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Abstract

Background—Oxidative stress can result in damage to the brain and other organs. To protect 

from oxidative damage, the human body possesses molecular defense systems, based on the 

activity of antioxidants, and enzymatic defense systems, including the enzymes catalase (CAT), 

superoxide-dismutase (SOD) and glutathione-peroxidase (GPx). While pre-clinical research has 

shown that stimulant use is associated with oxidative damage, oxidative stress and the antioxidant 

defense systems have not been evaluated in clinical samples of stimulant-dependent patients.

Objectives—This study aimed to investigate the link between stimulant dependence and 

oxidative stress.

Methods—Peripheral blood samples from 174 methamphetamine (n=48) and/or cocaine-

dependent (n=126) participants as well as 30 normal control participants were analyzed for the 

enzyme activities of CAT, SOD and GPx in the erythrocytes, and the total antioxidant capacity 

and the malondialdehyde concentration in the plasma.

Results—We could show an association of stimulant dependence with a depletion of total 

antioxidant capacity to 54.6±4.7 %, which correlates with a reduced activity of the SOD to 

71.3±0.03 % compared to healthy control participants (100 %).
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Conclusion—Stimulant-dependent patients had significantly lower antioxidant capacity relative 

to controls, suggesting that they may be at greater risk for oxidative damage to the brain and other 

organs.
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1. Introduction

Reactive oxygen species cause oxidative stress in cells and tissues by oxidation of DNA or 

lipids, leading to a loss of the function of the affected target molecule (Cadet et al.,1999). To 

protect the cellular targets from oxidative damage, the network of defense mechanisms 

provides the total antioxidant capacity of the system (Figure 1). This network can be 

separated into the enzymatic defense, including the enzymes superoxide dismutase (SOD), 

catalase (CAT), and glutathione peroxidase (GSH-Px), and the molecular defense, 

comprising water and lipid soluble antioxidants (Sfrent-Cornateanu et al.,2008). These 

defense mechanisms prevent the oxidation of lipids, proteins and DNA.

Oxidative stress is defined as the imbalance between the antioxidant defense and the release 

of reactive oxygen species (ROS). Several substances and substance classes can cause 

oxidative stress. The influence of stimulant use on oxidative stress has been investigated in 

cell culture experiments and in animal studies since the mid 1990s (Cerruti et al.,1995). In 

2003, it was shown that a single injection of cocaine to a pregnant rat leads to a significant 

reduction of the antioxidant active forms of glutathione and α-tocopherol in the brain of the 

fetus (Lipton et al.,2003). Thus, a lack in the antioxidant defense may result in an increase in 

ROS in the system. In addition, cocaine is known to cause oxidative stress in neuronal cells 

in culture (Poon et al.,2007). Furthermore, in rats, the formation of ROS in the frontal cortex 

and the striatum has been shown following intraperitoneal (i.p.) injection of cocaine at a 

dose of 20 mg/kg body weight (Dietrich et al.,2005). One mechanism of action by which 

cocaine causes oxidative damage in the central nervous system is linked to its ability to 

block the reuptake of dopamine from the synaptic cleft into the presynaptic cell via a 

dopamine transporter (Figure 2). This leads to increasing concentrations of dopamine in the 

synaptic cleft. At high dopamine concentrations in the synaptic cleft, ROS are released upon 

its enzymatic degradation (Figure 2) (Smythies and Galzigna,1998). In addition to its 

effects in the brain, the toxicity of cocaine in other organs, such as the liver and kidneys, is 

linked to oxidative stress (Valente et al.,2012). Methamphetamine is a psychostimulant that 

causes oxidative stress in the brain (Yamamoto and Zhu,1998), thereby contributing to an 

irreversible damage of the dopaminergic brain regions in rats (Ricaurte et al.,1980). 

Furthermore, it has been shown that methamphetamine alters the intra-cellular calcium 

signaling, leading to subsequent formation of ROS (Potula et al.,2010).

While pre-clinical research has shown that stimulant use is associated with oxidative stress 

and damage, oxidative stress and the antioxidant defense systems have not been evaluated in 

clinical samples of stimulant-dependent patients. The goal of this study was to address this 

research gap by comparing stimulant-dependent patients and control participants on 
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oxidative stress and antioxidant capacity. The lipid peroxidation product malondialdehyde 

(MDA), which is commonly used as a biomarker of oxidative stress in vivo (Zemel and Sun,

2008), indicates whether the antioxidant defense is sufficient to counteract oxidative attack 

(Lim et al.,2011). In addition to the MDA levels in the plasma, the effects on the antioxidant 

enzymes SOD, CAT and GSH-Px in erythrocytes as well as the total antioxidant capacity in 

the plasma were analyzed in this study.

2. Materials and Methods

2.1 Participants

For this study, 174 stimulant-dependent patients, among them 126 cocaine and 48 

methamphetamine abusers, who participated in the National Drug Abuse Treatment Clinical 

Trials Network (NIDA CTN) 12-step facilitation for stimulant abusers (STAGE-12) trial 

(Donovan et al.,2011) were recruited from six different sites of the community treatment 

programs (CTPs) in Columbus (OH), Dallas (TX), Eugene (OR), Portland (OR), 

Jacksonville (FL) and Seattle (WA). The participants have been characterized in a previous 

study (Winhusen,2013). Briefly, all participants were mentally and physically stable enough 

to participate in the study, and all were seeking outpatient substance use disorder treatment 

with a diagnosis of stimulant abuse or dependence (Hudziak et al.,1993) and had used 

stimulants (cocaine or methamphetamine) within 60 days prior to the test. All participants 

completed one single session in which they gave a urine sample for drug screening, the 

blood samples were obtained and other baseline characteristics were determined. Of the 

stimulant abusers, 39 were tested positive for stimulant use and 35 were tested positive for 

other drugs (marijuana, amphetamines or benzodiazepine). Among the cocaine and 

methamphetamine abusers 23 and 59, respectively, were abstinent from the stimulant for 30 

and more days prior to the visit. The volunteers used methamphetamine for 10.2 ± 7.0 or 

cocaine for 13.1 ± 7.6 years, respectively (Winhusen et al.,2013).

As control participants, 30 healthy adults, who tested negative for depression, anxiety and 

attention deficit and hyperactivity disorder (ADHD) were recruited in Columbus (OH). 

These participants had no history of traumatic brain injuries, HIV, stroke or seizure disorder 

and were not methamphetamine or cocaine dependent. Since smoking can impact oxidative 

stress/damage (Sardas et al.,2009), cigarette smokers were oversampled in the normal 

controls (73%) to approximate the proportion of smokers in the stimulant-dependent group 

(79%). Further characteristics of the participants are shown in Table 1.

2.2 Procedure

Blood was drawn at the respective site and immediately separated into plasma and 

erythrocytes by centrifugation. All blood samples were frozen to −80°C, shipped to 

Madison, WI on dry ice and immediately stored at −80°C. All samples were analyzed within 

three months after the blood draw. Analyses of the samples were done blinded, so that 

control samples did get processed in a similar time manner as patient's samples.
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2.3 Total Antioxidant Capacity

To measure the total antioxidant capacity, the plasma samples were analyzed using the 

Antioxidant Assay Kit from Cayman Chemical Company (Ann Arbor, MI, USA) and 

following the manufacturer’s protocol. Briefly, plasma samples were thawed on ice and 

diluted 1:25 with assay buffer. The diluted samples were used to perform the assay based on 

the oxidation of 2,2-Azino-di-[3-ethylbenzthiazoline sulphonate] (ABTS®) by 

metmyoglobin. Results are given in mM trolox equivalents, since a trolox standard curve 

was measured within each assay.

2.4 Enzyme activity assays

The activity of the anti-oxidative enzyme glutathione peroxidase (GPx) was determined 

using the Glutathione Peroxidase Kit from Cayman Chemical Company (Ann Arbor, MI, 

USA) following the manufacturer’s protocol. Therefore, the erythorcyte samples were 

thawed on ice and diluted 1:50 with sample buffer.

The activity of the superoxide dismutase was measured using the SOD Assay Kit-WST from 

Dojindo Molecular Technologies (Rockville, MD, USA) following the manufacture’s 

protocol. Here, the erythrocyte samples were thawed on ice and diluted 1:100 in dilution 

buffer.

The results of the SOD and GPx activities were calculated as kU/g hemoglobin (1000 

units/g hemoglobin).

The catalase activity was measured photometrically at 240 nm using a photometer. The 

erythrocyte samples were diluted 1:5 with ddH2O and then 1:200 in phosphate buffer (20 

mM KH2PO4, 30mM Na2HPO4, pH 7). The absorbance was measured after injection of 

H2O2 directly and 30 s later, against a buffer blank. The catalase activity was calculated in 

MU/g hemoglobin (106 units/g hemoglobin) using the following formula with V = total 

volume in the cuvette, v = sample volume in the cuvette, d = dilution factor and c(hb) = 

concentration of hemoglobin in g/l.

Catalase activity (MU/g hg)

= (V*1000 μM/mM*(E1/E2)*d*2/min)/(v*0.036 L/(mmol*cm)*1000000 U/MU* c(hb) 

g/L)

2.5 Hemoglobin concentration

The hemoglobin concentration was determined photometrically using the Pointe Scientific 

hemoglobin reagent (Fisher Scientific, Hampton, NH, USA). The diluted erythrocyte 

samples were mixed with the reagent to a 1:100 dilution and the absorbance was measured 

in triplicate at 540 nm in a 96-well plate using a Varioskan Flash Multimode Reader (Fisher 

Scientific, Madison, WI, USA).

2.6 Lipid Peroxidation

To measure the effect on lipid peroxidation, the secondary reaction product 

malondialdehyde (MDA) was determined in the plasma samples using the MDA-TBARS 
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Assay Kit from Cayman Biochemicals (Ann Arbor, MI, USA). Briefly, in 5 ml glass vials, 

100 μl of standard or sample were mixed with SDS solution and color reagent and boiled for 

1 h. After cooling down to room temperature, the sample was centrifuged at 4 °C for 10 min 

at 1600xg and the absorbance of the supernatant at 540nm was measured in triplicate (150 μl 

each). Based on the standard curve the concentration of MDA in the sample was determined 

in μM.

2.7 Statistics

Each sample was measured in triplicate for all assays performed. The means of these 

replicates were used to compare the results. Outliers within the replicates were excluded 

using the Nalimov outlier test. All data obtained for patient samples were compared to those 

of the control subjects using an analysis of variances of Blom-transformed data and a post-

hoc Dunnet's test for non-equal variances.

3. Results

3.1 Enzyme activities and total antioxidant capacity of stimulant-dependent vs. control 
participants

The results for the activities of glutathione peroxidase, superoxide dismutase and catalase, 

the total antioxidant capacity and the lipid peroxidation were compared between control 

participants (n = 30) and the stimulant-dependent participants from all sites (n = 176). Table 

2 shows the differences in the total antioxidant capacity. Stimulant-dependent patients were 

significantly depleted (p < 0.001) in their total antioxidant capacity compared to healthy 

controls. Since no significant impact of the years of stimulant abuse, or days of abstinence 

on the total antioxidant capacity was determined, all stimulant abusers were combined in the 

analysis. Additionally, the SOD activity (Table 2) was reduced in the stimulant-dependent 

patients (10.2 ± 0.43 kU/g hemoglobin) vs. healthy participants (14.3 ± 0.37 kU/g 

hemoglobin). Table 1 displays the demographics of the study volunteers. Statistical 

comparison between the control and the stimulant-dependent participants identified no 

significant difference between the groups regarding gender and age. In contrast, the race 

distribution differed between the two populations. However, the subset sample size was too 

small to warrant correlation analysis with the outcome measures. The association between a 

reduced SOD activity and a depletion of total antioxidant capacity was compared by 

correlation analysis (Figure 3), resulting in a linear correlation with a significant (p < 0.01) 

correlation coefficient of 0.278 with a square of the regression coefficient of only 7.7%, 

presenting a weak correlation. Furthermore, correlation analysis between days of storage and 

the outcome measures showed a no impact of days of storage on any of the biomarkers 

measured (r² of days of storage vs. SOD activity = 0.024, vs. GPx activity = 0.033, vs. CAT 

activity = 0.028, vs. TAC = 0.046).

3.2 Enzyme activities and total antioxidant capacity of patients using either cocaine-
depenent or methamphetamine-dependent vs. control participants

Cocaine and methamphetamine increase the level of ROS by different mechanisms 

(Dietrich, Mangeol, Revel, Burgun, Aunis and Zwiller,2005, Yamamoto and Zhu,1998), 

thus, the response of the body to these two drugs may vary as well. To evaluate this 
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possibility, the results were separated according to the type of drug the stimulant-dependent 

patients used. Here, the total antioxidant capacity of cocaine-dependent and 

methamphetamine-dependent participants was reduced to 2.31 ± 0.24 and 2.06 ± 0.23 mmol 

trolox equivalents, respectively, compared to 4.37 ± 0.33 mmol trolox in controls. In 

addition, the SOD activity of the cocaine-dependent subset was significantly reduced 

compared to the control group. The histogram for the total antioxidant capacity (Figure 4A) 

clearly shows the difference between the control participants and the stimulant-dependent 

participants, independent of the choice of stimulant. In comparison, in the histogram of the 

SOD activity (Figure 4B), a trend towards the same direction is noticeable for both 

subgroups of stimulant-dependent participants, while only the cocaine-dependent 

participants demonstrated a significantly decreased enzyme activity compared to the 

controls (Table 2).

3.3 Malondialdehyde formation of stimulant-dependent vs. healthy control participants

For the formation of the secondary product of lipid peroxidation, MDA, a marker for 

oxidative stress in the lipid metabolism, no significant differences were detected between the 

control group and the entire patients group (Table 2), or between the cocaine- and 

methamphetamine-dependent subgroups (Table 2).

4. Discussion

The present study, which is the first to compare stimulant-dependent and healthy control 

participants on antioxidant capacity and oxidative stress, revealed that the stimulant-

dependent patients evidenced a significant reduction in total antioxidant capacity.

Stimulant abuse has been associated with oxidative tissue damage. However, the 

mechanisms by which stimulants lead to the formation of ROS in vivo may vary. Cocaine 

leads to the formation of ROS via dopamine (Dietrich, Mangeol, Revel, Burgun, Aunis and 

Zwiller,2005), whereas methamphetamine alters the calcium signaling, also resulting in a 

formation of ROS (Yamamoto and Zhu,1998). In the present study, both the cocaine-

dependent and methamphetamine-dependent participants evidenced a significantly 

decreased total antioxidant capacity compared to controls, suggesting that depletion of the 

total antioxidant capacity is independent of the mechanism by which the ROS are formed. 

The cocaine-dependent participants also evidenced a significant reduction in the SOD 

activity in erythrocytes, which might have contributed to the lower antioxidant capacity 

(Figure 1). While only the cocaine-dependent participants showed a significant reduction in 

SOD activity relative to the controls, the histograms for SOD activity show that the 

distribution was similar for the cocaine- (n = 124) and methamphetamine-dependent (n = 

48) participants; the lack of a significant effect in the methamphetamine-dependent 

participants may have been due to the smaller sample size for that group. In addition, the 

correlation between the results of the SOD activity in the erythrocytes and the total 

antioxidant capacity was weak. These results suggest that a higher number of test 

participants would be needed to achieve a stronger correlation of the reduced SOD activity 

with the depleted total antioxidant capacity. While both cocaine-dependent and 

methamphetamine-dependent patients had significantly lower total antioxidant capacity 
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relative to controls, we did not detect a significant increase in oxidative damage of lipids 

based on plasma MDA concentration. However, the MDA assay has been widely discussed 

as not being very sensitive (Lee et al.,2012),and as delivering false positive results, since not 

only MDA, but other aldehydes as well as sugars can react with the tiobarbituric acid 

(Kosugi et al.,1987). In addition, MDA is also formed as a byproduct of the cyclooxygenase 

reaction in platelets (Makris et al.,1985). Furthermore, the defense mechanisms prevent the 

body from oxidative damage, thus only when the balance between antioxidant defense and 

oxidative stress is completely shifted towards the oxidative stress, damage of lipids may 

occur.

The results of the present study can only be compared to the results from animal studies, 

since no data on the effects of stimulant abuse on oxidative stress in human participants is 

yet available. Our results are in accordance with previous results in mice, treated with 20 

mg/kg cocaine, which showed reduced activities of catalase and glutathione peroxidase 

compared to the control mice (Labib et al.,2002). The authors concluded that the ROS 

generated by cocaine metabolites (Boelsterli et al.,1993, Goldlin and Boelsterli,1991) lead to 

a decrease of enzyme activities of GSH-Px and catalase compared to the saline control 

(Labib, Turkall and Abdel-Rahman,2002). In the animal studies on oxidative damage caused 

by cocaine (Labib, Turkall and Abdel-Rahman,2002, Muriach et al.,2010) the SOD, CAT or 

GPx activities were measured in the target tissues, liver and brain, not in the blood. 

Although respective human data are lacking, it is known that cocaine abuse leads to an 

elevated inflammatory state and thereby enhanced oxidative stress status in drug abusing 

patients (Fox et al.,2012). Since similar pathways regulate the response to inflammation and 

oxidative stress, an inflammatory response might also have contributed to the reduced 

activities of SOD in the present study.

The decrease in SOD activity was weakly correlated to depletion in the total antioxidant 

capacity. Although the limited number of participants studied might be one reason for this 

weak correlation, the reduction of the total antioxidant capacity of 54.6 ± 4.7 % may not 

only be explained by the reduction of the enzyme activities, since depletion of water and 

lipid soluble antioxidants has not been evaluated in this study. The oxidative imbalance 

could, therefore, also be caused by a reduced oxidative defense due to a lack of antioxidants.

Up to now, no data on the correlation between oxidative stress associated with stimulant 

abuse and brain damage in healthy participants are available. In contrast, it has been shown 

that the formation of ROS plays a crucial role in the development Alzheimer's disease, a 

neurodegenerative disease leading to brain damage. A study on Alzheimer's patients showed 

that, with the age of the patients, more ROS were formed and, with the progression of the 

disease, the total plasma antioxidant capacity was depleted (Guidi et al.,2006). These results 

suggest that a depletion of plasma TAC associated with stimulant-dependence could be 

linked to an increased risk for oxidative brain damage. In addition, a correlation between a 

depleted TAC and an increase of oxidative DNA damage in brain tissue of patients with 

transitional meningioma compared to control patients has been shown (Hanimoglu et al.,

2007).
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The present findings should be considered in light of several limitations. First, due to 

concern about participant study burden in this ancillary study, we did not assess for factors 

that can have a significant impact on oxidative DNA damage and general health such as diet, 

exercise, chronic stress, trauma, and environment (McEwen,2006, Watters et al.,2008) and 

so the significant differences observed might be related to these factors. Second, the sample 

sizes for some of the analyses were small, and, thus, our analyses were likely underpowered. 

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. The oxidative imbalance could also be caused by a 

reduced oxidative defense due to low levels of antioxidants based on poor eating habits of 

stimulant abusers compared to the control group. Furthermore, stimulants can activate stress 

pathways, resulting in elevated stress biomarkers (Hamidovic et al.,2010). Thus, dietary 

intake of antioxidants as well as other life style factors affecting the antioxidative balance, 

e.g. smoking, as well as stress biomarkers and history of chronic stress and trauma should be 

evaluated in future studies. Finally, the generalizability of the findings from the stimulant-

dependent and normal control comparisons is limited since the normal controls were 

recruited from a single site and the control sample size was smaller than the case sample 

size.

In summary, this is the first study to evaluate oxidative stress and antioxidant defense 

systems in a clinical sample of stimulant-dependent patients. Consistent with pre-clinical 

research findings demonstrating that stimulants decrease total antioxidant activity, the 

present study revealed that total antioxidant capacity was significantly lower in both 

cocaine-dependent and methamphetamine-dependent patients relative to normal controls. 

This could, in turn, render stimulant-dependent patients at greater risk for oxidative damage 

to the brain and other organs. Future research to replicate and extend these findings is 

warranted.
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Figure 1. 
Overview of the oxidative defense mechanism in human blood and tissues, AOX – 

antioxidant, GSH-Px – glutathione peroxidase, CAT – catalase, SOD – superoxide 

dismutase, ROS – reactive oxygen species
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Figure 2. 
Mechanism of increased ROS formation in the synaptic cleft due to cocaine blockage of the 

dopamine transporter (DAT) in the central nervous system. A. Dopamine (DA) is released 

from the presynaptic cell into the synaptic cleft. B. Cocaine blocks the reuptake of dopamine 

into the presynaptic cell, increasing the amount of dopamine in the synaptic cleft. C. 

Dopamine is degraded in the synaptic cleft by two enzymes, catechol-O-methyl transferase 

(COMT) and monoamine oxidase (MAO). During the reaction of the MAO, hydrogen 

peroxide is formed, from which oxygen radicals can form. DOPAC – dihydroxyphenyl 

acetic acid, 3MT – 3-methoxytyramine, HVA – homovanillic acid
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Figure 3. 
Spearman correlation of the superoxide dismutase activity (SOD) and the total antioxidant 

capacity (TAC) of control (empty circles) and patients (full circles) with 95 % confidence 

intervals (grey lines).
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Figure 4. 
Histogramms for the frequencies of (A) total antioxidant capacity (TAC) and (B) superoxide 

dismutase (SOD) activity, separated by the stimulant source compared to the control
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Table 1

Gender, ethnicity, age and smoking habit distribution in the patients and control subjects.

Controls
(n=30)

Patients
(n=174)

Gender:

  Male 43.3 % 31.7 %

  Female 56.7 % 68.3 %

Race* (%)

  White 70.0% 43.4%

  African-American 26.7% 46.3%

  Other/Mixed 3.3% 10.3%

  Ethnicity-Hispanic 3.4 % 5.7 %

Age (years) 44.5 ± 9.5 38.6 ± 9.6

Cigarette smoker 73.3 % 79.2 %

*
p < 0.05 between control and patients
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Table 2

Activities of the antioxidant enzymes glutathione peroxidase (GPx), catalase (CAT) and superoxide dismutase 

(SOD) in the blood of healthy volunteers (control), all drug abusing patientst and subgroups of the drug 

abusing patients depending on their stimulant source. MDA, malondialdehyde; TAC, total antioxidant 

capacity; TE = trolox equivalents.

GPx
(U/g hg)

CAT
(kU/g hg)

SOD
(kU/g hg)

MDA
(μM)

TAC
(mmol TE)

Control (n = 30) 24.4 ± 1.39 0.52 ± 0.03 14.3 ± 0.37 3.93 ± 0.77 4.37 ± 0.33

Patients (n = 174
a
)

22.9 ± 0.52 0.52 ± 0.02 10.2 ± 0.43* 3.13 ± 0.39 2.33 ± 0.16***

 Cocaine dep.

 (n =124
a
)

23.5 ± 0.8 0.55 ± 0.03 9.39 ± 0.54** 3.00 ± 0.53 2.31 ± 0.24***

 METH dep.

 (n = 48
a
)

21.7 ± 0.7 0.50 ± 0.02 11.6 ± 0.66 3.46 ± 0.48 2.06 ± 0.23***

a
Exclusion of the users of both stimulants (n = 2) explains difference between all patients and individual groups of cocaine and METH dependent 

patients.

*
p < 0.05 vs. control,

***
p < 0.001 vs. control.
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