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Abstract

Background—Illicit stimulant use increases oxidative stress and oxidative stress has been found

to be associated with deficits in memory, attention, and problem-solving.

Objective—To test a model of the association among oxidative DNA damage, a severe form of

oxidative stress, and stimulant use, executive function, and stimulant-use outcomes.

Methods—Six sites evaluating 12-step facilitation for stimulant abusers obtained peripheral

blood samples from methamphetamine-dependent (n=45) and cocaine-dependent (n=120)

participants. The blood samples were submitted to a comet assay to assess oxidative DNA

damage. Executive Dysfunction was assessed with the Frontal Systems Behavior Scale (FrSBe),

which is a reliable and valid self-report assessment of executive dysfunction, disinhibition, and

apathy. Stimulant-use measures included self-reported stimulant use and stimulant urine drug

screens (UDS).

Results—While more recent cocaine use (<30 days abstinence) was associated with greater

oxidative DNA damage (W=2.4, p<.05, d=.36), the results did not support the hypothesized

relationship between oxidative DNA damage, executive dysfunction, and stimulant-use outcomes

for cocaine-dependent patients. Support for the model was found for methamphetamine-dependent

patients, with oxidative DNA damage significantly greater in methamphetamine-dependent

patients with executive dysfunction (W=2.2, p<.05, d=.64) and with executive dysfunction being a

significant mediator of oxidative DNA damage and stimulant use during active treatment

(ab=0.089, p<.05). As predicted, neither disinhibition nor apathy were significant mediators of

oxidative damage and future stimulant use.
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Conclusion—These findings provide preliminary support for a model in which oxidative

damage resulting from methamphetamine use results in executive dysfunction which in turn

increases vulnerability to future stimulant use.
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Introduction

Methamphetamine (1) and cocaine (2) administration have both been found to increase the

formation of reactive oxygen species (ROS). Under normal physiological conditions, a

group of antioxidants in the body is able to detoxify ROS. However, in certain

circumstances an increased release of ROS through dysfunction of the mitochondrial

oxidative phosphorylation results in “oxidative stress.” Under these conditions, the ROS are

not entirely detoxified and react with cellular proteins, lipids and DNA bases to form

oxidized products, such as oxidative modification of DNA bases, with impaired

functionality and, in severe forms, mutations. Pre-clinical research suggests that oxidative

stress plays an important role in the cytotoxic effects of both cocaine and methamphetamine

(1–3) and that such effects may increase vulnerability to relapse (3, 4). Moreover, the

neurotoxic effects of methamphetamine have been established in a number of animal species

(5) with evidence to suggest that the damage is caused, in part, by oxidative stress (1, 6).

While cocaine is not neurotoxic to dopamine and serotonin neurons (7), recent evidence

suggests that cocaine use may significantly speed gray matter loss associated with aging and

cognitive decline (8), with oxidative stress postulated to play a role in the process (9).

Research has found that oxidative stress/damage is associated with deficits in memory,

attention, and problem-solving (10–14). Methamphetamine and cocaine use are associated

with multiple brain alterations (15–19) but, based on the oxidative stress/damage literature,

we postulate that oxidative stress/damage in methamphetamine/cocaine users will be

associated with deficits in memory, attention, and problem solving, for which we use the

term executive dysfunction, while not necessarily being associated with other changes

related to cocaine/methamphetamine use such as disinhibition (19). A model of the

relationships among methamphetamine and cocaine use, oxidative stress, executive

dysfunction and stimulant use outcomes is provided in Figure 1. In this model, ROS

production is increased by methamphetamine (1) and cocaine (2) use and, in severe cases,

increases oxidative stress sufficiently to result in oxidative damage. This damage includes

neuronal damage, which is evidenced in the executive dysfunction that has been observed in

stimulant-dependent populations (20–22). This dysfunction, which impairs the ability to

learn and apply new, more adaptive behaviors, serves to increase vulnerability to future

stimulant use.

To test this model, we sought a peripheral measure of oxidative damage that would be

associated with neurocognitive function. It is important to note that oxidative damage can be

detected in peripheral tissue (23) and that peripheral measures of oxidative damage have

been found to be associated with cognitive function including in mild cognitive impairment

Winhusen et al. Page 2

Am J Drug Alcohol Abuse. Author manuscript; available in PMC 2014 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



(MCI) and Alzheimer's Disease (AD) (23). It has been noted that the comet assay may be

suitable for assessing the neurotoxicity and genotoxicity of drugs of abuse (24) and

oxidative DNA damage, as measured by tail length of the comet assay, has been found to be

related to cognitive impairment. Specifically, a study of AD, MCI, and normal control

participants, found significantly greater oxidative DNA damage, as measured by tail length

from peripheral blood samples, in both the AD and MCI groups compared to normal

controls (25).

The present study, which was an ancillary to the National Drug Abuse Treatment Clinical

Trials Network (NIDA CTN) trial on 12-step facilitation for stimulant abusers (26), was a

preliminary investigation of the relationships outlined in Figure 1. It was predicted that: 1.

oxidative DNA damage would be inversely associated with length of abstinence from

stimulants, 2. oxidative DNA damage would be associated with deficits in executive

function, and 3. executive function would mediate the relationship between oxidative DNA

damage and future stimulant use.

Methods

Participants

Six of the substance abuse community treatment programs (CTPs) participating in the

STAGE-12 trial, evaluating a modified 12-step facilitation for stimulant abusers,

participated in this ancillary study. The 165 methamphetamine- or cocaine-dependent

participants in the present study were randomized into the STAGE-12 trial, had a current

diagnosis of stimulant dependence based on the DSM-IV Checklist (27), did not have a

seizure disorder or a history of stroke, and provided a blood sample for the comet assay.

Procedures

See Donovan et al. (26) for a description of the STAGE-12 study procedures. Briefly,

participants were randomized to either Stimulant Abuser Groups to Engage in 12-Step

(STAGE-12) or to treatment as usual (TAU). TAU participants received treatment as

ordinarily provided by the site. STAGE-12 participants received a combination of five group

and three individual sessions that replaced the comparable number of sessions typically

provided. STAGE-12 research visits were completed at screening/baseline, study weeks 2, 4,

and 8, and at three and six months following randomization. Participants in the present study

completed a single session in which baseline characteristics, a measure of executive

function, and a blood sample were obtained. The blood was stored at −80°C and shipped on

dry ice to Madison (WI), where the samples were analyzed.

Measures

Oxidative DNA Damage—The comet assay, also called single cell gel electrophoresis

(SCGE), is a sensitive and rapid technique for quantifying and analyzing oxidative DNA

damage. Oxidized DNA bases are translated into single strand breaks using a DNA repair

enzyme, here formamidopyrimidine DNA glycosylase. The enzyme recognizes oxidized

pyrimidines and purines, like 8-oxoguanine, and removes the oxidized base by a catalytic

cleavage of the N-glycosydic bond. The elimination of the enzyme from the DNA results in
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the excision of the sugar and the formation of a one nucleoside gap in the DNA, creating a

DNA single strand break (28). The DNA is stained after on-slide electrophoresis using

fluorescent dyes and the resulting image resembles a "comet" with a distinct head and tail.

The head is composed of intact DNA, while the tail consists of damaged or broken pieces of

DNA. The extent of DNA liberated from the head of the comet is directly proportional to the

amount of DNA damage (29).

Executive Function/Cognition—Past research indicates that traditional neurocognitive

assessments can fail to detect deficits in individuals with frontal lobe damage whose

behaviour in natural settings is clearly impaired (30). The Frontal Systems Behavior Scale

(FrSBe) is a brief, valid, and reliable assessment of pre-frontal cortex functioning that can be

completed as a self report (30). All participants completed the FrSBe, which assesses

functioning for three neurobehavioral domains: Apathy (e.g., low energy and interest,

difficulties with initiation, blunted affective expression), Disinhibition (e.g., impulsivity,

emotional lability, socially inappropriate behavior), and Executive Dysfunction (e.g.,

problems with attention, problem solving, insight, working memory, mental flexibility)

summed for a Total (30, 31). For the present study, Executive Dysfunction was the scale of

interest since it assesses problems with executive function and cognition. The FrSBe is

written at a 6th-grade reading level and consists of 46 self-report items, with responses in a

five-point Likert-type scale. Importantly, the FrSBe includes normative data allowing for the

calculation of T-scores with cut-offs for designating clinically significant neurobehavioral

impairment. A body of research supports the reliability (30, 32) and validity (31, 33–37) of

the FrSBe. All raw FrSBe scores were converted into T-scores using the T-score tables

provided in the FrSBe manual, which are categorized according to age, gender, and

educational level (30). For all FrSBe scales, T-scores ≥65 indicate clinically significant

neurobehavioral abnormalities (30).

Stimulant Use—Stimulant use was measured by self-reported use assessed using the

Timeline Follow-Back procedure (38) and by qualitative urine drug screen (UDS). The

stimulants screened for by the UDS were cocaine, methamphetamine, and amphetamine.

Since over half of the sample did not use stimulants during treatment and almost 40% were

stimulant-free during follow-up, it was determined that success or failure in maintaining

abstinence was more relevant than actual levels of stimulant use. Therefore, the mediation

analyses evaluating the relationship between oxidative DNA damage and stimulant use

outcomes were based on binary indicators of whether the respective measure (self-report or

UDS) indicated success or failure in maintaining abstinence over the respective periods

(treatment phase or follow-up).

Comet analysis

The whole blood sample was thawed and 10μL of the sample were added to 65μL of 0.8%

low melting agarose solution on a microscope slide. For each sample, six slides were

prepared. One set of three slides was used to determine the background DNA damage and

the other set of three was used to determine the oxidative DNA damage, by treating the

content of each slide with the enzyme formamidopyrimidine DNA glycosylase (FPG).

Subsequently, the cover slips were pulled off and the gels were washed with enzyme buffer
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(40 mM HEPES, 0.1 M KCl, 0.5 mM EDTA, 0.2 mg/ml BSA, pH 8.0 with KOH) three

times for 5min at 4°C. Then the background set was incubated with 50μL/pad enzyme buffer

only and the oxidative damage set was incubated with the same volume of a 1:5000 dilution

of FPG for 30min at 37°C. All slides were lysed at 4°C for at least 1h (2.5 M NaCl, 0.1 M

EDTA, 10 mM Tris, pH 10). Thereafter, the samples underwent DNA unwinding at a pH ≥

13, followed by electrophoresis at 4°C, 25V and 300mA for 20 min in electrophoresis buffer

(0.3 M NaOH, 1 mM EDTA). The samples were neutralized (0.4 M Tris, pH to 7.5 with

conc. HCl) and stained with 40 μl/pad ethidium bromide (50 μg/ml). The tail length analysis

was done on a fluorescent microscope (Nikon, USA) supported by the COMET ASSAY IV

software (Perceptive Instruments, Haverhill, UK). It should be noted that the tail length

reported is the difference in tail length of the FPG treated and untreated sample resulting in

the tail length representing the oxidative DNA damage only. The untreated samples had tail

lengths of up to 55 μm and the FPG -treated samples of up to 75 μm.

Data analysis

A Wilcoxon was used to test the relationship between oxidative DNA damage and two

dichotomous measures of baseline stimulant-use: UDS result on the day of testing (stimulant

positive vs stimulant negative) and self-reported days of abstinence during the prior 90 days

(<30 vs. ≥ 30, which was based on the median abstinence length of 30 days). A Wilcoxon

was also used to test the relationship between oxidative DNA damage and significant

neurobehavioral abnormalities as measured by the FrSBe. Mediation analyses were used to

test the hypothesis that executive function would mediate the relationship between oxidative

DNA damage and future stimulant use.

More specifically, relationships between oxidative DNA damage (i.e., predictor variable was

comet tail length), neurocognitive function (i.e., mediating variables; includes Executive

Dysfunction, Apathy, Disinhibition, and Total frontal systems function), and stimulant use

(i.e., outcome variables; includes stimulant use during treatment and during follow-up, as

assessed by self-report and UDS), were tested for consistency with the simple mediation

model introduced by Baron and Kenny (39) and expounded upon in more contemporary

approaches (40), after which we modeled our analyses. Each assessment involved a single

outcome variable (Y); a single predictor variable (X), and a single neurocognitive

functioning variable as a potential mediator (M). Making the appropriate adjustment for

dichotomous outcomes (41), each assessment involved three regressions: 1) testing X as a

predictor of Y, which gives an estimate of the overall strength of the relationship between X

and Y (c); 2) testing X as a predictor of M, which gives an estimate of strength of the overall

relationship between X and M (a); and, 3) jointly testing X and M as predictors of Y, which

gives an estimate of both the direct effect of X on Y (c1) and the effect of M on Y when X is

accounted for (b). The indirect effect of X on Y through M (also known as the mediation

effect) was estimated by the product, ab. Ideally, the mediation effect (ab) plus the direct

effect of X on Y independent of M (c1) should roughly equal the total effect of X on Y (c),

Therefore, c – c1 was used as a confirmatory estimate of the mediation effect (42). The

statistical significance of each estimate (a, b, c, c1, ab, and c – c1) was tested using a 95%

confidence interval estimated using a bootstrap procedure with 5000 iterations. The

mediation effect was considered statistically significant wherever the confidence interval for
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the ab estimate did not include zero. All analyses were completed separately for

methamphetamine-dependent and cocaine-dependent participants.

Results

Sample Characteristics

Table 1 provides the demographic and clinical characteristics for the 45 methamphetamine-

dependent and 120 cocaine-dependent participants. Analyses evaluating the model in Figure

1 were conducted separately for each group and, thus, the significant differences in sample

characteristics between the methamphetamine-dependent and cocaine-dependent groups did

not require statistical adjustment.

Oxidative DNA damage and recent stimulant use

Table 2 provides the results of analyses testing the hypothesis that oxidative DNA damage

would be inversely associated with length of abstinence from stimulants. The sample size

for the methamphetamine-dependent participants, n=45, was relatively small and, thus,

Cohen's d (43) effect sizes are provided in addition to the results from the analyses.

Consistent with the prediction that oxidative DNA damage would be inversely associated

with length of abstinence from stimulants, the Wilcoxon analysis revealed that cocaine-

dependent participants with < 30 days of abstinence during the 90-day pre-test day period

had significantly greater DNA damage compared to those with ≥ 30 days of abstinence

(Table 2). In contrast, the relationship between oxidative DNA damage and stimulant UDS

result was not significant for cocaine-dependent participants. For methamphetamine-

dependent participants, there was not a significant relationship between oxidative DNA

damage and self-reported days of stimulant abstinence. Oxidative DNA damage was greater

in methamphetamine-dependent participants with a positive, relative to negative, baseline

stimulant UDS result but not to a statistically-significant degree; however, the effect size for

the comparison was d=.45, which is a medium-sized effect (Table 2).

Oxidative DNA damage and executive function/cognition

Table 2 displays the results of analyses evaluating whether oxidative DNA damage differed

significantly between those with and without clinically significant neurobehavioral

abnormalities. As predicted, oxidative DNA damage was significantly greater in

methamphetamine-dependent participants with, than without, significant Executive

Dysfunction (W=2.2, p<0.05; d=0.64). The other comparisons for the methamphetamine-

dependent participants revealed no significant differences. Contrary to prediction, oxidative

DNA damage was not significantly greater in cocaine-dependent participants with, than

without, significant Executive Dysfunction (W=0.7, p>0.05; d=0.10). The other

comparisons for the methamphetamine-dependent participants revealed no significant

differences.

Executive Dysfunction as a mediator of oxidative DNA damage and stimulant use
outcomes

Primary tests of mediation (i.e., tests of the ab effect) revealed only one significant effect -

Executive Dysfunction was a significant mediator of oxidative DNA damage and self-
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reported stimulant use during the active treatment phase in the methamphetamine-dependent

participants. As shown in Table 3, the accuracy of ab parameter estimate was confirmed by

the secondary test of mediation, the effect estimate for c – c1, though the statistical

significance of this estimate was not confirmed.

Discussion

This preliminary investigation provides support for the model outlined in Figure 1 for

methamphetamine-dependent, but not cocaine-dependent, participants. For cocaine-

dependent participants, those reporting fewer days of stimulant-abstinence (< 30 days) had

significantly greater oxidative DNA damage relative to those with greater abstinence (≥ 30

days) but the results did not support the hypothesized relationship between oxidative DNA

damage, executive dysfunction, and stimulant use outcomes. For methamphetamine-

dependent participants, the results revealed that oxidative DNA damage was significantly

greater in participants with, relative to without, executive dysfunction and that executive

dysfunction was a mediator for oxidative DNA damage at baseline and stimulant use during

active treatment; no significant association was found between oxidative DNA damage and

the other scales of the FrSBe.

The present results are consistent with pre-clinical research suggesting that oxidative stress

plays a role in the toxic effects of stimulants (1, 2) in that oxidative DNA damage was

significantly greater in cocaine-dependent patients with shorter, relative to longer, days of

stimulant-abstinence. While not statistically significant, oxidative DNA damage was also

greater in methamphetamine-dependent participants with a positive, relative to negative,

baseline stimulant UDS result, with an effect size of d=.45. While the lack of relationship

between oxidative DNA damage and executive dysfunction in cocaine-dependent

participants is counter to our hypothesis and to the postulated role of oxidative stress in

speeding gray matter loss associated with aging and cognitive decline in cocaine-dependent

patients (8, 9), it is consistent with research finding that cocaine is not neurotoxic to

dopamine and serotonin neurons (7). Likewise, the present results finding a relationship

between methamphetamine use and executive dysfunction are consistent with a body of

research which has documented that methamphetamine is neurotoxic across a range of

species (5).

The finding of significantly greater oxidative DNA damage in methamphetamine-dependent

participants with, than without, significant Executive Dysfunction is also consistent with

past research finding a relationship between oxidative damage and deficits in memory,

attention, and problem-solving (10–14). The present study did not find that Executive

Dysfunction was a significant mediator between oxidative DNA damage stimulant use

during follow-up but the significant mediation of Executive Dysfunction between baseline

oxidative DNA damage and stimulant use during active treatment may suggest that

methamphetamine-dependent participants with executive dysfunction benefited less from

treatment relative to participants without such dysfunction.

The present findings should be considered in light of several limitations. First, the sample

size for the methamphetamine-dependent participants was small and so the present results
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need to be replicated in a larger sample. Second, comet assays are associated inter-lab

variability and there are currently no normative standards for these tests. The present study

did not include a normal control group with which to compare the results from the

methamphetamine-dependent participants; this limitation should be corrected in any future

research seeking to replicate and expand upon the present results. Another important

limitation is that this study is correlational in nature and, thus, cause and effect

determinations cannot be made. In addition, the study was conducted with a stimulant-

dependent sample that abused other substances and, thus, the observed associations cannot

be attributed solely to stimulant use. Moreover, statistical adjustment for multiple analyses

was not used which might have resulted in Type I errors. However, effect sizes for

significant results were provided, which is consistent with the recommendation that effect

sizes be provided rather than using the Bonferroni procedure to adjust for multiple-

comparisons (44). A final limitation was the reliance on self-reported executive functioning

rather than obtaining both self- and informant-reports. A study with Spanish poly-substance

abusers revealed that FrSBe scores from patient self-report did not differ significantly from

informant-report when reporting about periods of abstinence but that self-report, relative to

informant-report, of neurobehavioral abnormalities was significantly lower when a period of

substance use was rated, suggesting that substance abusers may be less self-aware of their

problematic functioning during use periods (45). Other research has also found evidence of

impaired insight in stimulant-dependent patients (46). Future research should thus obtain

both self- and informant-reports to assess inter-rater agreement.

In summary, this is the first study to evaluate oxidative damage, an extreme form of

oxidative stress, in stimulant-dependent patients. Consistent with pre-clinical research

suggesting that oxidative stress plays a role in the cytotoxic effects of stimulants, the present

study found an inverse relationship between length of abstinence from cocaine and

methamphetamine and oxidative damage level. The present results also suggest that

methamphetamine is neurotoxic as assessed by executive dysfunction while cocaine is not,

which is consistent with research finding that methamphetamine, but not cocaine, is toxic to

dopamine and serotonin neurons (5, 7). The present findings also indicate that the executive

dysfunction observed in the methamphetamine-dependent participants is of clinical import

in that it was a significant mediator between baseline oxidative DNA damage and self-

reported stimulant use during active treatment. Future research to replicate and extend the

findings of this preliminary investigation may be warranted.
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Figure 1.
Proposed model of the relationships among methamphetamine and cocaine use, oxidative

stress/damage, executive dysfunction, and stimulant use outcomes. *Variable measured in

present study.
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Table 1

Demographics and clinical characteristics of stimulant-dependent participants

Characteristic
Methamphetamine
Dependent (n=45)

Cocaine Dependent
(n=120) Test Statistica p-Value

Age, years 35.0 (8.6) 40.4 (9.1) W = −3.4 < 0.01

Education, years 11.7 (1.4) 12.1 (1.6) W = −1.2 0.23

Gender, % Male 17.8% 38.3% X2 (1) = 6.3 0.01

Race, % F = 0.0 < 0.01

  White 86.7% 26.1%

  African-American 2.2% 67.2%

  Other/Mixed 11.1% 6.7%

Ethnicity, % Hispanic 6.7% 2.5% F = 0.2 0.35

Cigarette smoker, % 82.2% 77.5% X2 (1) = 0.4 0.51

Stimulant use, years 10.2 (7.0) 13.1 (7.6) W = −2.1 0.03

Stimulant Positive UDSb , % 35.6% 14.2% X2 (1) = 9.4 < 0.01

Stimulant use days in last 30 5.1 (7.6) 3.0 (4.7) T (57.0) = 1.7 0.09

Non-Stimulant SUDc Diagnosis, % 51.1% 80.0% X2 (1) = 13.6 < 0.01

  Alcohol Diagnosis, % 40.0% 69.2% X2 (1) = 11.7 < 0.01

  Marijuana Diagnosis, % 22.2% 41.7% X2 (1) = 5.3 0.02

  Opiate Diagnosis, % 8.9% 16.7% X2 (1) = 1.6 0.21

  Benzodiazapine Diagnosis, % 4.4% 7.5% F = 0.2 0.73

Note: Where not specifically indicated, numbers represent means (standard deviations).

a
W: Wilcoxon, X2(df): Pearson Chi-square, F: Fisher’s exact, T(df): Student’s T;

b
Urine drug screen;

c
Substance use disorder.
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