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Abstract

Cocaine abuse continues to be a major public health problem in the world. An upper numbers of individuals are initiating cocaine use
with a stable rate of growth each year with an increasing number of people with cocaine related problems. Following cocaine oxidative
pathways a ROS formation are generated. Oxidative stress has been demonstrated to play an important role in cocaine addiction and tox-
icity due to its oxidized metabolites produced by cytochrome P450 during cocaine biotransformation. The ROS induced genotoxicities
include DNA damage, gene mutation, chromosome aberrations and micronuclei formation. 8-Hydroxy-2’-deoxyguanosine (8-OHdG) an
oxidative modified DNA product, is the most representative product that may reflect oxidative damage induced by ROS. The present
study was designed to investigate whether a systemic cocaine administration and its metabolism increase 8-OHdG production. Our find-
ings clearly showed that cocaine promoted the ROS formation with significant increased of urinary 8-OHdG and MDA with a decreased

of total scavenging capacity (TSC).
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1. Introduction

It is known that oxidative DNA damage occurs continuously in
living cells and as a results of oxygen metabolic process and reac-
tive oxygen species (ROS) play a pathogenic role in carcinogene-
sis by inducing oxidative DNA damage, modulating gene expres-
sion, altering different signaling pathways and leading to a deregu-
lation of cell proliferation and apoptosis ((Marx (2004), Bartsch &
Nair (2006), Liou & Storz (2010)). ROS have an extremely short
half-life and the direct determination of them in tissue or body
fluids is impracticable, while the measurement of biomarkers of
oxidative modified cellular constituents in biological samples is a
promising strategy.

Many potential targets of oxidative damage are microRNAs
(miRNAs), a family involved in post-transcriptional gene regula-
tion, differentiation, cell proliferation, cell death, and carcinogene-
sis. MiRNAs, as oxidative DNA damage, are also involved in the
regulation of telomerase activity, which is up-regulated in mutated
cells. Telomeric DNA indeed is particularly rich in guanine resi-
dues and under ROS attack, is highly prone to 8-Hydroxy-2’-
deoxyguanosine (8-OHdG) formation. 8-OHdG an oxidative mod-
ified DNA product is the most representative product that reflects
oxidative damage induced by ROS. An increased production of 8-
OHdG has been found after exposure to various carcinogens in
target organs of mice, rats and human cells (Przybyszewski et
al.(1998), Arima et al.(2006)). Higher mean values of 8-OHdG
have been found in DNA from cancer than non-cancer tissue. In
fact an higher concentration of 8-OHdG than healthy controls was
observed in various malignant neoplasm such as gastric cancer
(Hirahashi et al. (2014)), urinary bladder carcinoma (Soini at al.

(2011)), lung cancer (Caliskan-Can et al.(2008)), and diabetes
mellitus (Ece et al. (2012)) and chronic hepatitis (Nishida et al.
(2013)) suggesting that a variety of diseases are characterized by
an increased levels of oxidative damage of DNA. In the occupa-
tional exposure studies the increase of 8-OHdG was related to
volatile organic compounds exposure (Kim et al (2011)), in found-
ry workers (Lin et al. (2011)), in male electrical and electronic
equipment dismantling workers exposed to high concentrations of
polychlorinated dibenzo-p-dioxins and dibenzofurans, polybro-
minated diphenyl ethers, and polychlorinated biphenyls (Wen et al
(2008)). A positive association between ROS and levels of 8-
OHdG has been found in lifestyle changing such as alcohol, to-
bacco, and morphine exposure (Zhang et al. (2004)). Drugs of
abuse are known to lead to the formation of ROS and alter neu-
ronal functions. However, few studies engaged in assessment of
this oxidative biomarker for a population who has a voluntary
addiction of cocaine. Moreover, no data are available regarding
the correlation between higher concentration of 8-OHdG and ad-
diction of cocaine. Cocaine is a powerfully additive drug of abuse
and the epidemic abuse is a social and health problem worldwide.
In an old research Karreman at al. (1959) invoked in this bioactive
substance an electrochemical phenomenon with electron transfer.
Electron transfer agents with oxygen can give rise to oxidative
stress through generation of ROS. In fact the metabolites of co-
caine play a role in toxicity and addiction involving ROS. Cocaine
is metabolized by two different pathways in human. Hydrolysis of
the ester groups is the major metabolic pathways but is not im-
portant in the toxicology of cocaine. Instead an oxidative metabo-
lism of cocaine involving the amine moiety has attracted most
attention relative to same toxic response. In fact hepatic injury
from cocaine generally is regarded as attributable to one or more
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of its oxidative metabolites (Shi et al. (2012)) such as nor-cocaine,
norcocaine nitroxide, N-hydroxynorcocaine, norcocaine nitrosoni-
um, cocaine iminium, and formaldehyde. Although it has been
shown that the cocaine depresses mitochondrial respiration, de-
creased mitochondrial membrane potential and enhances mito-
chondrial production of ROS (Cunha-Oliveira et al. (2013)). In the
body the toxicity of cocaine, due to its oxidative metabolism, is
reported in liver with generation of ROS and lipid peroxidase
(Oztezcan et al. (2000), Vitcheva (2012)), in central nervous sys-
tem (Sharan et al. (2003)), in cardiovascular system with the re-
lease of superoxide (Moritz et al. (2003), Vergeade et al. (2012)),
in various form of renal disease where nitroxide and N-hydroxy
derivative of norcocaine are believed to play a key role (Kovacic
et al. (2002), Valente et al. (2012)). Several studies reporting the
deleterious effects of cocaine and its oxidized metabolites un nu-
merous cutaneous manifestations (Portugal-Cohen et al. (2010),
Molgo et al. (2014), Menick & Salibian (2014)) and also skin
ulcers (Shawwa et al. (2013)). These different skin insults resulted
in common cellular biochemical pathways involving inducible
nitric oxide synthase (iNOS) and xanthine oxidase (XO) and these
enzyme are known to produce the radicals nitric oxide (NOe) and
superoxide (O2e), respectively that combine together to form a
peroxynitrite (ONOO-) which is considered as a harmful oxidant,
that can attack a wide range of biological molecules (Szabo
(2003)). Several studies involving the iNOS and XO in cocaine
induced oxidative damage. The administration of cocaine en-
hanced iINOS expression in different organs and increased XO
activity mainly in heart (Isabelle et al. (2007)) and liver (Aoki et
al. (1997)).

Many studies have focused that another the cause of ROS for-
mation is hypoxia. Is known that hypoxia induce severe oxidative
stress and this is one of the major mechanism of tissue damage.
Some investigators have found that hypoxia increased mitochon-
drial activation of Nuclear Factor—kappa B (NF-kB), one of oxida-
tive stress-sensitive transcription factors. In fact the activation of
NF-kB induce over-expression of apoptosis, inflammatory genes
and also have a protective role by enhanced antioxidant enzyme
expression such as SOD (Ergaz et al. (2005)). In order to protect
the organism from oxidant damage about 90 genes have been
identified that can be up-regulated in response to hypoxia (Harris
(2002)).

The present study is aimed at investigating the human urinary
excretion of 8-OHdG in response to various lifestyle habits as
cocaine addiction and smoking in a sample of healthy people who
had no known occupational exposure to carcinogens. In order to
find the usefulness of this biomarker as early predictor of disease
risk at population we examined the ability of cocaine to induce
oxidative DNA damage by examine the 8-OHdG, the antioxidant
power of the non-enzymatic defense of plasma that may be useful
to providing an index of ability to resist oxidative damage. The
malondialdehyde (MDA), a marker for lipid peroxidation, and
cotinine determination were also measured in urine.

2. Materials and methods

2.1. Subject/sample collection

A total of 76 volunteers are included in the study. Subjects en-
rolled in this study have previously signed an informed consent,
and a personal interview was conducted (in anonymous form for
privacy rights) and information about socio-demographics, smok-
ing history, cocaine consumption, occupational exposure, diet and
family history of cancer were collected. The individuals recruited
ranged in age from 20 to 65 years. There were no restrictions for
study eligibility but subjects with concurrent disease or those tak-
ing medications capable of interfering with free radical production,
such as non-steroidal anti-inflammatory drugs (NSAIDs) or anti-
oxidants (vitamin C), were excluded from the study. The volun-
teers were divided in: cocaine group, smokers group, and control
group, with 27, 23, and 26 for each group, respectively. The co-

caine group was formed by cocaine abusers of the Addition Ser-
vice of local Hospital, claimed that cocaine was their illicit drug of
choice, used cocaine by any route for at least 2 years with self-
administration of cocaine at least four times per month. Cocaine
abusers were excluded if their urine toxicology screen is positive
for illicit substances other than cocaine and its metabolites. As
cigarettes smoking are more common in the cocaine group, the
smokers group was create to know the real provision of cocaine
addiction. The control subjects (not exposed to cocaine or tobacco
products) were recruited to provide urine as reference specimens
to define normal concentration of 8-OHdG, MDA, cotinine, and
ferric reducing antioxidant power (FRAP). All recruited control
participant claimed that they did not use cocaine or tobacco prod-
ucts, had no others living with them who used cocaine or tobacco,
and as far as possible did not frequent areas where tobacco
smoked was prevalent for at least 1 week before specimen collec-
tion. All participants in the study claimed to drink no more than
one glass of wine (170 mL, 11% in alcohol) or beer (300mL, 5%
in alcohol) at meals.

For monitoring the oxidative stress, the urine is considered an
ideal biological sample because it can be obtained none invasively.
Every 15 days, for a period of two months, the urine of the sub-
jects with addition were analysed for evaluate the effective abuse
of cocaine, while for the urine of controls were analysed for co-
tinine. After this pre-study period, a spot urine samples were col-
lected from all volunteers in sterile 120 mL urine collection cups
and were aliquoted into 10 mL polypropylene tubes. Specimens
were store at —20°C until analysis.

The procedures followed were in accordance with the ethical
standards of the responsible committee on human experimentation
and with the Declaration of Helsinki. The demographical charac-
teristics of subjects are reported in table 1.

Table 1: Characteristic of Subjects Included in the Research

Controls Smokers Cocaine abusers
Total 26 23 27

Male Female Male Female Male Female
Ade 465¢68 38,477 50435 44,2457 47,866  46,3%59
(x+sd)
(Go/ig‘der 15(57,7) 11(42,3) 10(435) 13(565) 17(63)  10(37)
BMI
kg/m? 20,8455 21431 23,6:39 22,1434 22957 24,164
(x+sd)
Alcohol
drinking  3/15 2111 7/10 8/13 15/17 8/10

2.2. Urine analysis for 8-OHdG

The urinary levels of 8-OHdG was performed by high-
performance liquid chromatography with electrochemical detec-
tion (HPLC-ED) and the separation conditions used were based on
previous work (Inaba et al. (2011)) with modifications. Each sam-
ple was thawed and centrifuged at 1500xg for 10 min at 4°C to
remove any precipitates before the clean-up procedure by solid-
phase extraction (SPE). Briefly, an aliquot of 3.0 mL of urine was
mixed with 0.2 mL of 10mM KH2PO4 (pH 4.0). The acidified
urine samples were incubated for 10 min at 4°C and then centri-
fuged at 3000 g for 10 min at 4°C and supernatant was collected.
Waters Oasis®HLB Vac cartridges (with 60 mg of packing mate-
rial) were used for clean-up. OASIS®cartridges were precondi-
tioned with 3 mL of methanol and then with 3 mL of 10mM
KH2PO4. To avoid contamination and maximize the recovery, the
cartridge was totally dried under vacuum after each step of clean-
up. The sample solution (2 mL) was loaded onto the precondi-
tioned SPE cartridge and passed through the cartridge under light
vacuum. The column was washed with 3 mL of deionised water
and 8-OHdG was eluted with 2mL of 30% acetonitrile in 50mM
KH2PO4. After that, the eluate was evaporated to dryness under
vacuum and the residue was dissolved in 100 uL of mobile phase.
An aliquot of 20 pL was injected onto the HPLC. The HPLC
chromatograms for 8-OHdG were recorded and integrated, as
specified above, and were quantified by comparing the peak areas
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with those obtained from external standards analysed on a daily
basis. The accuracy of the measurement estimated from the recov-
ery of an added 8-OHdG standard was 92-97%.

2.2.1 Apparatus and chromatographic conditions

HPLC analysis was carried out using a chromatographic system
composed of the following: a model 515 pump (Waters, Milford,
MA, USA) and a model 7725i sample injector (Rheodyne, Cotati,
CA, USA) equipped with a 20 uL loop. The detector system con-
sisted of a Coulochem Il model 5100A electrochemical detector
with a model 5021 conditioning cell and a model 5011 analytical
cell (ESA, Bedford, MA, USA). The conditioning cell (set to -350
mV) was placed between the column and the analytical cell; it was
used to minimize the background noise of mobile phase due to the
electro active components. Oxidizing potentials of the analytical
cell were set at -50 mV for the first electrode (E1), and at +450
mV for the second electrode (E2). Chromatographic data man-
agement was automated using software Millennium32 (Waters,
Milford, MA, USA). The analysis was performed on an analytical
150 x 4.6 mm i.d. reversed-phase Kromasil KR100 — 5C18 (5 pm
particle size) column (Eka Chemicals AB — Bohus — Sweden),
protected by a 20 x 4.6 mm i.d. (40 uM particle size) disposable
Pelliguard pre-column (Supelco, Bellefonte, PA, USA). Analyses
were performed at room temperature. The mobile phase consisted
of a mixture of 10mM of Na2HPO4 containing (0.1 mM of EDTA,
100 mM of citric acid, and 2 mM of heptanesulfonic acid) and
methanol (90:10, v/v); the pH was adjusted at 3.0 with 100 mM
NaOH. The mobile phase prior to use was filtered through an 0.22
um filter (Whatmann, Ltd, Maidstone, UK), while methanol
through a FA 0.5 um filter (Millipore, Bedford, MA, USA). The
traces of organic materials were removed from the water by pass-
ing the water through a Sep-Pak Vac cartridge. This treatment
reduces the electrode background currents. The mobile phase was
degassed using an in-line degasser (Waters, Milford, MA, USA)
and delivered at a flow rate of 0.8 mL/min.

2.3. Serum ferric reducing antioxidant power (FRAP)

The antioxidant power of urine was determined using FRAP assay
(Benzie & Strain 1996). Briefly, 50 pL of the urine was added to
1.5 mL of freshly prepared and pre-warmed (37°C) FRAP reagent
(300 mM acetate buffer, pH = 3.6, 10 mM TPTZ (tripyridyl-s-
triazine) in 40 mM HCI and 20 mM FeCI3*6H20 in the ratio of
10:1:1) and incubated at 37°C for 10 min. The absorbance of the
sample was read against reagent blank (1.5 mL FRAP reagent +
50 pL distilled water) at 560 nm with a spectrophotometer (Lamb-
da 2. Perkin-Elmer, Milano Italy). Aqueous solutions of known Fe
(1) concentration (FeSO4*7H20) were used for calibration of the
FRAP assay and antioxidant.

2.4. Malondialdehyde (MDA) assay

Malondialdehyde is the most prevalent product during oxidative
stress originate from highly reactive lipid hydroperoxides
(Spickett et al. (2010)) and MDA levels were determined for the
extent of lipid oxidation using a commercial kit with thiobarbituric
acid reactive substances (TBARS) assay (OxiSelect™ TBARS
assay kit, Cell Biolabs, Inc., DBA lItalia, Milano, Italy).

Briefly, after a spin at 5000g. For 10 min., to remove insoluble
particles, 100uL of urine of volunteers were assayed directly.
After the incubation of TBA reagent in a boiling water bath for 50
minutes, the resulting supernatant was measured at 532 nm with a
spectrophotometer (Lambda 2. Perkin-Elmer, Milano, lItaly).
MDA standard curve was created to evaluate the results. The av-
erage value of three analyses was taken.

2.5. Urine analysis for cotinine

Cotinine is a metabolite of nicotine and due to its longer half-life
has been used as reliable marker for smoking status. For the analy-

sis of cotinine an aliquot of 10 pL of urine is used in a solid phase
competitive ELISA kit (Sigma-Aldrich, Milano, Italy). The ab-
sorbance was read at 450 nm with a spectrophotometer (Lambda 2.
Perkin-Elmer, Milano Italy) within 15 minutes after adding the
stopping solution. A cut-off of 15 ng/mL of cotinine was used to
differentiate smokers from controls.

2.6. Urine analysis for creatinine

Creatinine values may differ between individuals due to age and
sex differences in the ratio between skeletal muscle and total body
lean mass, and they are also affected by exercise and diet. For this
the excretion values of 8-OHdG, cotinine, MDA and FRAP were
normalized to the metabolic rate to account for the effects of anti-
oxidants and individual differences. The creatinine level in the
urine sample was measured between samples from different indi-
viduals and between different collection times. Creatinine in urine
samples (1mL) was measured using an according Jaffe’s picric
acid assay kit.

2.7. Statistical analysis

Presented data are the mean + standard deviation (SD). For com-
parison group data are used one-way ANOVA to determined con-
centrations difference of biomarkers of oxidative stress. Followed
post hoc Tukey’s HSD (Honestly Significant Difference) test was
applied to statistically compare differences between the treatment
groups. Results were considered as significantly different using a
value of p<0, 05 for refusing the null hypothesis. To examine the
oxidative stress biomarkers compared to the subjects characteris-
tics, the Pearson’s correlation analysis was used.

3. Results

A total of 76 participants, 23 smokers, 27 cocaine abused, and 26
healthy volunteers were included in the study. The mean urinary
concentrations of 8-OHdG, MDA and FRAP of all the three
groups are illustrated in figure 1, 2, 3, respectively.

The urinary concentrations of 8-OHdG in cocaine abusers group
was significantly higher than that of controls (p<0,001) and smok-
ers group (p<0, 01). Also the concentrations of 8-OHdG of smok-
ers group was significant versus controls group (p<0, 01) (figure
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Fig. 1: Urinary Concentrations of 8-Ohdg. Values are Means =+
S.D.Statistically Significant (** P<0, 01; *** P<0, 001 Versus Controls;
¢ ¢ P<0, 01 Versus Smokers).

Smoking (p<0, 01) and cocaine abusers (p<0,001) groups were
significantly positively associated with urinary MDA respect to
control group. Moreover cocaine abuser group showed a higher
levels of MDA compared to smokers group (p<0, 05) that en-
hanced the lipid oxidation (figure 2).
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Fig. 2: Urinary Concentrations of MDA. Values are Means +
S.D.Statistically Significant (** P<0, 01; *** P<0,001 Versus Controls; ¢
P<0, 05 Versus Smokers).

The urinary concentrations of antioxidant power (FRAP) were
significantly different in the groups of cocaine abusers and smok-
ers versus controls group with a significant difference of p<0,001
and p<0, 05 respectively. Also, significant difference was present
between cocaine abusers and smokers groups (p<0, 05) (figure 3).
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Fig. 3: Urinary Concentrations of FRAP. Values are Means =*
S.D.Statistically Significant (** P<0, 01; *** P<0, 001 Versus Controls; ¢
P<0, 05 Versus Smokers).

As expected the high cotinine concentrations were revealed only
in the smokers and cocaine abusers groups with no significative
differences between them. All the concentrations of cotinine in
urine of control group were <15, 0 ng/g of creatinine.

The Pearson’s correlation analysis no revealed any significant
correlation between age, gender, BMI, and moderate alcohol
drinking with oxidative biomarkers.

4. Discussion

Most human cells usually produce low level of ROS and maintain
a tightly controlled redox homeostasis with normal cell function,
but in moderate oxidative stress, ROS production promotes cellu-
lar dysfunctions, while, during periods of profound extreme oxida-
tive stress the protective antioxidant mechanism are overwhelmed.
Mechanism of involvement of ROS in the pathology of disease is
known and the monitoring of oxidative stress is quite important in
the cocaine abuse study. Cocaine, primarily used illegally as rec-
reational drugs, can cause oxidative injury both with metabolism
that hypoxia. In our study we detect an increase of DNA oxidative
damage and a significant increase in the MDA levels as well as
decreases of antioxidants. DNA is very susceptible to radicals
induced damage and ROS can modify amino acid side chain lead-
ing to formation of 8-OHdG the most commonly measured prod-
uct of DNA oxidation.

A direct evidence for ROS, being involved in the process of de-
pendence, is that cocaine can directly stimulate the formation of
superoxide. Kloss et al. (1984) have shown that superoxide is
produced when cocaine is metabolized by cytochrome CYP3A4.
Superoxide is believed to reduce ferric iron to ferrous iron, which
then reacts with hydrogen peroxide to form DNA-reactive hy-
droxyl radical. Since hydrogen peroxide is readily generated when
superoxide accepts one electron in the presence of a water mole-
cule, the metabolites of cocaine could induce the hydroxyl radicals

(Inoue & Kawanishi 1987). Cytochrome CYP3A4 and mitochon-
dria may be an important source of enhanced ROS production
after cocaine treatment. In fact, in mitochondrial isolated from rats
liver treated with a single dose of cocaine, have been observed to
have significantly increased rates of ROS generation and this ef-
fect was significantly inhibited by pre-treatment of the rats with
the cytochrome inhibitor SKF525A (Devi & Chan 1996).

In a recent paper Badisa et al (2015) the acute exposure of as-
troglia-like cells to cocaine causes an excessive release of ROS
with a decrease in glutathione (GSH) level in dose-dependent
manner. This depletion of GSH may be prevented with a pre-
treatment of N-acetylcysteine (NAC), a well-known antioxidant
and therapeutic agent for oxidant related diseases and recently this
compound has been viewed as a pharmacological drug that could
provide protection against drug abuse in addicts (LaRowe et al.
(2006)).

In human volunteers receiving a dose of 0.5 mg/kg of cocaine, the
detected cocaine levels were between 0.1 and 1.0 pM in the serum
(Javaid et al. (1982)) while the concentrations of cocaine in serum
of active abusers are considerably higher reaching 0.1 mM (Siegel
(1978)). Serum levels that were capable of inducing genotoxicities
were comprised from 0.9 to 1.8 mM (Yu et al. (1999)). Such con-
centrations may seem too high even for active abusers but the
lungs or nasal cavities of abusers may be locally exposed to high
concentrations of cocaine through sniffing or smoking crack or
cocaine powder and this could produce high levels of ROS in
these cells and subsequent precancerous lesions.

As the co-abuse of cocaine and ethanol is so common, above all in
the smokers and active-abusers, the consume of alcohol in exper-
imental studies suggest that ethanol can increase DNA oxidation.
The use of cocaine with ethanol leads to the formation of a hybrid
metabolite of both substances known as cocaethylene. Formation
and accumulation of cocaethylene seems to be able to retard the
clearance of cocaine and then increase the oxidation with a greater
8-OHdG urine concentration (Wieland & Lauterburg 1995). In our
study a relatively small sample size of the study groups was a
limitation and does not allow forming subgroups of alcohol con-
sumers, but the alcohol intake in the cocaine abusers group may be
a further additive effect for the highest concentrations of 8-OHdG
and MDA.

The increase of urinary concentration of 8-OHdG in cocaine group
respect of smokers and control groups it would seem contribute to
the generation of other ROS. Moreover this study focused on con-
current lipid oxidation with MDA increase and concomitant de-
creased of the antioxidant defence. In addition the urinary FRAP
levels, that indicate the total antioxidant capacity, are significantly
decreased in the active-abusers and smokers groups respect to the
controls. The lower level of total non-enzymatic antioxidants may
be due to the sequestration of antioxidants by products of oxida-
tive metabolism of cocaine with a higher concentration of 8-
OHdG. The elevated urinary 8-OHdG and MDA in cocaine abus-
ers and smokers groups reflect the high levels of free radical that
induce DNA and lipid damage in these subjects. This change,
compared to controls, is the sum of effect of cocaine and smoke
with more reducing of the total antioxidant capacity. Though the
concentration of cotinine is higher in smokers than active-abusers,
the concentration of 8-OHdG in the urine of cocaine addicts is
significantly higher than that of smokers indicating a greater for-
mation of ROS by metabolism and hypoxic effects of cocaine
together.

The ability of defence from ROS is determined both from genetic
factors and from concentration of antioxidant. Many experimental
study have demonstrated the efficiency of antioxidant in reducing
the adverse effects of oxidative stress and the use of antioxidant in
clinical includes not only vitamin C and E but also carotenoids,
flavonoids, folic acid and synthetic product as potent non toxic
antioxidant. This seems to be the real approach for prevent or
reduce the oxidative stress in the cocaine abusers. Furthermore,
physician can be alert to these effects and potentially can recom-
mended which detoxification treatment could be used in this ad-
dict’s population to manage possible dysfunction and developed of
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therapy for cocaine abuse. Future research to replicate this finding
appears warranted.

Acknowledgments

This research was supported by the Department of Medicine,
Health and Environmental Sciences, University of L’ Aquila.

References

[1]

[2]

[3]

(4]

[5]

(6]

[71

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

Marx J 2004, Cancer research - Inflammation and cancer: The link
grows stronger. Science 306, 966-968.
http://dx.doi.org/10.1126/science.306.5698.966.

Bartsch H, Nair J 2006, chronic inflammation and oxidative stress
in the genesis and perpetuation of cancer: role of lipid peroxidation,
DNA damage, and repair. Langenbecks Arch Surg 391, 499-510.
http://dx.doi.org/10.1007/s00423-006-0073-1.

Liou GY, Storz P 2010, Reactive oxygen species in cancer. Free
Radic Res 44, 479-496.
http://dx.doi.org/10.3109/10715761003667554.

Przybyszewski J, Box HC, Kulesz-Martin M 1998, Induction of
reactive oxygen species without 8-hydroxydeoxyguanosine for-
mation in DNA of initiated mouse keratinocytes treated with 12-O-
tetradecanoylphorbol-13-acetate. Carcinogenesis 19, 1467-14774.
http://dx.doi.org/10.1093/carcin/19.8.1467.

Arima Y, Nishigori C, Takeuchi T, Oka S, Morimoto K, Utani A,
Miyachi Y 2006, 4-Nitroquinoline 1-oxide forms 8-
hydroxydeoxyguanosine in human fibroblasts through reactive ox-
ygen species. Toxicol Sci 91, 382-392.
http://dx.doi.org/10.1093/toxsci/kfj161.

Hirahashi M, Koga Y, Kumagai R, Aishima S, Taguchi K, Oda Y
2014, Induced nitric oxide synthetase and peroxiredoxin expression
in intramucosal poorly differentiated gastric cancer of young pa-
tients. Pathol Int 64, 155-163. http://dx.doi.org/10.1111/pin.12152.
Soini Y, Haapasaari KM, Vaarala MH, Turpeenniemi-Hujanen T,
Karja V, Karihtala P 2011, 8-hydroxydeguanosine and nitrotyrosine
are prognostic factors in urinary bladder carcinoma. Int J Clin Exp
Pathol 4, 267-275.

Caliskan-Can E, Firat H, Ardic S, Simsek B, Torun M, Yardim-
Akaydin S 2008, Increased levels of 8-hydroxydeoxyguanosine and
its relationship with lipid peroxidation and antioxidant vitamins in
lung cancer. Clin  Chem Lab Med 46, 107-112.
http://dx.doi.org/10.1515/CCLM.2008.010.

Ece H, Cigdem E, Yuksel K, Ahmet D, Hakan E, Oktay TM 2012,
Use of oral antidiabetic drugs (metformin and pioglitazone) in dia-
betic patients with breast cancer: how does it effect serum Hif-1 al-
pha and 80hdg levels? Asian Pac J Cancer Prev 13, 5143-5148.
http://dx.doi.org/10.7314/APJCP.2012.13.10.5143.

Nishida N, Arizumi T, Takita M, Kitai S, Yada N, Hagiwara S, In-
oue T, Minami Y, Ueshima K, Sakurai T, Kudo M 2013, Reactive
oxygen species induce epigenetic instability through the formation
of 8-hydroxydeoxyguanosine in human hepatocarcinogenesis. Dig
Dis 31, 459-466. http://dx.doi.org/10.1159/000355245.

Kim JH, Moon JY, Park EY, Lee KH, Hong YC 2011, Changes in
oxidative stress biomarker and gene expression levels in workers
exposed to volatile organic compounds. Ind Health 49, 8-14.
http://dx.doi.org/10.2486/indhealth.MS1112.

Lin MH, Liou SH, Chang CW, Huang IH, Strickland PT, Lai CH
2011, An engineering intervention resulting in improvement in lung
function and change in urinary 8-hydroxydeoxyguanosine among
foundry workers in Taiwan. International Archives of Occupational
and Environmental Health 84, 175-183.
http://dx.doi.org/10.1007/s00420-010-0580-9.

Wen S, Yang FX, Gong Y, Zhang XL, Hui Y, Li JG, Liu AL, Wu
YN, Lu WQ, Xu Y 2008, Elevated levels of urinary 8-hydroxy-2'-
deoxyguanosine in male electrical and electronic equipment dis-
mantling workers exposed to high concentrations of polychlorinat-
ed dibenzo-p-dioxins and dibenzofurans, polybrominated diphenyl
ethers, and polychlorinated biphenyls. Environmental Science &
Technology 42, 4202-4207. http://dx.doi.org/10.1021/es800044m.
Zhang YT, Zheng QS, Pan J, Zheng RL 2004, Oxidative damage of
biomolecules in mouse liver induced by morphine and protected by
antioxidants. Basic & Clinical Pharmacology & Toxicology 95, 53-
58. http://dx.doi.org/10.1111/j.1742-7843.2004.950202.x.
Karreman G, Isenberg |, Szent-Gyorgyi A 1959, on the mechanism
of action of chlorpromazine. Science 130, 1191-1192.
http://dx.doi.org/10.1126/science.130.3383.1191.

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Shi X, Yao D, Gosnell BA, Chen C 2012, Lipidomic profiling re-
veals protective function of fatty acid oxidation in cocaine-induced
hepatotoxicity. J Lipid Res 53, 2318-2330.
http://dx.doi.org/10.1194/jIr. M027656.

Cunha-Oliveira T, Silva L, Silva AM, Moreno AJ, Oliveira CR,
Santos MS 2013, Acute effects of cocaine, morphine and their
combination on bioenergetic function and susceptibility to oxida-
tive stress of rat liver mitochondria. Life Sci 92, 1157-1164.
http://dx.doi.org/10.1016/j.1fs.2013.04.016.

Oztezcan S, Dogru-Abbasoglu S, Mutlu-Turkoglu U, Calay Z,
Aykac-Toker G, Uysal M 2000, the role of stimulated lipid peroxi-
dation and impaired calcium sequestration in the enhancement of
cocaine induced hepatotoxicity by ethanol. Drug Alcohol Depend
58, 77-83. http://dx.doi.org/10.1016/S0376-8716(99)00061-7.
Vitcheva V 2012, Cocaine toxicity and hepatic oxidative stress.
Curr Med Chem 19, 5677-5682.
http://dx.doi.org/10.2174/092986712803988929.

Sharan N, Chong VZ, Nair VD, Mishra RK, Hayes RJ, Gardner EL
2003, Cocaine treatment increases expression of a 40 kDa catechol-
amine-regulated protein in discrete brain regions. Synapse 47, 33-
44. http://dx.doi.org/10.1002/syn.10140.

Moritz F, Monteil C, Isabelle M, Bauer F, Renet S, Mulder P, Rich-
ard V, Thuillez C 2003, Role of reactive oxygen species in cocaine-
induced cardiac dysfunction. Cardiovasc Res 59, 834-843.
http://dx.doi.org/10.1016/S0008-6363(03)00499-1.

Vergeade A, Mulder P, Vendeville C, Ventura-Clapier R, Thuillez
C, Monteil C 2012, Xanthine oxidase contributes to mitochondrial
ROS generation in an experimental model of cocaine-induced dias-
tolic dysfunction. J Cardiovasc Pharmacol 60, 538-543.
http://dx.doi.org/10.1097/FJC.0b013e318271223c.

Kovacic P, Sacman A, Wu-Weis M 2002, Nephrotoxins: Wide-
spread role of oxidative stress and electron transfer. Current Medic-
inal Chemistry 9, 823-847.
http://dx.doi.org/10.2174/0929867024606803.

Valente MJ, Carvalho F, Bastos MD, de Pinho PG, Carvalho M
2012, Contribution of Oxidative Metabolism to Cocaine-Induced
Liver and Kidney Damage. Current Medicinal Chemistry 19, 5601-
5606. http://dx.doi.org/10.2174/092986712803988938.
Portugal-Cohen M, Numa R, Yaka R, Kohen R 2010, Cocaine in-
duces oxidative damage to skin via xanthine oxidase and nitric ox-
ide synthase. J Dermatol Sci 58, 105-112.
http://dx.doi.org/10.1016/j.jdermsci.2010.03.010.

Molgo MN, Arriagada CE, Salomone CB, Vera CK, Giesen LF,
Solar AG, Gonzalez SB 2014, [Skin necrosis: report of eleven cas-
es]. Rev Med Chil 142, 118-124. http://dx.doi.org/10.4067/S0034-
98872014000100019.

Menick FJ, Salibian A 2014, Primary intranasal lining injury cause,
deformities, and treatment plan. Plast Reconstr Surg 134, 1045-
1056. http://dx.doi.org/10.1097/PRS.0000000000000694.

Shawwa K, Alraiyes AH, Eisa N, Alraies MC 2013, Cocaine-
induced leg ulceration. BMJ Case Rep  2013.
http://dx.doi.org/10.1136/bcr-2013-200507.

Szabo C 2003, multiple pathways of peroxynitrite cytotoxicity.
Toxicology Letters 140, 105-112. http://dx.doi.org/10.1016/S0378-
4274(02)00507-6.

Isabelle M, Vergeade A, Moritz F, Dautreaux B, Henry JP, Lalle-
mand F, Richard V, Mulder P, Thuillez C, Monteil C 2007,
NADPH oxidase inhibition prevents cocaine-induced up-regulation
of xanthine oxidoreductase and cardiac dysfunction. Journal of Mo-
lecular and Cellular Cardiology 42, 326-332.
http://dx.doi.org/10.1016/j.yjmcc.2006.11.011.

Aoki K, Ohmori M, Takimoto M, Ota H, Yoshida T 1997, Cocaine-
induced liver injury in mice is mediated by nitric oxide and reactive
oXygen  species. Eur J  Pharmacol 336,  43-49.
http://dx.doi.org/10.1016/S0014-2999(97)01230-2.

Ergaz Z, Avgil M, Ornoy A 2005, intrauterine growth restriction-
etiology and consequences: what do we know about the human sit-
uation and experimental animal models? Reprod Toxicol 20, 301-
322. http://dx.doi.org/10.1016/j.reprotox.2005.04.007.

Harris AL 2002, Hypoxia--a key regulatory factor in tumour growth.
Nat Rev Cancer 2, 38-47. http://dx.doi.org/10.1038/nrc704.

Inaba Y, Koide S, Yokoyama K, Karube | 2011, Development of
urinary  8-hydroxy-2'-deoxyguanosine (8-OHdG) measurement
method combined with SPE. J Chromatogr Sci 49, 303-309.
http://dx.doi.org/10.1093/chrsci/49.4.303.

Benzie IFF, Strain JJ 1996, the ferric reducing ability of plasma
(FRAP) as a measure of "antioxidant power": The FRAP assay. An-
alytical Biochemistry 239, 70-76.
http://dx.doi.org/10.1006/abi0.1996.0292.



http://dx.doi.org/10.1126/science.306.5698.966
http://dx.doi.org/10.1007/s00423-006-0073-1
http://dx.doi.org/10.3109/10715761003667554
http://dx.doi.org/10.1093/carcin/19.8.1467
http://dx.doi.org/10.1093/toxsci/kfj161
http://dx.doi.org/10.1111/pin.12152
http://dx.doi.org/10.1515/CCLM.2008.010
http://dx.doi.org/10.7314/APJCP.2012.13.10.5143
http://dx.doi.org/10.1159/000355245
http://dx.doi.org/10.2486/indhealth.MS1112
http://dx.doi.org/10.1007/s00420-010-0580-9
http://dx.doi.org/10.1021/es800044m
http://dx.doi.org/10.1111/j.1742-7843.2004.950202.x
http://dx.doi.org/10.1126/science.130.3383.1191
http://dx.doi.org/10.1194/jlr.M027656
http://dx.doi.org/10.1016/j.lfs.2013.04.016
http://dx.doi.org/10.1016/S0376-8716(99)00061-7
http://dx.doi.org/10.2174/092986712803988929
http://dx.doi.org/10.1002/syn.10140
http://dx.doi.org/10.1016/S0008-6363(03)00499-1
http://dx.doi.org/10.1097/FJC.0b013e318271223c
http://dx.doi.org/10.2174/0929867024606803
http://dx.doi.org/10.2174/092986712803988938
http://dx.doi.org/10.1016/j.jdermsci.2010.03.010
http://dx.doi.org/10.4067/S0034-98872014000100019
http://dx.doi.org/10.4067/S0034-98872014000100019
http://dx.doi.org/10.1097/PRS.0000000000000694
http://dx.doi.org/10.1136/bcr-2013-200507
http://dx.doi.org/10.1016/S0378-4274(02)00507-6
http://dx.doi.org/10.1016/S0378-4274(02)00507-6
http://dx.doi.org/10.1016/j.yjmcc.2006.11.011
http://dx.doi.org/10.1016/S0014-2999(97)01230-2
http://dx.doi.org/10.1016/j.reprotox.2005.04.007
http://dx.doi.org/10.1038/nrc704
http://dx.doi.org/10.1093/chrsci/49.4.303
http://dx.doi.org/10.1006/abio.1996.0292

International Journal of Pharmacology and Toxicology 143

[36] Spickett CM, Wiswedel I, Siems W, Zarkovic K, Zarkovic N 2010,
Advances in methods for the determination of biologically relevant
lipid peroxidation products. Free Radic Res 44, 1172-1202.
http://dx.doi.org/10.3109/10715762.2010.498476.

[37] Kloss MW, Rosen GM, Rauckman EJ 1984, Biotransformation of
norcocaine to norcocaine nitroxide by rat brain microsomes. Psy-
chopharmacology (Berl) 84, 221-224.
http://dx.doi.org/10.1007/BF00427449.

[38] Inoue S, Kawanishi S 1987, Hydroxyl Radical Production and Hu-
man DNA Damage Induced by Ferric Nitrilotriacetate and Hydro-
gen-Peroxide. Cancer Research 47, 6522-6527.

[39] Devi BG, Chan AWK 1996, Cocaine-induced peroxidative stress in
rat liver: Antioxidant enzymes and mitochondria. Journal of Phar-
macology and Experimental Therapeutics 279, 359-366.

[40] Badisa RB, Kumar SS, Mazzio E, Haughbrook RD, Allen JR, Da-
vidson MW, Fitch-Pye CA, Goodman CB 2015, N-acetyl cysteine
mitigates the acute effects of cocaine-induced toxicity in astroglia-
like cells. PLoS One 10, €0114285.
http://dx.doi.org/10.1371/journal.pone.0114285.

[41] LaRowe SD, Mardikian P, Malcolm R, Myrick H, Kalivas P,
McFarland K, Saladin M, McRae A, Brady K 2006, Safety and tol-
erability of N-acetylcysteine in cocaine-dependent individuals. Am
J Addict 15, 105-110.
http://dx.doi.org/10.1080/10550490500419169.

[42] Javaid JI, Fischman MW, Schuster CR, Dekirmenjian H, Davis JM
1978, Cocaine plasma concentration: relation to physiological and
subjective  effects in humans. Science 202, 227-228.
http://dx.doi.org/10.1126/science.694530.

[43] Siegel RK 1982, Cocaine smoking. J Psychoactive Drugs 14, 271-
3509. http://dx.doi.org/10.1080/02791072.1982.10471937.

[44] Yu RC, Lee TC, Wang TC, Li JH 1999, Genetic toxicity of cocaine.
Carcinogenesis 20, 1193-1199.
http://dx.doi.org/10.1093/carcin/20.7.1193.

[45] Wieland P, Lauterburg BH 1995, Oxidation of mitochondrial pro-
teins and DNA following administration of ethanol. Biochem Bio-
phys Res Commun 213, 815-819.
http://dx.doi.org/10.1006/bbrc.1995.2202.



http://dx.doi.org/10.3109/10715762.2010.498476
http://dx.doi.org/10.1007/BF00427449
http://dx.doi.org/10.1371/journal.pone.0114285
http://dx.doi.org/10.1080/10550490500419169
http://dx.doi.org/10.1126/science.694530
http://dx.doi.org/10.1080/02791072.1982.10471937
http://dx.doi.org/10.1093/carcin/20.7.1193
http://dx.doi.org/10.1006/bbrc.1995.2202

