell growth and division and also pro-
vides sufficient time for more effective reparation of DNA.
The production of the other proteins (particularly so-called
PIGs genes - p53 induced genes) which are functionally
closely associated with development of the oxidative stress,
followed by the entrance into apoptosis, increase immedia-
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tely if genetic damage is irreversible. (13,20,28). It is being
proved that the oxidative stress, is the key moment that de-
cides about the fate of a cell.

Regulation of apoptosis

Integral part of either signaling or effector’s phase is
presented by the factors-proteins regulating apoptosis.
These proteins block the intracytoplasmatic transduction
of internal specific proapoptotic stimuli (proteins FLIPs
and SODD) (35). Numerous proapoptotic (for example
Bax) and antiapoptotic (for example Bcl-2) molecules belong
to Bcl-2 family (8,15). Their right timed expression and
mutual rate is also essential for normal development of
B-lymphocytes in the bone marrow.

As it was mentioned above, some of the nuclear factors
(particularly NF-xB) play an important role in the regula-
tion of apoptosis.

Differentiation of B-lymphocytes
in bone marrow

Precursors of B-lymphocytes are developed in the bone
marrow by division of hematopoietic stem cells. They gra-
dually differentiate through several stages - proB, preB and
immature B-lymphocytes, which leave the bone marrow
and settle secondary lymphatic tissues. During their deve-
lopment in bone marrow they create specific receptor for
antigen (BcR), by the mechanism of the gene segments re-
arrangement and they become the immunocompetent cells.
This process is essential for maturing of B-lymphocytes and
it is tightly regulated.

BcR is a surface molecule with the immunoglobulin
structure, which consist - similarly as secretory immuno-
globulins - of two heavy and two light chains. An additional
chain, which serves for stabilization in the membrane, two
molecules marked as Iga. (CD79a) and two molecules Igf
(CD79b) create also an integral part of BcR. That receptor
is expressed at first as a pre-BcR and later in the form of
BcR on the surface (25).

Role of microenvironment

The bone marrow microenvironment provides optimum
conditions for maturation of B-lymphocytes. It produces
growth factors which stimulate division and differentiation
of B-lymphocytes (particularly IL-7 and CSF-1) (20) and
inhibit their death by the apoptosis. In a case of any damage
of the microenvironment, apoptosis can take part in in-
hibiting of the development and in eliminating of non-
functional (and partly even autoreactive) clones of
B lymphocytes (3).

Physiological importance of apoptosis for development
of B-lymphocytes
It has been proved that BcR gene rearrangement gene-
rates a huge amount of errors leading to the both syntheses
of nonfunctional BcR and syntheses of BcR with very high
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affinity to the self antigens. That’s why it is necessary to
ensure that during the development of B-lymphocytes there
are several checkpoints where the mistakes can be removed
or where insulted and dangerous cells can be eliminated
(19).

Studies on the model of mouse bone marrow have prov-
ed that these points are at least two: 1) on the middle way
from pro-B to pre-B lymphocyte when the first surface ex-
pression of newly synthesized heavy chain "u” may happen
and 2) at lymphocytes with low expression of sIgM (BcR),
it means at immature but already immunocompetent cells
(20).

The control of the errors and the elimination of the in-
jured cells by apoptosis become at both checkpoints.
Almost 70 % of cells die through this mechanism even in
the first point which represents about 51 million of pre-B
lymphocytes per day (20). In this content it is necessary to
mention very important role of protein p53 (13,19).

The cells at the checkpoints show quite unique cha-
racteristics. The levels of proteins, which regulate the
apoptotic changes, are variable. Production of Bcl-2 de-
creases and expression of the Bax protein increases. The
ratio of Bcl-2/Bax is remarkable decreased but proapopto-
tic potential of these two precursors is increased (20). They
are vulnerable and they easy yield to the exogenous apopto-
tic stimuli.

Pathological induction of apoptosis
dependent on function of bone marrow

For the study of induction of apoptosis of pre-B lympho-
cytes a model system, based on the cellular structure of
BMS?2 (stroma cells of bone marrow) has been developed
(14,22,23). On the basis of many studies, following con-
clusions could be drawn:

1) Apoptosis of pre-B lymphocytes is dependent on the cel-
lular stroma. Only relatively high doses of PAH lead to
the death of B-lymphocytes cultivated without presence
BMS2 (22).

2) The bioactivation of PAH is important for induction of
the apoptosis. Only the active metabolites of PAH (di-
hydrodiols and epoxides) are very potent inducers. This
finding confirms the importance of cytochromes P450
(22).

3) From point of view of the general activity of cytochro-
mes (in the association with apoptosis) basal expression
of cytochromes plays more important role than their
induction by the way of AhR. The activation AhR it-self
is not sufficient for the immunosuppressive effects (22).

4) CYPIBI1 seems to be the key enzyme that shows quite
high activity especially in the stromal cells of bone mar-
row. Toxic metabolites created by presence of that enzy-
me are able to get into the cytoplasm of the lymphocytes
and cause the genotoxic damage of DNA. From this
point of view the role of the other enzymes is negligible
(14).



5) The depression of activity of NF-kB and defects in the
calcium metabolism take also part in the final effect
(23).

From these facts we can draw out that the apoptosis of
pre-B lymphocytes happen probably on the base of: 1) trans-
duction of toxic PAH metabolites from the bone marrow
stromal cells, 2) development of oxidative stress, 3) defects
of calcium homeostasis and 4) depression of activity of
NF-«B transcription factor in lymphoid precursors.

Pre-B lymphocytes are - due to their high proapoptotic
potential and their replicate activity - the most sensitive to
the effect of PAH.

Mechanisms of protection

Because of the considerable heterogeneity of the inten-
sity in the clinical and laboratory manifestations of immu-
nosuppressive effect of PAH it is necessary to discuss the
most important modulating factors of individual reactivity
of an organism. Besides the variable ability of induction of
the enzymes from the group of cytochromes P450 (diffe-
rent response to activation of AhR), even the processes of
detoxification of bioactivated metabolites, the proapoptotic
potential of pre-B lymphocytes and some forms of the ac-
tive cellular defense come to account.

Enzymatic equipment, detoxification

Highly reactive intermediate products that have an elec-
trophilic or radical character rise during the metabolism of
PAH. The cells have numerous enzymes and cofactors of
enzymes that are able to reduce the toxic effect of PAH.

For the elimination of free radicals the cytoplasm re-
serves of antioxidants and so-called scavengers (enzymes
which catalyze gradual conversion of free oxygen radicals
to water) are the most important. Superoxid-dismutase
(SOD), glutation-peroxidase (GPX) and catalase belong
among the free oxygen radical scavengers (17).

For the detoxification of electrophiles the most impor-
tant are next two enzymes: 1) glutathion-S-transpherase
and 2) epoxid-hydrolase. Glutathion-S-transpherase (Gstal)
catalyzes their conjugation with nucleophilic glutathione. It
is interesting that Gstal is prone to the enzymatic induc-
tion due to the both motives DRE (part of AhR-gene batte-
ry) and ARE (positive regulated by oxidative stress) (17,
28). The epoxid hydrolase catalyze trans-addition of water
to epoxid group on arise of non-toxic alcohols. This is the
way to reduce the risk of DNA damage by epoxides. It
occurs in almost all tissues and its distribution is parallel
with occurrence of cytochromes P450 (17).

Proteins regulating apoptosis
As it was mentioned, the fate of a cell is - in the asso-
ciation with apoptosis - dependent on many factors. The
well-balanced co-expression of proteins from the Bcl-2 fa-
mily, of which the principal representative is the protein
Bcl-2 with the antiapoptotic effect, belongs among the most

important factors. All the members of this group are con-
nected by the common characteristic structural trait - BH1
and BH2 domains. These domains serve to mutual dimeri-
sation and inactivation. By this mechanism, protein Bcl-2
(important inhibitor of apoptosis) can be for example dis-
carded from the function by the proapoptotic protein Bax.
It is the mutual rate of single members of this group that de-
cide about survival or death of the cell under the various
conditions (8,15).

It is worth mentioning that the protein Bax is prone to
transcriptial induction by protein p53 (13). Except for an-
other functions, protein Bcl-2 affects as an antioxidant and
as a channel for calcium ions modulates their level in cyto-
plasm (8).

Active defense

Except for all mentioned mechanisms of passive de-
fense of the constant intracellular environment (detoxifica-
tion and elevation of the cellular life span by inhibition of
apoptosis) there exist also effective means of active defense
in a form of energy dependent efflux transport systems. In
this consequence the importance of the expression and
function of membrane protein P-gp (P-glycoprotein) is
stressed (34).

P-glycoprotein

P-glycoprotein (P-gp, p170) is a membrane phospho-
glycoprotein, from the ABC (ATP-binding cassette) family
of transmembrane proteins. P-gp is expressed on the cell
surface and it serves as on ATP dependent pump. Its func-
tion is to transport the xenobiotics from cytoplasm and
thus reduce their concentration and their adverse effects.
Expression P-gp was found on progenitor hematopoietic
cells (CD34+), on peripheral lymphocytes and also on many
other cells. Its function is to protect these cells against exo-
genic substances (18,24). Recently the importance of this
protein increases in the association with undesirable as-
pects of its occurrence - increasing resistance of tumor
cells against therapy by cytostatic drugs.

Because of the transport function of P-gp, various che-
mical compounds with aromatic circle(s) were intensively
studied in the past (18). On the biological models it was
proved that PAH are prone to efflux effect of P-gp (1) and
that this effect can be even inducible by mechanism which
is different from the way of activation of AhR (34, 36). It
has been proved that variable ability to inducing the ex-
pression of P-gp can be understood as a negative predictive
risk factor for the toxic effects of PAH (34). However, some
works do not support this opinion (31).

Conclusion
PAH disturb immunological activity of an organism in
a very complex way. Immunosuppressive effect by induc-

tion of apoptosis of pre-B lymphocytes is just one of many
effects, resulted from immunotoxic influence of PAH. As it
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was mentioned above, even here exists a considerable varia-
bility and individuality in sensitivity of the organism to the
penetration of PAH. This sensitivity is given particularly by
a) own primary and secondary toxicity of PAH and b) by
active and passive resistance of the cells. It is impossible to
forget also the very difficult context of mutual relationship
between both particular parts of immune system and im-
mune system as a whole and the other functional units and
structures of organism. To evaluate the clinical importance
of exposure to PAH, it is necessary to understand that dur-
ing their lives people are exposed to very hardly definable
and standardisable mixtures of xenobiotics.

The research on influence of compounds like PAH to
an immune system is profitable and contribute to further
understanding of individual reactivity.
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