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Abstract

The present paper is an update of data on the effects of ionizing radiation (y-rays, X-rays, high
energy UV, fast neutron) caused by environmental pollution or clinical treatments and the effects
of non-ionizing radiation (low energy UV) on the expression and/or activity of drug metabolism
(e.g., cytochrome P450,, glutathione transferase), enzymes involved in oxidative stress (e.g.,
peroxidases, catalase,, aconitase, superoxide dismutase), and transporters. The data are presented
in tabular form (Tables 1-3) and are a continuation of previously published summaries on the
effects of drugs and other chemicals on cytochrome P450 enzymes (Rendic, S.; Di Carlo, F. Drug
Metab. Rev., 1997, 29 (1-2), 413-580, Rendic, S. Drug Metab. Rev., 2002, 34 (1-2), 83—-448) and
of the data on the effects of diseases and environmental factors on the expression and/or activity of
human cytochrome P450 enzymes and transporters (Guengerich, F.P.; Rendic, S. Curr. Drug
Metab., 2010, 11(1), 1-3, Rendic, S.; Guengerich, F.P. Curr. Drug Metab., 2010, 11 (1), 4-84).
The collective information is as presented by the cited author(s) in cases where several references
are cited the latest published information is included. Remarks and conclusions suggesting
clinically important impacts are highlighted, followed by discussion of the major findings. The
searchable database is available as an Excel file (for information about file availability contact the
corresponding author).
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INTRODUCTION

Preparation of this summary was prompted by nuclear plant disasters (Chernobyl (1986),
Fukushima (2011)) and the consequent irradiation of humans and other biological systems
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caused by this environmental pollution. This summary includes also the influence of
clinically applied radiation (y-rays, X-rays, fast neutron) for treatment of specific diseases,
as well as the effects of UVA, UVB, and UVC radiation on the activity and/or expression of
drug metabolism enzymes such as cytochrome P450 (CYP), which are of prime importance
for new drug development and absorption-distribution-metabolism-elimination (ADME)
research, the enzymes involved in regulation of oxidative stress (e.g., peroxidases (PO),
catalase (CAT), aconitase (ACO), superoxide dismutase (SOD)), and transporters. lonizing
radiation is defined as radiation composed of particles of different energy that can liberate
an electron from an atom or molecule. When interacting with organic compounds or other
small molecules in the body, ionizing radiation (y-rays, a- and B-particles, high-frequency
ultraviolet, X-rays, and gamma rays, fast neutron irradiation, and contamination with
radioactive particles, e.g. uranium or radioactive pollutant contamination), depending on the
energy, produces free radicals that can damage tissue molecules. Most UV light is classified
as non-ionizing radiation, but the higher energies of the UV spectrum (e.g., ~ 150 nm, or
‘vacuum’ UV) are ionizing.

Cytochrome P450 enzymes catalyze a number of reactions that have profound effects on the
biological activities (therapeutic and/or toxic) of xenobiotics, including drugs, and the
significance of the human enzymes in drug metabolism has been reviewed [1-4]. The roles
of the transporters, which (depending on the site of expression) may enhance or limit
absorption or excretion of drugs and other xenobiotics from an organ or tissue and have
additional effects on the biological activities of drugs/xenaobiotics, are reviewed elsewhere
[5,6]. In addition to a great number of xenobiotics used as drugs or coming from the
environment, and influencing the activity and/or expression of the cytochrome P450
enzymes and transporters [1,2,5], the effects of diseases and environmental factors are also
of interest [7]. These factors can have profound effects on enzyme activity and expression
and therefore also the final biological activity, efficacy, and safety of drugs and other
chemicals. A great number of examples from the literature show that the final effect of a
drug or other chemical on an organism, whether pharmacological and/or toxicological,
depends on regulation of expression and the activity of cytochrome P450 enzymes and
transporters. When these properties are changed (resulting in their overexpression or
inhibition) by factors such as irradiation (alone or in combination with specific drugs, e.g.
anticancer drugs) a significant change of therapeutic outcome or resistance to a drug might
occur.

Damaging effects of ionizing and UV irradiation result from generation of reactive oxygen
species (ROS) and subsequent radical formation and from direct damage to cellular
macromolecules, including DNA. The most pronounced effect of prolonged exposure to UV
(predominately UVB and UVA) in humans is induction and development of skin cancer.
UVB radiation (280-320 nm) is readily absorbed by and can cause severe damage to
proteins and DNA. Other UV wavelengths of interest include UVA (320-400 nm), which
are less detrimental to skin but still can cause harmful effects. Thus high doses of UVB in
the epidermis (and UVA in the dermis) may be responsible for the production of reactive
oxygen species [8]. Adverse effects of UV radiation are partially reduced by molecular
defense mechanisms including glutathione and enzymes such as superoxide dismutase
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(SOD), catalase (CAT), and glutathione peroxidase (GPX), which are involved in quenching
excessive levels of ROS and other free radicals [9]. Increased activity of the enzymes
protecting against oxidative stress by ionizing or UV irradiation might be beneficial, and
decreased activity might enhance damaging effects of irradiation. In addition, modification
of the expression and activity of enzymes involved in metabolism (e.g., the toxicologically
important CYP2E1 and CYP1 Family enzymes or CYP4A11, which is involved in lipid
metabolism) or transporters (e.g. the clinically important P-glycoprotein, LRP, or MRP1)
can influence the therapeutic outcome or toxicity of other drugs and xenobiotics. In addition,
irradiation-induced modification of cytochrome P450 enzyme activity might result in
enhanced or diminished formation of important substances, e.g. vitamin D and related
compounds [10,11].

The present summary provides a collection of information on the effects of major ionizing
and non-ionizing irradiations on the function of cytochrome P450 and other drug
metabolizing enzymes and transporters, considering also the effects on therapeutic treatment
or human health.

TABULAR PRESENTATION

Data are presented in Tables 1 — 3 and formatted in columns 1 — 8: 1. Speciesused for
investigation, 2. Enzyme/Transporter; 3. Category; 4. Effectors; 5. Model; method
used; 6. Effect on particular enzyme or transporter; 7. Remarks about effects when stated
by the cited authors to additionally characterize the effects. 8. References.

The data are sorted in Column 2 (Enzymes/Transporters), Column 4 (Effectors), and
Column 1 (Species), for an easier approach to the information presented.

The tabulated data were obtained either in vivo (clinical experiments and whole animals) or
in vitro using various models including clinical tissue samples, cell cultures, and
microsomes following irradiation with the effectors.

It is important to emphasize that the experimental results can depend upon the model
(human, animal) and/or method of irradiation used for investigation (doses, frequency,
duration etc.), and contradictory or insufficient results might have been obtained. Results
that might be of clinical importance are designated in the tables (bold-face font). Of the
effectors presented in Table 1-3, a large number result from the environmental impacts (y-,
X-, and/or UV-radiation) and the reminder from clinical application (7y- and X-rays, or just
ionizing radiation) on the expression/activity of both transporters and the enzymes. In most
of the cases the results are interpreted as “increase” or “decrease” of expression of a
particular enzyme/transporter, because this is of the lack of exact limits, diversity of ways of
presenting results, and the large numbers of results obtained using immunohistochemistry or
immunoblotting which are not always expressed quantitatively and thus making the results
difficult to compare with those obtained by other methods [12]. However, standardized
detection and quantification techniques and methods (e.g. quantitative real-time PCR (RT-
PCR)) can provide more reliable comparisons of experimental results with therapy. In this
respect it has been suggested that (of the techniques used to analyze drug transporters) flow
cytometry may be preferred to immunoblots, mRNA blots, and immunocytochemical assays,
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although other report shows immunoblots to be reasonably quantitative [13]. The use of
functional flow cytometric tests (assessing modulator-induced changes in fluorophore
retention and/or efflux) has been promoted because these allow evaluation of a protein
activity, in contrast to immunochemical or molecular tests [14]. As discussed in the previous
paper in this series [7], P-gp functional analysis should be preferred when testing effects of
radiation in connection with specific clinical treatment (e.g., cancers and other diseases) as a
more sensitive predictor of chemoresistance than P-gp expression.

TRANSPORTERS

As presented in Table 1 (Effectsand Remarks columns) the experimental results show that
although in some cases inconsistent results and conclusions have been obtained for the same
effectors using different methods and models, the increases in mRNA and/or protein
expression of transporters (P-gp, Mrpl, LRP) by y-rays or ionizing radiation may link
causality with changes of gene expression. For instance, increased P-gp, Mrpl or Mrp2
mRNA and/or protein expression was associated with increased resistance to anticancer
drugs resulting in the development of highly resistant irradiated cancer cell phenotypes
following (fractionated) ionizing radiation (total dose up to 75 Gy) using human models
[15,16,17,18,19,20,21,22]. Interestingly, by using murine model (total dose of 60 Gy) P-gp
(Mdrla and Mdrlb) mRNA was not detectable or was reduced, but protein expression
increased three-fold [23]. In a human model, expression of MRNA and protein was tissue
dependent (i.e. in irradiated colon cancer cell lines no increase of MDR1, MRP1, or LRP
MRNA expression was observed but a large increase in protein level was observed). On the
other hand, in irradiated breast cancer cell lines both mRNA expression and protein levels of
the transporters were increased [20]. In both models, murine and human, increased protein
levels resulted in significant resistance to anticancer drugs. This result raises the suggestion
that functional analysis should be preferred when testing effects of radiation or other
effectors as a more sensitive predictor than testing mRNA expression. Following irradiation
with X-rays, increased MRP1, MRP2, and/or P-gp protein expression was observed with
increased resistance to anticancer drugs [24,25], but no P-gp mRNA increases in human [24,
26] or in animal models [27,28,29,30,31,32]. This result supports the suggestion that
standard X-ray radiation might affect clinical efficacy of subsequent or concurrent
chemotherapy. When the parental drug-sensitive CEM cells were subjected to fractionated
radiation, increased levels of MDR proteins and induced drug resistance was observed.
However, fractionated radiation with X-rays resulted in decreased P-gp protein expression,
and consequently the drug sensitivity of multidrug-resistant (MDR) cells was enhanced [33].
Using functional analysis, immunohistochemistry, and immunoblotting (following
irradiation by either single doses of X-rays up to 25 Gy or fractionated radiation of rat
blood-brain barrier), decreased P-gp protein expression and activity were observed [34,35],
suggesting that in some cases radiation might be used to enhance the delivery of P-gp
substrates to the brain. This result further shows that predictions of the irradiation effects are
rather difficult and complex in nature. Chronic contamination of rats by depleted uranium
(uranyl nitrate) in their drinking water (dose of 1 mg/rat/day for 9 months) resulted in an
increase (34%) in ABCAL transporter mRNA, which regulates cholesterol transport [36].
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CYTOCHROME P450 ENZYMES

Summarized data on the effects of ionizing and non-ionizing radiation on cytochrome P450
enzymes are presented in Table 2. 7-Ethoxycoumarin O-deethylation (ECOD) activity was
7-fold and 2-fold higher in human placental microsomes samples (at term) from
radioactivity-contaminated areas compared to a region considered to be “clean.” It was
suggested that this effect could be related to the increased formation of reactive metabolites
in placenta [54]. Experiments performed using animal models (chronic contamination of rats
for 9 months by depleted uranium as uranyl nitrate in drinking water, dose of 1 mg/rat/day)
showed that the cholesterol-oxidizing enzyme CYP46A1 displayed a 39% increase in
MRNA level, as determined by RT-PCR [36]. In mice it was shown that differential effects
of radiation on the components of the cytochrome P450 system were observed after whole
body irradiation by -y-rays at different doses. The activities of cytochrome NADPH-P450
reductase, cytochrome bs, and NADH-cytochrome reductase (as well as cytochrome P450
activity) were enhanced by irradiation doses up to ~5 Gy and decreased thereafter. The
increase in cytochrome P450 activity was accompanied by the enhanced activity of
glutathione transferase (Table 3), and administration of phenothiazines enhanced the
radiation effect at lower irradiation doses on components of the cytochrome P450 system
(except NADH-cytochrome by reductase) by inducing cytochrome P450 enzymes, thus
providing radioprotective action [55]. Also, whole body irradiation of mice with Ehrlich
solid tumors with different doses of y-rays (doses of 0-9 Gy, at a dose rate of 0.0153 Gy/s)
caused increases in microsomal cytochrome P450 enzymes at doses up to 6 Gy and
decreases thereafter [56]. In contrast, cytochrome P450 (Table 2) and glutathione transferase
(Table 3) activities in the liver microsomal fractions of radiation-exposed rats were reduced
in the latent and logarithmic phases of oncogenesis compared with non-irradiated rats
having tumors. In this case, the radiation did not influence the enzyme activity of liver
cytochrome P450 and glutathione transferase in the terminal stages of Guerin’s carcinoma
growth [57].

The complexity of effects of radiation on cytochrome P450 activity are exemplified in the
results obtained after short-term (3 and 30 day) and long-term (3-24 month) treatment of
rats with neutron-activated UO, particles (9.3 kBq) [58]. After 3 days of treatment a
decreased activity of 30% (testosterone 7a-hydroxylase) was observed, and after 30 days
after treatment activity was enhanced by 70% (testosterone 7a-hydroxylase) and 40%
(testosterone 15a-hydroxylase). After 1.5-year treatment, decreases in activity in lung
testosterone 6p- (60%) and 6a.-hydroxylase (30%) occurred; hepatic testosterone 16a.-
hydroxylase activity was decreased by 60-75% with both non-activated and neutron-
activated particles [58].

A single subcutaneous administration of depleted uranium (as uranyl nitrate) to rats (at a
sublethal toxic dose) affected bile acid cytochrome P450 activity in the following way: 7a.-
hydroxycholesterol plasma levels decreased by 52% at day 3, whereas microsomal CYP7AL
activity in the liver did not change significantly and mitochondrial CYP27A1 activity
quintupled after day 1 [59]. Chronic exposure of rats with post-accidental doses of 137Cs in
drinking water for 3 months showed no significant change of CYP27A1 mRNA expression
but increased the activity by 34% in rat liver [37,72,96]. However, experiments with rats
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chronically exposed to depleted uranium in drinking water (1 mg/rat day) for 9 months
showed that CYP3A1 mRNA expression was significantly higher in the brain (200%), liver
(300%), and kidneys (900%) of exposed rats compared with control rats, and CYP3A2
mRNA levels were higher in the lungs (300%) and liver (200%), and CYP2B1 mRNA
expression was elevated in the kidneys (300%). Expression of CYP1A1 mRNA did not
change significantly during this study. It was suggested that the stimulating effect of
uranium on cytochrome P450 enzymes might lead to hepatic or extrahepatic toxicity (or
both) during drug treatment [60]. For further effects of ionizing irradiation on cytochrome
P450 enzymes see Table 2.

The effects of UV irradiation were examined using human keratinocytes, and it was reported
that combined UVA and UVB—UVA irradiation alone—caused induction of CYP4A11
mMRNA expression and protein expression levels [8]. CYP1B1 mRNA and protein
expression were induced by UVB irradiation of keratinocytes [51]. CYP1A1 was induced in
keratinocytes, primary human blood lymphocytes, and a hepatoma cell line [61,62,63] slight
induction of CYP19A1 (aromatase) MRNA was induced by combined UVA and UVB
irradiation in keratinocytes [8]. Increased mRNA expression of toxicologically important
CYP1A was observed in zebrafish larvae and embryos (exposed for varying time to UVA
plus UVB, or UVB alone on two consecutive days), while embryos exposed to UVA alone
had no effect on mRNA expression and UVB irradiation increased mRNA expression of
CYP1B1 [9]. Induction of CYP1A1 and CYP1B1 mRNA and protein expression levels was
suggested to be related to enhanced bioactivation of polycyclic aromatic hydrocarbons and
other environmental pollutants in skin [61].

OXIDATIVE STRESS AND OTHER ENZYMES

Different effects (Table 3) on the oxidative stress enzymes (catalase (CAT), NADPH-
quinone reductase (NOR), glyoxylase | (GLO1), superoxide dismutase (SOD)) were
obtained after whole body irradiation of mice with Ehrlich solid tumor and non-tumor
bearing animals with different doses of y-radiation (0-9 Gy). While the activity of most of
the enzymes increased with the radiation dose in the both tumor-bearing and non-tumor
bearing mice up to 6 Gy and decreased thereafter (NADPH-quinone reductase, glyoxalase I,
superoxide dismutase, xanthine oxidoreductase) [55,56,81], catalase was either not detected
or decreased with the irradiation dose in both tumor and non-tumor animals [56,81]. At the
same time a progressive increase was noticed in peroxidative damage with increasing
irradiation dose [56]. As with the effects on cytochrome P450 enzymes (Table 2),
administration of phenothiazines enhanced the effect of radiation at lower doses on the
activities of superoxide dismutase and NADPH-quinone reductase but inhibited the activity
of L-lactate dehydrogenase (LDH). The effect of phenothiazines was also connected to
radioprotective action at lower irradiation doses in this case. In addition, phenothiazines
inhibited lipid peroxidation and xanthine oxidoreductase (XOR) [55]. Taking superoxide
dismutase as an example, the effects of the ionizing irradiation were the following: the lower
doses of y-irradiation or ionizing radiation (up to 6 Gy) enhanced the enzyme activity, but
decreases of activity and protein levels were observed at higher doses. This result was
confirmed using different models and methods, including human models [55,82,83]. It was
reported that the decrease of the activity and protein levels at higher radiation doses could be
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reversed by supplementation with extracts of Xylopia aethiopica and vitamin C [82]. At
lower occupational doses (e.g., exposed medical workers), enhanced activity of superoxide
dismutase might provide protection against the increased production of reactive oxygen
species but that dysfunction of enzyme system can occur following higher doses of
irradiation [84]. Similarly, chronic UV irradiation also caused increased superoxide
dismutase activity and mRNA expression in both human and in animal models [9,85] but
decreased activity was observed after single UVB radiation of mice skin [86].

CONCLUSION

As reported before [7], increases in expression levels of cytochrome P450 enzymes (for
instance CYP1B1 and CYP2J2) and transporters (MRP1) in tumor cells and tissues have
been suggested as tumor markers in the diagnosis and prognosis of malignancies and/or
other diseases. However, results reported before [1,2] and in this summary show that when
using such markers and before complex considerations one has to take into account the
effects of drug and diseases, as well as natural (UV) or “artificial” radiation coming from the
environment (e. g., nuclear plant disasters, radon exposure) or applied clinically (y- and X-
rays). This summary presents the complex effects of different types of radiation on the
activity and expression of both the enzymes (e.g., cytochrome P450, oxidative stress
enzymes) and transporters, and shows that these effects might impact ADME properties of
drugs.
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