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Abstract

Background—Anabolic-androgenic steroids (AASs) are abused primarily in the context of

intense exercise and for the purposes of increasing muscle mass as opposed to drug-induced

euphoria. AASs also modulate the HPA axis and may increase the reinforcing value of exercise

through changes to stress hormone and endorphin release. To test this hypothesis, 26 adult males

drawn from a larger study on AAS use completed a progressive ratio task designed to examine the

reinforcing value of exercise relative to financial reinforcer.

Method—Sixteen experienced and current users (8 on-cycle, 8 off-cycle) and 10 controls

matched on quantity x frequency of exercise, age, and education abstained from exercise for 24

hours prior to testing and provided 24-hour cortisol, plasma cortisol, ACTH, β-endorphin samples,

and measures of mood, compulsive exercise, and body image.

Results—Between group differences indicated that on-cycle AAS users had the highest β-

endorphin levels, lowest cortisol levels, higher ACTH levels than controls. Conversely, off-cycle

AAS users had the highest cortisol and ACTH levels, but the lowest β-endorphin levels. Exercise

value was positively correlated with β-endorphin and symptoms of AAS dependence.
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Conclusion—The HPA response to AASs may explain why AASs are reinforcing in humans

and exercise may play a key role in the development of AAS dependence.

Keywords

anabolic-androgenic steroids; β-endorphin; cortisol; ACTH; compulsive exercise; drug
dependence

1. INTRODUCTION

Anabolic-androgenic steroid (AAS) use is a unique form of drug abuse that is not motivated

by a euphoric effect, but rather the human drives to look better and achieve a competitive

edge (Copeland et al., 2002). AAS use involves ingesting or injecting synthetic male

hormones or their derivatives to capitalize on the role of the hypothalamic-pituitary-gondal

(HPG) axis in stimulating growth and repairing the muscoskeletal system. The

pharmacology of AAS use is quite complex, but all AASs share an affinity for the androgen

receptor (AR) and they exert the majority of their desired effects through AR-mediated

mechanisms (Kicman, 2008). These drugs are typically taken in drug “cycles” where

supraphysiological doses are taken at levels that yield a 10–20 fold increase in circulating

blood levels of androgenic hormones for periods of 12–24 weeks (Alen et al., 1987;

Hildebrandt et al., 2007). This practice results in a positive linear dose-dependent increase in

lean muscle mass when taken in the context of regular exercise (Bhasin et al, 2001;

Woodhouse et al., 2004, 2003), which usually consists of a mixture of high quantity and

frequency of aerobic and anaerobic activities. Although these drugs are used by an estimated

1–3% of mostly male adults in the US and 6.4% worldwide (Beaver et al., 2008; Galduroz et

al., 2005; McCabe et al., 2007; Sagoe et al., 2014), very little data are available on the

behavioral or endocrine effects of AAS use among experienced AAS users.

Clear models of drug dependence have been difficult to establish for AASs, in part because

of the lack of drug euphoria, difficulty in identifying a pattern of drug craving, and primary

role of exercise and body image disturbance in drug maintenance (Kanayama et al., 2009b).

Despite the inconsistencies between AAS use and classic drug dependence, rodent research

indicates that they will be self-administered (Johnson and Wood, 2001; Wood et al., 2004)

even to the point of death (Peters and Wood, 2005) although they are only mildly

reinforcing compared to other drugs of abuse (Wood, 2004). The absence of AASs’ effect

on dopamine (DA) release in the nucleus accumbens (NAc) is likely one reason for its

relative reinforcement value (Triemstra et al., 2008). More recently, rodent research has

focused on alterations to the opioid system to explain AAS reinforcement (Wood, 2008).

AASs administered at high doses stimulate β-endorphin release in the rodent ventral

tegmental area (VTA; Johansson et al., 2000, 1997), alter the expression of kappa, delta, and

mu opioid receptors in the NAc and hypothalamic nuclei (Magnusson et al., 2009), and

increase the metabolism of opioid peptides (Magnusson et al., 2007). Antagonism of opioid

receptors with naltrexone inhibits AAS self-administration and blocks central nervous

system depression at high doses of testosterone (Peters and Wood, 2005). These data support

the possibility that AASs exert some mild reinforcing effects via increases in opioid peptides

centrally in the brain and possibly through analgesic effects in peripheral tissues.
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There is very little investigation of these opioid mechanisms in human AAS users. Some

case report data suggests high rates of prescription opiate dependence among AAS users

(Wines et al., 1999). In healthy volunteers, short-term AAS administration increases plasma

and CSF levels of β-endorphin (Daly et al., 2001), but little is known about the role of these

β-endorphin increases in the development or maintenance of AAS dependence. To date, no

study has examined the relationship between opioid levels and symptoms of AAS

dependence among AAS users.

An often overlooked aspect of AAS dependence is the compulsive pattern of exercise used

to bring about the desired effects of AASs. Exercise offers an interesting opportunity to

explain a how AAS dependence can develop among humans despite a lack of acute

euphoria. Among rodents, AASs self-administration leads to a dose-dependent increase in

free-wheel running, suggesting that AASs increase the reinforcing value of exercise (Wood,

2002). Thus, AASs may elicit a high degree of drug reinforcement by hijacking the same

neuorendocrine environment that makes exercise reinforcing (Hildebrandt et al., 2011).

Support for this hypothesis is evident by documented overlaps in endocrine effects

stimulated by AAS administration and intense exercise. Among healthy men, acute increases

in testosterone are reliably found in response to exercise (Bosco et al., 2000; Gotshalk et al,

1997; Hakkinen and. Pakarinen, 1993; Kraemer, 1988; Kraemer et al, 1991, 1990; Schwab

et al., 1993). Furthermore,. exercise acutely increases levels of opioids such as β-endorphin

(Elias et al., 1986; Eliot et al., 1984; Farrell et al., 1987; Goldfarb et al., 1987), but may

result in decreased β-endorphin response to prolonged exercise training (Lobstein and

Ismail, 1989). These endorphin effects can be conceptualized as part of a larger adaptive

response to the physical stress of exercise which engages the hypothalamic-pituitary-adrenal

(HPA) axis to quickly mobilize energy stores to support intense physical activity. Of the

glucocorticoids released during exercise, cortisol accounts for the majority of the activity.

Cortisol stimulates lipolysis and decreases protein synthesis in muscle cells stimulating the

release of lipids. Acutely, resistance exercise leads to increases in cortisol and ACTH

(Hakkinen et al., 1988; Kraemer et al, 1996; Kraemer. et al,. 1999a, 1999b), with greater

increases among experienced resistance trained men compared to endurance trained men

(Tremblay et al., 2004). Among AAS users, cortisol response increases significantly less

than heavy exercising controls in response to exercise (Boone et al, 1990). Thus, exercise

and AAS use may become interdependent overtime because AASs facilitate an increased

opioid response and decreased cortisol response to heavy exercise.

The purpose of the study was to examine differences between on-cycle AAS users, off-cycle

AAS users, and a matched sample of heavy exercising controls on (a) stress hormones and

β-endorphin levels, (b) the relative reinforcing value of exercise, and (c) clinical correlates

of these hormonal and behavioral measures.

2. METHODS

2.1 Participants

Participants included 26 males (n=8 on-cycle steroid users; n=8 off-cycle steroid users; n=10

healthy exercising controls) from a larger ongoing longitudinal study of naturalistic AAS

use designed to capture the behavioral and endocrinological changes that occur across an

Hildebrandt et al. Page 3

Drug Alcohol Depend. Author manuscript; available in PMC 2015 June 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



AAS cycle in comparison to AAS naïve heavy exercising controls matched on age,

education, and amount of weekly exercise. AAS status was confirmed by urine screen (see

endocrine measures below). Mean participant age was 35.61 (SD=8.81), and the sample

ranged in age from 23 to 52 years old. Modal years of education for on-cycle users (13.00,

SD=2.33), off-cycle users (13.00, SD =2.33) and healthy controls (12.00, SD= 2.74) with a

range of 9–16 years. Participants were predominantly Caucasian (n=18, 69.2%), African-

American (n=4, 15.4%), and American Indian (n=1, 3.9%), and n= 9 (34.6%) were Hispanic

(n=10, 73.3%). Mean participant household income was $49, 366.67 (SD=32,514.96). The

16 AAS users in the study were experienced. They completed an average of 11.21 (SD =

8.1) AAS cycles, with an average duration of 16.1 (7.4) weeks and 15.6 (SD =12.8) weeks

between cycles.

Inclusion criteria for AAS-users enrolled in the study included: (a) male, (b) at least 18 years

old, (c) having completed at least one previous AAS cycle, (d) intention to go on-cycle

within three months of being screened for the study, (e) planned cycle is greater than 6

weeks in duration, (h) planned cycle is less than 25 weeks in duration, and (i) planned cycle

includes testosterone or one of its derivatives. Inclusion criteria for the heavy exercise

control participants enrolled in the study included criteria a–b and (j) age is within 1

standard deviation of the mean of APED sample to date of consent, (k) self-reported number

of years engaged in weight training is within 1 standard deviation of mean of AAS sample to

date of consent, (l) self-reported frequency and duration of exercise in the past 28 days is

within 1 standard deviation of mean of AAS sample to date of consent, (m) self-reported

education is within 1 standard deviation of mean of AAS sample to date of consent, and (n)

self-reports never having used an appearance and performance enhancing drug. Exclusion

criteria for AAS-users included: (a) evidence of psychotic symptoms as assessed with the

SCID I Psychotic Disorders Screening Interview (First, et al., 2007), (b) planned cycle

includes a thyroid hormone, stimulant, or metabolic enhancer that is a controlled substance

(i.e., illegal without a prescription), (c) current suicidality/homicidality, (d) current non-

APED drug dependence assessed by SCID I at baseline interview, (e) currently “on-cycle”

(i.e. actively taking APEDs) assessed by urine screen and self-reports, and (f) previous

screening for the study. Exclusion criteria for control participants included criteria a, and c–

f.

2.2 Procedures

2.2.1 Progressive Ratio Task—We adapted a behavioral measure of the reinforcing

value of exercise from previous research on physical activity among women with anorexia

nervosa (see (Klein et al, 2009; Schebendach et al., 2007). Participation for their current

study involved the. completion of a specific progressive ratio work for exercise (WFE) task

(see measures below) at one of the visits scheduled for the larger study. As part of their

participation in that study, participants completed an extensive battery of psychiatric and

behavioral measures. On the day of the WFE task, participants were asked to arrive in

exercise clothing and to abstain from exercise for the previous 24-hours. All participants

reported adherence to this protocol.
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Testing occurred in the office of a small gym and participants were monitored by a research

coordinator during completion of the task via a window. To keep consistent with existing

uses of the WFE task, participants were given access to a treadmill for their receipt of their

exercise payout. Alternatively, they were paid by check for the financial reinforcer.

Participants were shown the treadmill before testing. Participants were allowed to exercise at

their own choice of intensity. Heart rate was monitored throughout the exercise and

participants were given five min to cool down on the treadmill after completing their allotted

exercise. Questionnaires (see measures below) were administered immediately prior to the

WFE task, immediately after the WFE task, and upon receipt of their reinforcer (after

receiving check or completing exercise).

During the WFE session, an individual worked for all or part of a maximum amount of time

(30 min) of exercise, or for all or part of a maximum amount of cash ($30 US). Work

consisted of finger presses on a computer keyboard. Each PR session consisted of 10 trials,

with 1/10th the maximum amount of exercise time or cash earned at each trial.

To begin a WFE task session, the participant selected a computer screen icon that

represented the reinforcer of his choice, opportunity to exercise, or cash. Once this was

selected, the participant was required to continue to work for that reinforcer until that trial

was completed (or until he stopped working for the session). After completion of a trial,

each participant had 8 s to decide which reinforcer he would work for at the next trial.

Selection occurred only at the beginning of a trial but not within a trial (i.e., after he had

pressed the keypad multiple times). The work required in the first trial for each reinforcer

was 50 presses; however, the work requirement increased each subsequent trial that

reinforcer was selected. At the first trial, a given reinforcer was chosen, 50 presses were

required. The second time it was selected, 250 presses were required, and then 450; 650;

850; 1,050; 1,250; 1,450; 1,650; and 1,850 presses were required to complete the trial. If the

participant selected the alternative reinforcer, it would require 50 button presses, then 250,

450, etc. Thus, the work requirement for each reinforcer increased independently during the

session. To earn the maximum amount of exercise or cash, the participant had to perform

9,500 keyboard finger presses within the 40-min period. Fewer presses were required if

choices were distributed between the two reinforcers. Participants were informed before

beginning the experiment about these procedures. At the end of each trial, an icon

representing the earned reinforcer was displayed on the right side of the computer screen. At

the end of the 40-min session, total earnings were displayed.

2.2.2 WFE breakpoint—The largest completed number of button presses (i.e., trial) for a

given reinforcer, termed the PR breakpoint, is thought to provide a measure of the

reinforcing efficacy of that object or activity. A larger PR breakpoint indicates a more potent

reinforcer.

2.3 Measures

2.3.1 Behavioral and Self-Report Measures—As part of the larger study, participants

completed the Appearance and Performance Enhancing Drug Use Schedule (APEDUS)

which is a semi-structured interview that includes comprehensive assessment of the major
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drug use, attitudinal, and behavioral features of AAS dependence. For this study,

background and demographic information were gathered from this measure and the

Compulsive Exercise subscale (CES) was used to examine correlations between WFE

breakpoint and hormone levels. The APEDUS has been found to have excellent test-retest

reliability (r = .83–1.0), inter-rater reliability (ICC = .81–1.0), and internal consistency for

the CES (α =.88) in AAS users (Hildebrandt et al., 2011). Characteristics of typical AAS use

were assessed from the Usual APED Use module of the APEDUS.

During the WFE task, participants completed the Muscle Dysmorphic Disorder Inventory

(MDDI; Hildebrandt et al., 2004), which is a 13-item measure of body image disturbance

derived from the diagnostic criteria for muscle dysmorphia. It has been validated in

weightlifting men and used to study body image disturbance in AAS users (Hildebrandt et

al., 2010). Participants also completed the Profile of Mood States (POMS; McNair et al.,

1992) three times during the WFE task. The POMS has five subscales (Fatigue, Anger,

Tension, Depression, Vigor, and Confusion) with higher scores reflecting higher levels of

that mood state at the time of the measure.

All participants completed the POMS questionnaire at two time points (pre-WFE task and

post-WFE task), and participants who earned exercise time completed it at an additional

third time point (post-exercise). Participants also completed the MDDI once before

beginning the task.

2.3.2 Endocrine and AAS measures—Hormone measures included 24-hour urine

cortisol RIA (DiaSorin Inc; Stillwater, MN; sensitivity = 2.5 ng/mL, intra-assay CV% =

3.3%, inter-assay CV% = 10.0), plasma cortisol RIA (DiaSorin Inc; Stillwater, MN;

sensitivity = 0.21 μg/dL, intra-assay CV% = 2.3%, inter-assay CV% = 9.9), plasma β-

endorphin RIA (ALPCO Diagnostics; Salem, NH, sensitivity = 3.0 pmol/L, intra-assay CV

% = 7.1%, inter-assay CV% = 8.2), and plasma adrenocorticotropin hormone (ACTH)

ELSIA levels (ALPCO Diagnostics; Salem, NH, sensitivity = .22 pg/mL, intra-assay CV% =

3.7%, inter-assay CV% = 6.0). All assays were completed in the clinical laboratory at the

James J. Peters Veterans Affairs Medical Center in the Bronx, NY.

Cycle status was confirmed by urine screen. We collected 50 mL urine sample from each

participant stored at −8 °C until shipped to Antidoping Research, Inc. Testing was

performed using in-house analytical methods designed for sports doping control purposes

and validated to the standards of ISO/IEC 17025:2005. Solid phase extractions and liquid-

liquid extractions were employed depending on the target compounds. Analysis is

performed by gas chromatography/mass spectrometry (GCMS) and/or liquid

chromatography/mass spectrometry (LCMS). Primary instruments used are an Agilent 5890

GCMS and a Qtrap 4000 LCMS. Detection limits for the majority of compounds in the

screen is 2 ng/g including prescription opiates an illicit drugs of abuse.

2.4 Statistical Analyses

Generalized linear models (GLMs) were used to examine the effect of group (AAS-ON,

AAS-OFF, Controls) on outcomes. For non-normal data, the appropriate link function was

chosen based on comparison of different models within specified family (Gaussian, negative
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binomial, etc.) for goodness of fit using Akiake Information Criterion (AIC). Age,

education, and annual household income were tested as covariates to control for outside

sources of variation in the dependent variables and time of assay collection as a nuisance

variable for endocrine outcomes. Linear mixed effects models were used to evaluate change

in mood over the WFE procedure. Spearman rank correlations were used to describe

relationships between WFE and clinical variables associated with AAS dependence. Similar

correlations were calculated with hormone values. Alpha levels were set at .05 for all

significance tests.

3. RESULTS

3.1 Exercise Breakpoint and Activity

There were no significant differences between groups on Age, Annual household income, or

education, so these variables were not included as covariates the GLMs. Table 1 summarizes

the between group differences in WFE breakpoint, Money breakpoint, and exercise

measures. Both breakpoints were negatively skewed and leptokurtotic, consistent with count

data. The WFE breakpoint for on-cycle users was significantly higher than control subjects

(β = 1.81, SE = .47, p < .001) and off-cycle users (β = .68, SE = .34, p < .05). Off-cycle

users’ WFE breakpoint was significantly higher than controls (β = 1.12, SE = .52, p < .05).

On-Cycle users has significant lower Money breakpoints than healthy controls (β = 1.83, SE

= .59, p < .01), but not off-cycle users (β=0.81, SE=.59, p = .17). Off-cycle users did not

significantly differ from healthy controls on Money breakpoint (β = 1.00, SE = .61, p < .10).

Thus, the data indicated that on-cycle AAS users found exercise to be more reinforcing and

money less reinforcing than heavy exercising controls. There were no significant differences

between groups in degree of compulsive exercise or quantity and frequency of exercise over

the past month.

3.2 Endocrine Differences

Figure 2 summarizes the between group differences in plasma β-endorphin level. On-cycle

AAS users had significantly higher plasma levels than either off-cycle or heavy exercising

controls. An inverse Guassian model was fit to the data and provided lowest AIC values.

The model fit was acceptable (scaled deviance χ2
(3) = 31.288, p < .01) and examination of

residual plots supported model selection. On-cycle users had significantly greater β-

endorphin (β = 3.66, SE = 1.72, p < .05) levels than controls and Off-cycle users (β = 4.84,

SE = 1.71, p < .01). However, Off-cycle users did not significantly differ from controls (β =

−1.81, SE = 1.19, p = .32). A reverse pattern was evident for both plasma and 24 hour

urinary cortisol levels (see Figure 3a–b). Generalized linear model using a Gaussian

distribution and identity link for plasma cortisol provided lowest AIC for plasma cortisol.

The model indicated that On-Cycle users had lower cortisol levels than Off-cycle users (β =

−5.12, SE = 2.01, p < .01), but not controls (β = −2.11, SE = 1.76, p = .23). Off-cycle users

did not significantly differ from controls (β = 3.01, SE = 1.97, p = .13). For urinary cortisol,

the inverse Gaussian model provided acceptable fit (scaled deviance χ2
(3) = 21.96, p < .01)

and lowest AIC among GLMs within the Gaussian family. On-cycle users produced

significantly less 24-hr urinary cortisol than Off-cycle users (β = −21.87, SE = 10.35, p < .

05) and controls (β = −21.01, SE = 10.35, p < .05). Off-cycle users and controls did not
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significantly differ in urinary cortisol levels (β = 0.86, SE = 12.14, p = .94). Figure 4

summarizes between group differences in plasma ACTH. A GLM with Gaussian

distribution and identity link provided best fit. On-cycle users had significantly greater

ACTH levels than controls (β = 6.89, SE = 3.26, p = .05), but not off-cycle users (β = 2.58,

SE = 3.58, p = .42). However, Off-cycle users also had higher levels of ACTH than controls

(β = 9.46, SE = 3.50, p < .01).

3.3 Correlates of Exercise Breakpoint

Table 2 summarizes linear mixed effect models examining the change in mood among those

who chose exercise and the prediction of WFE breakpoint on changes in POMS among

those who earned at least 1 trial of exercise (n = 13). Figure 5 summarizes the change over

time for POMS subscales and summarizes the effects on negative moods decreased over the

course of the procedure and vigor did not change. Only POMS depression subscale scores

demonstrated a significant study group X time interaction. Figure 6 displays interaction

effect indicating that Off-cycle users, controlling for amount of exercise earned, experienced

a greater decrease in depressive scores than exercising controls. The same pattern was true

for On-Cycle users, but the effect was not significant. Across POMS subscales, WFE

breakpoint was not a significant predictor of mood or change in mood over time.

Table 4 summarizes the relationship between endocrine measures and symptoms of AAS

dependence. The results suggest a moderate to strong relationship between dependence

symptoms and β-endorphin levels. Participants’ β-endorphin levels were negatively

correlated with symptoms of dependence and with the amount and quality of exercise.

Plasma ACTH levels were not significantly correlated with any of the AAS dependence

symptoms, but 24 hour urinary cortisol was negatively associated with cycle length,

suggesting longer cycles are associated with less cortisol production. β-endorphin level was

significantly positively correlated with WFE breakpoint (r = .66, p < .01), but negatively

correlated with 24-hr urinary cortisol (r = −.59, p < .05). There was no evidence of a

significant relationship between WFE breakpoint and ACTH level (r = −.13, p = .66).

WFE was significantly correlated with number of AAS cycles (r =.77, p < .01), typical

duration of AAS cycle (r = .59, p < .05), and the weeks between cycles (r = −.51, p < .05).

However, there was no evidence that MDDI global score (r = −.07, p = .81) was

significantly correlated with WFE.

4. DISCUSSION

The data from this study indicate that AAS users find exercise to be a more potent reinforcer

than small amounts of money and more reinforcing than those with similarly high levels of

exercise. The strength of this reinforcement is explained by an endocrine environment where

β-endorphin and ACTH levels are elevated and cortisol levels are lower relative to heavy

exercising controls. This profile may be an amplification of the adaptive increase in

androgens observed in response to competition (Zilioli and Watson, 2013).

The role of exercise and the HPA axis in the development of AAS dependence has been

theorized to involve priming of the natural allostatic response to exercise (Hildebrandt et al.,
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2011). Thus, AAS may enhance the reinforcing value of exercise via endorphin release or by

capping the HPA response to exercise. These endocrine effects could lead to compulsive

drug use in the absence of drug-induced euphoria because AASs theoretically act as a

vehicle for heightened exercise reward. As demonstrated by Wood (2002), high doses of

AASs also lead to a significant increase in exercise among rodents. This same relationship

was evident in the present study, suggesting that opioids may increase the reinforcing value

of exercise and contribute to AAS dependence. The dissociation of cortisol and β-endorphin

from ACTH, however, suggest that AASs are working indirectly on processing of these

hormones.

The current study did not allow for inferences about the group differences in acute stress or

endorphin response to exercise, which will be important next steps in this line of research.

There was some evidence that mood improved among those who completed the exercise

task to a greater degree among AAS users. These changes support the possibility that those

who find exercise more reinforcing have a greater mood change in response to exercise. It

will be important to test whether this change is moderated by AAS use as the theory

proposed by Hildebrandt et al. (2011) hypothesizes that AASs alter the acute response to

exercise as well as the general hormonal environment that supports dependence on exercise

and AASs.

The dissociation of ACTH from β-endorphin levels in off-cycle AAS users is also

interesting because they are both derived from proopiomelanocortin (POMC). It is possible

that the absence of AASs in a body adapted to high doses of androgens also results in lower

levels of the enzyme production necessary to produce β-endorphin. The mechanisms of

these potential AAS effects on POMC processing are unknown. There is accumulating

evidence that androgens may “cap” the HPA axis response to certain stressors through active

androgen metabolites including 5alpha-androstane-3beta,17beta-diol, which has affinity for

estrogen receptor-β in the rat paraventricular nucleus (PVN; (Handa et al., 2009) and

through direct conversion of androgens into estrogens by aromatization (Bingham et al.,

2010). Thus, the increased HPA activity in the off-cycle AAS users may be due to lower

levels of these androgen metabolites than available in on-cycle AAS users. Opioids also play

a primary inhibitory role in the corticosterone releasing factor (CRF) neurons in the PVN,

which regulate ACTH and thus cortisol release. Recent PET data suggest that high binding

potential for opioid-mu receptor may lead to lower inhibitory tone and yield higher HPA

activity (Wand et al., 2011). Thus, expression of the opioid-mu receptor may be a source of

individual variability in the HPA response to AAS use.

The results of the current study provide continued support for the role of compulsive

exercise in AAS dependence and its possible incorporation into addictive model of AAS use

(Hildebrandt et al., 2011; Kanayama et al., 2009a). The fact that AASs increase lean muscle

mass (Bhasin et al., 2001) and may also enhance mood and the reinforcing value of

behaviors such as exercise via effects on the HPA axis suggest a powerful environment for

maintaining drug use. Unfortunately, longitudinal data are unavailable to examine how these

changes to the HPA axis may affect long-term psychiatric outcomes of this drug use

(Kanayama et al., 2008) and the mechanisms that cause these changes remain understudied.
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Figure 1.
The procedural timeline involved participants abstaining from exercise for 24 hours and

executing an overnight fast prior to blood draw and urine collection. Participants were

offered a sports drink and energy bar after blood draw to eat when completing initial self-

report measures. They were then escorted to the exercise lab to complete the work for

exercise task and they received all rewards (money and/or exercise) after task. Self-reported

mood was assessed pre, post, and 30 min after exercise period. POMS = profile of mood

states. CES = compulsive exercise scale. MDDI = muscle dysmorphic disorder inventory.
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Figure 2.
The On-cycle anabolic-androgenic steroid (AAS) users who were on-cycle had significantly

higher levels of β-endorphin than off-cycle AAS users or heavy exercising controls. Wald χ2

=9.82, p < .001 for AAS group on β-endorphin. Error bars are standard error of the mean. *p

< .05. **p < .01.
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Figure 3.
(a) The On-cycle anabolic-androgenic steroid (AAS) users had significantly higher lower

plasma and 24-hr cortisol levels than off-cycle AAS users or heavy exercising controls

(HECs). Likelihoood ratio (LR) χ2 =5.99, p < .05 for AAS group on plasma cortisol. (b) On-

cycle AAS using group had significantly lower 24-hour urinary cortisol than (HECs) and the

Off-cycle using group. LR χ2 =6.79, p < .05 for effect of APED group on 24-hour urinary

cortisol. Error bars represent standard errors of the mean. *p < .05. **p < .01.
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Figure 4.
Both anabolic-androgenic steroid (AAS) using groups had significantly higher

adrenocorticotropic hormone (ACTH) levels than heavy exercising controls. Wald χ2 = 8.37,

p < .01 for effect of study group on ACTH. Error bars are standard errors of the mean. *p < .

05. **p < .01.
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Figure 5.
The change in specific mood states during utilization of earned treadmill time as a function

of exercise in On-cycle (n = 6), Off-cycle (n = 5), and heavy exercising controls (n =2).

Time points represent pre-exercise, immediately post-exercise, and 30 min post-exercise.

Error pars are standard errors of the mean.

Hildebrandt et al. Page 18

Drug Alcohol Depend. Author manuscript; available in PMC 2015 June 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



Figure 6.
The Group X Time interaction on Profile of Mood States Anger subscale scores among On-

cycle (n = 6), Off-cycle (n = 5), and heavy exercising controls (n =2). The effect indicates

that Off-cycle users experienced a significantly greater decrease in anger from exercise over

time, controlling for total exercise earned during work for exercise task. Time points

represent pre-exercise, immediately post-exercise, and 30 min post-exercise.

Hildebrandt et al. Page 19

Drug Alcohol Depend. Author manuscript; available in PMC 2015 June 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



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Hildebrandt et al. Page 20

T
ab

le
 1

B
et

w
ee

n 
G

ro
up

 D
if

fe
re

nc
es

 in
 E

xe
rc

is
e 

Q
ua

lit
y,

 Q
ua

nt
ity

, a
nd

 R
ei

nf
or

ce
m

en
t L

ev
el

A
A

S-
O

ff
 (

n 
= 

8)
A

A
S-

O
n 

(n
 =

8)
H

ea
vy

 E
xe

rc
is

e 
C

on
tr

ol
 (

n 
= 

10
)

F
 o

r 
W

al
d 

St
at

is
tic

p
E

ff
ec

t 
Si

ze

W
FE

 B
re

ak
po

in
t-

E
xe

rc
is

ea
40

0.
 0

0 
(3

87
.3

0)
78

7.
50

 (
75

3.
44

)a
13

0.
00

 (
28

9.
82

)
14

.3
6

<
.0

01

W
FE

 B
re

ak
po

in
t-

M
on

ey
b

13
50

.0
0 

(4
51

.6
6)

91
2.

50
 (

66
9.

09
)

16
90

 (
35

0.
23

)
9.

45
.0

1

C
om

pu
ls

iv
e 

E
xe

rc
is

e
3.

32
 (

0.
95

)
3.

46
 (

1.
16

)
2.

51
 (

1.
03

)
1.

20
.3

4
.1

7

Q
ua

nt
ity

 x
 F

re
qu

en
cy

 o
f 

ex
er

ci
se

18
.0

0 
(7

.7
0)

18
.7

5 
(8

.2
0)

c
14

.8
0 

(7
.8

5)
0.

78
0.

49
.0

4

N
ot

e.
 W

FE
 =

 w
or

k 
fo

r 
ex

er
ci

se
. M

 (
SD

) 
re

po
rt

ed
 f

or
 e

ac
h 

gr
ou

p.

a W
al

d 
st

at
is

tic
 r

ep
or

te
d 

fo
r 

ne
ga

tiv
e 

bi
no

m
ia

l m
od

el
 f

or
 c

ou
nt

 d
at

a.

b C
um

ul
at

iv
e 

pr
ob

it 
m

od
el

 W
al

d 
st

at
is

tic
 r

ep
or

te
d.

c O
ne

 s
ta

tis
tic

al
 o

ut
lie

r 
re

po
rt

in
g 

64
 h

rs
 o

f 
ex

er
ci

se
 in

 th
e 

pa
st

 m
on

th
 r

em
ov

ed
 f

ro
m

 m
od

el
. Q

ua
nt

ity
 x

 F
re

qu
en

cy
 o

f 
ex

er
ci

se
 m

ea
su

re
d 

in
 h

ou
rs

 s
pe

nt
 e

xe
rc

is
in

g 
pe

r 
m

on
th

.

Drug Alcohol Depend. Author manuscript; available in PMC 2015 June 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

Hildebrandt et al. Page 21

T
ab

le
 2

Pa
ra

m
et

er
 E

st
im

at
es

 f
or

 L
in

ea
r 

M
ix

ed
 E

ff
ec

ts
 M

od
el

s 
of

 M
oo

d 
C

ha
ng

es
 A

cr
os

s 
E

xe
rc

is
e 

E
xp

os
ur

e 
(n

 =
 1

3)

F
at

ig
ue

V
ig

or
D

ep
re

ss
io

n
A

ng
er

C
on

fu
si

on
T

en
se

In
te

rc
ep

t
10

.3
1 

(3
.1

6)
**

2.
52

(0
.2

6)
**

4.
65

(1
.5

5)
**

4.
85

(1
.9

0)
*

4.
38

(1
.5

9)
*

4.
26

(1
.5

7)
**

O
n-

C
yc

le
3.

35
(2

.1
7)

−
0.

44
(0

.5
5)

−
1.

31
(2

.0
4)

−
0.

12
(2

.4
5)

−
1.

91
(2

.2
0)

1.
43

(3
.2

1)

O
ff

-C
yc

le
3.

01
(1

.6
2)

−
0.

04
(0

.4
4)

0.
29

(1
.1

7)
−

1.
44

(1
.9

5)
−

2.
97

(1
.1

75
)

−
2.

19
(2

.5
7)

T
im

e
−

2.
14

(0
.4

0)
**

0.
01

(0
.1

1)
−

0.
79

(0
.3

1)
*

−
0.

81
(0

.3
9)

*
−

0.
36

(0
.5

4)
−

1.
33

(0
.5

6)
*

E
xe

rc
is

e 
B

P
−

0.
84

 (
0.

88
)

0.
25

(0
.1

8)
−

0.
05

(0
.0

7)
−

.1
0(

0.
09

)
0.

05
(0

.0
7)

0.
06

(0
.0

5)

O
n-

cy
cl

e 
X

 T
im

e
−

0.
64

(0
.8

4)
−

0.
05

(0
.2

6)
−

0.
54

(0
.6

5)
0.

75
(0

.7
5)

−
0.

39
(0

.7
9)

0.
83

(1
.3

6)

O
ff

-c
yc

le
 X

 T
im

e
−

1.
02

(0
.6

6)
−

0.
02

(0
.1

8)
0.

59
(0

.5
1)

1.
38

(0
.5

9)
*

−
0.

40
(0

.6
2)

0.
08

(1
.0

8)

N
ot

e.
 H

ea
vy

 E
xe

rc
is

e 
C

on
tr

ol
s 

us
ed

 a
s 

re
fe

re
nc

e 
gr

ou
p.

 L
og

10
 o

f 
E

xe
rc

is
e 

B
re

ak
po

in
t u

se
d 

as
 p

re
di

ct
or

.

Drug Alcohol Depend. Author manuscript; available in PMC 2015 June 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

Hildebrandt et al. Page 22

T
ab

le
 3

C
or

re
la

tio
ns

 b
et

w
ee

n 
St

re
ss

 H
or

m
on

es
, β

-E
nd

or
ph

in
s,

 a
nd

 C
lin

ic
al

 S
ym

pt
om

s 
of

 A
A

S 
D

ep
en

de
nc

e

A
A

S 
D

ep
en

de
ne

N
um

be
r 

of
 A

A
S 

C
yc

le
s

D
ur

at
io

n 
of

 A
A

S 
C

yc
le

W
ee

ks
 B

et
w

ee
n 

C
yc

le
s

C
om

pu
ls

iv
e 

E
xe

rc
is

e
Q

 x
 F

 E
xe

rc
is

e
M

D
D

I 
G

lo
ba

l S
co

re

β-
en

do
rp

hi
n

.5
6*

.4
2*

*
.5

7*
−

.7
1*

*
.5

4*
.2

3
.0

9

 
A

C
T

H
.3

3
.2

8
.2

7
.1

1
.1

8
.0

4
.1

8

24
 h

r 
C

or
tis

ol
.0

2
.3

2
−

.5
7*

−
.2

6
−

.2
0

.1
6

.0
9

Pl
as

m
a 

C
or

tis
ol

.3
6

.1
6

.0
4

−
.2

2
−

.1
8

−
.0

5
−

.1
4

N
ot

e.
 L

og
 tr

an
sf

or
m

at
io

ns
 u

se
d 

fo
r 

no
n-

no
rm

al
 d

is
tr

ib
ut

io
ns

 o
f 

ho
rm

on
es

 a
nd

 A
A

S 
sy

m
pt

om
 c

ou
nt

s.
 A

A
S 

=
 A

na
bo

lic
-a

nd
ro

ge
ni

c 
st

er
oi

d.
 A

C
T

H
 =

 a
dr

en
oc

or
tic

ot
ro

pi
c 

ho
rm

on
e.

 Q
 x

 F
 =

 q
ua

nt
ity

 x
fr

eq
ue

nc
y 

of
 e

xe
rc

is
e 

ov
er

 la
st

 2
8 

da
ys

.

* p 
<

 .0
5.

**
p 

<
 .0

1.

Sp
ea

rm
an

 c
or

re
la

tio
ns

 r
ep

or
te

d.

Drug Alcohol Depend. Author manuscript; available in PMC 2015 June 01.


