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Abstract
Anabolic androgenic steroid (AAS) abuse and the resulting physiological and behavioural consequences of such 

abuse are a problem of growing concern worldwide. Dehydroepiandrosterone (DHEA) is a weak androgen, but a potent 
uncompetitive inhibitor of Glucose-6-phosphate Dehydrogenase (G6PD). Delta-1-methyl testosterone is a potent 
androgen, but a weak inhibitor of G6PD. Among many other tasks, G6PD produces the NADPH required for reductive 
biosynthesis, including that of adenosine. Adenosine is a ubiquitous purine nucleoside that plays a critical role as a 
neuromodulator, as well as in energy transfer, signal transduction, and vasodilation. We show here that daily oral 
administration for two weeks of the orally active androgenic anabolic steroids delta-1-methyltestosterone (MT) and 
dehydroepiandrosterone (DHEA) produce dramatic depletion of adenosine in the brains of male Fisher 344 rats (60% 
depletion for DHEA; 34% depletion for MT). Significant depletion of cardiac adenosine was also observed for both 
DHEA and MT. Co-administration of folinic acid eliminated steroid-induced adenosine depletion, indicating that such 
adenosine depletion was caused by inhibition of one-carbon pool metabolism. Since adenosine is known to be involved 
in neurobehavioral function, these data may be relevant to the neuropsychiatric anomalies observed in persons who 
abuse AASs or in those in whom they are administered therapeutically. Folinic acid may have the potential to reverse 
or prevent adenosine depletion caused by AAS.
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Introduction
According to the United States Department of Justice, 0.5% of 

the adult population in the United States (approximately 1,084,000 
people) self-administer anabolic androgenic steroids (AASs) in order 
to improve male-specific traits [1]. The National Institute on Drug 
Abuse estimates that a half million junior high school-aged children in 
the United States use AAS for this same purpose (Table 1). Worldwide, 
a significant number of amateur and professional athletes use AASs 
to increase physical size, strength and athletic performance [2]. 
The adverse health effects of AAS abuse has recently prompted the 
Endocrine Society to re-publish a formal position paper detailing their 
impacting not only on users, but also on society [3]. AAS abuse has 
had far reaching effects in professional athletics, with highly publicized 
cases of athletes attempting to obtain a competitive advantage by their 
use. In recent news, the use of steroids to increase competitive edge has 
even caused the expulsion or threat of expulsion of national teams at 
the Rio Olympics. Certainly, there can be a political cost to misusing 
steroid hormones in the quest for performance enhancement. But what 
are the physiological and behavioural costs of AAS abuse?

AAS have been shown to affect the CNS, including the mesolimbic 
reward system, and up to 30% of admitted AAS users report becoming 
dependent upon them [4]. Long term steroid use leads to a variety 
of pathological conditions, including neuropsychiatric effects such 

as rage, hostility, and cognitive impairment [5], and cardiovascular 
anomalies [6]. Pope and Katz have described a series of men with 
benign premorbid psychiatric histories, no evidence of antisocial 
personality disorder, and no history of violence who have impulsively 
committed violent crimes, including murder, while taking AASs [7,8]. 
Choi and Pope have reported that women familialy associated with 
male athletes who abuse steroids are at a significantly increased risk 
of spousal violence [9], and placebo-controlled studies demonstrating 
neuropsychiatric effects of AASs have been published by Su et al. [10], 
and Pope et al. [11]. In the Pope study, testosterone cypionate was 
administered to 56 men ages 20–50 years for 6 weeks in doses up to 600 
mg/week, followed by 6 weeks of no treatment and then placebo for 6 
weeks. Testosterone was observed to significantly increase mania; to be 
liked and sought after; and to significantly increase aggression. These 
investigators noted that the response to the drug, however, was highly 
variable. Eighty-four percent of the subjects exhibited minimal to no 
psychiatric effects, 12% became mildly hypomanic, and 4% became 
markedly hypomanic. Several studies have controlled for variability 
in inter-individual personality disorder by using steroid abusers 
as their own controls. These studies have demonstrated significant 
differences in the degree of hostility, aggression, and severity of manic-
like symptoms during periods of use and non-use [12,13,14]. In their 
reviews of the literature, Pope and Katz [15,16] reported that studies 
in which steroid use is quantified and categorized on the basis of total 
weekly dosing show that psychiatric symptoms become more common 
and severe as the dose increases. A correlation was demonstrated to 

Drug Time period 8th Graders 10th Graders 12th Graders
Steroids Lifetime 1.00 1.20 2.30

Past year 0.50 0.70 1.70
Past month 0.30 0.40 1.00

Table 1: Trends in prevalence of steroids for 8th Graders, 10th Graders, and 12th 
Graders; 2015 (in percent)*. Reprinted with permission https://www.drugabuse.
gov/drugs-abuse/steroids-anabolic Cite: Johnston  LD, O'Malley PM, Miech RA, 
Bachman JG, Schulenberg JE (2016) Monitoring the Future national survey results 
on drug use, 1975-2015: Overview, key findings on adolescent drug use. Ann 
Arbor: Institute for Social Research, The University of Michigan, pp: 98.

https://www.drugabuse.gov/drugs-abuse/steroids-anabolic
https://www.drugabuse.gov/drugs-abuse/steroids-anabolic
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exist between dose of AASs used, with medium steroid use classified 
as between 300 and 1000 mg/week and high dose use being more 
than 1000 mg/week of any AAS. Thus, 23% of subjects using either of 
these doses of steroids met the DSM-III-R criteria for a major mood 
syndrome (mania, hypomania, and major depression), and 3.4%–12% 
developed psychotic symptoms [17,18]. 

There are a number of AASs that are in use for the purpose of 
enhancing male-specific traits and/or competitive edge, one of the 
most common of these being 1-delta-methyltestosterone (MT). All 
testosterone and testosterone analogue preparations are regulated 
by the Food and Drug Administration (FDA) in the United States, 
and by comparable agencies in most other countries of the world. In 
2004, the U.S. Controlled Substances Act was amended to include 
androstenedione as an AAS because it is the direct precursor of 
testosterone. In most respects, it is thus becoming increasingly difficult 
for persons wishing to use AASs to increase athletic performance to 
obtain such drugs, with one glaring exception. Dehydroepiandrosterone 
(DHEA), the direct precursor to androstenedione, and therefore the 
penultimate precursor of testosterone, has been specifically excluded 
from regulation under the U.S. Controlled Substances Act, and is freely 
available as an OTC (over the counter) supplement in the United States. 
This is in stark contrast to the regulatory status of DHEA in other 
western nations, where it is regulated as an AAS requiring a physician-
originated prescription for its use. It is also at odds with the fact that 
the National Collegiate Athletic Association (NCAA), the dominant 
sports regulatory authority for college athletics in the United States, 
the National Football League, the International Olympic Committee 
and the World Anti-Doping Agency have all specifically banned the 
use of DHEA by athletes competing under their auspices. Why DHEA 
remains unregulated in the United States is probably accounted for 
by the fact that virtually all studies of it in man have been performed 
using exceedingly small doses (25-100 mg per day), which are orders 
of magnitude lower than would be used to improve male-specific traits 
and/or athletic performance [4]. 

Steroids and G6PD

A variety of steroids are known to inhibit Glucose-6-phosphate 
dehydrogenase (G6PD), the rate limiting enzyme of the hexose 
monophosphate shunt, and a major source of cellular NADPH [19, 20, 
21]. One possible mechanism by which high dose AAS abuse might lead 
to physiological abnormalities therefore could be by reducing cellular 
pools of NADPH and inhibiting NADPH-dependent processes. It has 
been demonstrated that enzymes requiring two mols of NADPH for 
every mol of product formed, such as HMG CoA reductase, are potently 
inhibited by DHEA [22, 23]. Another such enzyme that requires two 
mols of NADPH for every mol of product formed is Dihydrofolate 
Reductase (DHFR), the rate limiting enzyme of the one carbon, or folate, 
pathway. Thus, to create one mol of tetrahydrofolate from one mol of 
dietary folate, DHFR requires two mols of NADPH. The two and eight 
carbon atoms of purines derive from N10-formyltetrahydrofolate, and 
N5, N10-methenyltetrahydrofolate, respectively, which are downstream 
products of DHFR. Thus, if steroid-mediated inhibition of G6PD 
reduces the NADPH compartment required for function of the folate 
pathway, the synthesis of purines would be expected to be inhibited, 
and adenosine (and guanosine) pools will diminish. Furthermore, if 
inhibition of DHFR underlies AAS-mediated adenosine depletion, 
then folinic acid treatment should rescue folate interconversion just as 
it does with other inhibitors of DHFR [24], restoring adenosine pools. 

Adenosine is a ubiquitous autocoid that is involved in myriad 
cellular processes. It acts through four known receptors, A1, A2a, 

A2b and A3. It has been called a retaliatory autocoid because its levels 
are rapidly increased when cells are faced with a variety of cellular 
stresses, including hypoxia [25], and ischemia [26,27]. It also acts 
as a neuromodulator and homeostatic effector in the brain [28], is 
involved in sleep and arousal [29], and in the mediation of the effects 
of ethanol [30]. In the CNS, adenosine is known to inhibit the release 
of a variety of neurotransmitters including noradrenalin, serotonin, 
GABA, acetylcholine, dopamine, and glutamate. Thus, it mainly acts 
in a depressant fashion, inhibiting neurotransmission and depressing 
neuronal firing, accounting for the stimulation induced by adenosine 
receptor antagonists like caffeine. Clearly, any exogenous agent capable 
of significantly reducing physiological levels of adenosine in the CNS 
could have profound health implications for users of that agent. 

Materials and Methods
Animal care and handling

Male Fisher 344 rats (Charles River, Wilmington, MA), weighing 
120 grams, were housed in 70 × 45 × 45 cm stainless steel cages with 
natural bedding. Food and water were made available ad libitum. 
Cages were maintained in a temperature (20°C) and humidity (40-
50%) controlled vivarium with a reversed light cycle (lights on between 
8:00 PM and 8:00 AM). All procedures followed the principles of the 
National Institutes of Health Guide for the Care and Use of Laboratory 
Animals, and were reviewed and approved by the Institutional Animal 
Care Committee. 

Administration of AAS and folinic acid

DHEA and MT were taken up in carboxymethylcellulose and 
administered daily by gavage. DHEA was administered at doses of 300 
mg/kg and 100 mg/kg, and MT at doses of 120 mg/kg and 40 mg/kg. 
These doses were selected in preliminary experiments based upon their 
ability to inhibit Glucose-6-phosphate Dehydrogenase (G6PD) activity 
in brain tissue from animals treated with AAS for 48 hours (data not 
shown). To measure G6PD activity, rats were killed by decapitation, 
their brains rapidly removed and rinsed in ice cold 1.15% (w/v) KCl. 
Whole brains were flash frozen in liquid nitrogen, then were stored in 
a −80°C freezer until analysis. Each sample was homogenized in 500 μL 
of 50 mM Tris-HCl pH 7.4, and the homogenate was sonicated for 10 
seconds. The homogenates were centrifuged for 30 min at 15,000g in a 
refrigerated microcentrifuge. The pellet was discarded, and the protein 
content was determined in the supernatant in preparation for G6PD 
quantitation. To quantitate G6PD activity, the method of Glock and 
McLean was used [31]. In brief, two reactions are run side by side. In the 
first, the NADPH produced by both G6PD and 6-Phosphogluconate 
Dehydrogenase (6PGD) in the presence of saturating G6P and 6PG 
is measured spectrophotometrically. In the second, the NADPH 
produced by 6PGD in the presence of saturating 6PG is measured 
spectrophotometrically. G6PD activity is then calculated as the 
difference in rate between the assays with both substrates and only 
6-PGA.

Where folinic acid was used, it was taken up in physiological saline 
and administered by intraperitoneal injection at a dose of 50 mg/kg. 

Quantitation of Adenosine

The half-life of adenosine is 0.5 seconds in vivo. This is because 
adenosine kinase (AdoK) and adenosine deaminase (AdoD) are 
ubiquitous enzymes and instantaneously degrade adenosine to AMP 
(AdoK) or inosine (AdoD) if it is not bound immediately by one of its four 
receptors. We used the method of deGraff et al. [32] to instantaneously 
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fix adenosine levels via focused brain microwave irradiation (1.33 kW, 
2450 MHz) which instantaneously denatures AdoK and AdoD but 
retains brain NMR features in a close to normal condition. Adenosine 
was subsequently extracted from whole brain, derivitized to 1, N6-
ethenoadenosine using 225 mM chloroacetaldehyde at pH 4.5 and 
60°C for 60 min, and analyzed by HPLC with fluorometric detection 
as described by Zhang et al. [33]. With this method as little as 0.2 pmol 
of ethenoadenosine can be measured, and detection is linear up to 200 
pmol.

Results

Table 2 shows that two weeks of continuous treatment with either 
DHEA or MT induced dose-dependent depletion of adenosine in the 
brains of Fisher 344 rats. Such depletion was dramatic in the case of 
high dose DHEA (0.19 ± 0.01 nmols/mg protein compared to 0.5 ±0.04 
nmols/mg protein for control animals) and high dose MT (0.32 ± 
0.03 nmols/mg protein). Treatment with folinic acid (50 mg/kg, i.p.) 
completely blocked both DHEA-induced and MT-induced adenosine 
depletion, strongly suggesting that such depletion was caused by 
inhibition of DHFR and the folate pathway. 

Discussion 

Because the half-life of adenosine precludes measurement of 
its levels in the brains of humans, are studies in rodents sufficient to 
provide information applicable to humans abusing AAS? We believe 
that the answer to this question is yes, because the adenosine system 
is evolutionarily ancient and underlies many of the most basic circuits 
of brain physiology. Our work shows that at high concentrations, 
steroids inhibit G6PD in vivo, which has the end result of blocking the 
biosynthesis of adenosine. This is simple stoichiometric chemistry and 
is likely to hold across species. We can therefore potentially identify 
neurobehavioral effects of AAS that can reasonably be attributed to 
adenosine depletion, either in humans or experimental animals. 

Aggression 

Adenosine exerts its actions via the receptors noted above. Thus, 
genetic knockout of one or more of these receptors simulates adenosine 
depletion, at least with respect to that specific receptor. Gimenez-Llort 
and colleagues demonstrated that adenosine A1 receptor knockout 
mice showed high levels of aggression [34]. Similarly, when mice 
were injected with the adenosine A1 receptor agonist N6-cyclohexyl 
adenosine, simulating supraphysiologic levels of adenosine with 
respect to this receptor, aggression measured via the Resident Intruder 
model was abolished [35]. 

Allopurinol is a drug which blocks xanthine oxidase, an enzyme 

involved in the degradation of purines such as adenosine. In humans 
exhibiting aggression secondary to dementia, allopurinol was shown 
to effectively reduce aggression [36, 37], presumably by increasing the 
level of purines, including adenosine, in the brain.

Sleep 

Adenosine is known to play a key role in sleep, with adenosine 
levels rising in the brain during wakefulness, creating a pressure to sleep 
[38]. The sleep degrading effects of caffeine, a non-specific adenosine 
receptor antagonist, are well known, and offer a theoretical simulation 
of an adenosine-depleted brain. AAS use sufficient to deplete brain 
adenosine might then be expected to cause insomnia. Bolding and 
colleagues studied a group of men using AAS in London gyms and 
found that almost half reported bouts of insomnia while using AAS 
[39]. 

Schizophrenia-like symptoms, mania, depression

Reports from physicians treating the acute and chronic effects of 
AAS use describe schizophrenia-like symptoms in abusers [40,41]. 
There is accumulating evidence that schizophrenia may involve a 
loss of adenosine activity [42]. This hypoadenosinergic hypothesis of 
schizophrenia proposes that reduced extracellular adenosine levels 
contribute to dopamine D2 receptor hyperactivity, which is supported 
by the observation that increasing brain adenosine levels ameliorates 
many of the psychotic and cognitive aspects of this disease. [43, 44, 45]. 
Acute ingestion of large amounts of the nonspecific adenosine receptor 
antagonist caffeine is associated with the induction or worsening of 
psychiatric illness [46, 47]. Further support for the adenosine hypothesis 
of schizophrenia comes from the finding that the ectonucleotidase 
enzymes responsible for production of adenosine from its nucleotides 
are significantly depressed in the putamen of schizophrenics as 
compared to age and sex matched controls. Brunstein and colleagues 
showed that adenosine deaminase activity, which degrades adenosine, 
was significantly elevated in patients with schizophrenia as compared to 
age and sex-matched controls [48]. Akhondzadeh et al. [49] performed 
a double blind, randomized, placebo-controlled study of the effects of 
allopurinol as an add-on in the treatment of refractory schizophrenia. 
Allopurinol, as stated above, inhibits purine degradation, thereby 
presumably raising brain adenosine levels. This group demonstrated 
that allopurinol significantly reduced psychotic symptoms in 
schizophrenics receiving drug as compared to placebo-treated 
controls [50]. Shen and colleagues demonstrated that augmentation of 
adenosine by pharmacologic inhibition of adenosine kinase, another 
key enzyme of adenosine clearance, exerted anti-psychotic-like activity 
in mice. An animal model mimicking many of the symptoms of 
schizophrenia was developed by Moscoso-Castro et al. by knocking out 
the adenosine A2a receptor in mice [51,52] Haloperidol, a drug with 

Control DHEA HD DHEA LD MT HD MT LD DHEA HD+Fol MT HD+Fol

BRAIN 0.5 ± 0.04
(n=12)

0.19 ± 0.01§
(n=12)

0.35 ± 0.04§
(n=12)

0.32 ± 0.04§
(n=6)

0.42 ± 0.06
(n=6)

0.55 ± 0.09ƥ
(n=6)

0.60 ± 0.06ƥ
(n=6)

CARDIAC 10.6  ± 0.6
(n=12)

6.7 ± 0.05§
(n=12) N.D. 6.0 ± 0.4§

(n=6)
8.3 ± 1.0§

(n=6)
11.1 ± 0.6§

(n=5)
9.1 ± 0.4§

(n=6)
DHEA HD, 300 mg/kg; DHEA LD, 100 mg/kg; MT HD, 120 mg/kg; MT LD, 40 mg/kg.
§ p<0.05 compared to control group, Student’s t-test.
ƥ p<0.05 compared to DHEA- or MT-treated groups, Student’s t-test.

Table 2: Effects of DHEA and MT on brain adenosine levels in Fisher 344 rats, with and without folinic acid rescue  Adult male Fisher 344 rats (325-350 grams) were 
administered DHEA or MT in carboxymethylcellulose by gavage once daily for 14 consecutive days. Where indicated, folinic acid (50 mg/kg) was administered i.p. once 
daily during this same period of time. On the morning of the fifteenth day, animals were subjected to microwave pulse to the cranium which instantaneously denatures all 
protein and prevents further metabolism of adenosine. Brain tissue was dissected, and adenosine was extracted, derivitized to 1, N6-ethenoadenosine, and adenosine 
quantitated by HPLC with fluorometric detection as described above. Results are expressed as the mean ± S.E.M. Animal care and euthanasia were conducted in 
accordance with the guidelines of the Institutional Animal Care and Use Committee.
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demonstrated anti-psychotic activity in schizophrenia, has recently 
been shown to inhibit adenosine deaminase in zebrafish brains [53]. 
Clearly, adenosine depletion appears to play a role in schizophrenia. It 
is thus reasonable to hypothesize that the schizophrenia-like symptoms 
observed by clinicians in their AAS abusing patients may be due to 
AAS-induced adenosine depletion. 

Adenosine also appears to play a role in major depression (MD). 
As noted above, the levels of adenosine, in the brain are regulated by 
several enzymes, among them adenosine deaminase, which degrades 
adenosine to inosine; xanthine oxidase, which degrades inosine to uric 
acid; and a series of ectonucleases that dephosphorylate ATP, ADP 
and AMP to produce adenosine. Herken et al. showed that patients 
suffering from MD have elevated levels of adenosine deaminase and 
xanthine oxidase in their blood, suggesting that adenosine depletion 
may be involved in the pathogenesis of MD. Uric acid levels have 
been demonstrated to be increased in bipolar disorders, and several 
studies have hypothesised that this is caused by amplified purinergic 
metabolism and a reduction in brain adenosine [54,55]. Support for the 
idea that upregulation of adenosine is therapeutic in bipolar disorder 
is provided by studies showing that lithium, an effective drug for this 
disease, stimulates the activity of ATP and ADP ectonucleotidases in 
rat brain synaptosomes, which would raise adenosine levels [56].

Folinic acid in the treatment of neuropsychiatric disorders

Our discovery that folinic acid (FA) raises brain adenosine levels is 
novel and may help to explain recent findings that FA shows efficacy 
in the so-called cerebral folate deficiency (CFD) syndromes. In CFD, 
folate transport to the brain is impaired, leading to developmental 
and psychiatric disorders including infantile-onset CFD syndrome, 
infantile autism, spastic-ataxic syndrome and intractable epilepsy in 
young children, escalating to refractory schizophrenia in adolescents, 
and treatment-resistant major depression in adults [57]. High dose 
FA has been demonstrated to abolish acoustic hallucinations in a 
series of schizophrenic patients [58]. We propose that it does so 
by elevating brain adenosine levels beyond their normal, possibly 
hypoadenosinergic state in schizophrenia. 

DHEA as an AAS

Studies of the effects of AAA abuse have not generally included 
DHEA even though it is the penultimate precursor to testosterone 
(Figure 1). However, DHEA is clearly an AAS as it produces 
identical changes in gene expression as compared to the AAS entities 
tetrahydrogestrinone (THG) and dihydrotestosterone (DHT). This 
was elegantly demonstrated by Labrie et al. in a series of microarray 
analyses showing a virtually identical epigenetic signature for all three 
substances [59]. Our discovery that DHEA and MT also share the 
capacity to deplete brain adenosine adds to this shared AAS epigenetic 
signature.

While there have been reports linking DHEA to aggression in 
animals, these have invariably focused upon endogenous DHEA [60]. 
Studies of administration of pharmacological doses of DHEA (≥ 25 mg/
kg) in animals are rare. Even if they did exist, they would be complicated 
by the fact that DHEA synthesis is profoundly different in primates as 
compared to non-primates. Thus, in primates, large amounts of DHEA 
and other C 19 steroids (e.g., androstenedione) are synthesized in the 
adrenals, and large amounts of DHEA sulfate (DHEAS) are present in 
the circulation [61]. In rodents, dogs and other non-primates that have 
been studied, DHEA is synthesized in gonadal tissue, not the adrenals, 
and, particularly in rodents, circulating levels of DHEAS are negligible 
[62-65]. The breeding cycles of non-tropical rodent species further 
complicates their use in studies of DHEA-induced aggression. Thus, 
in most rodent species, short winter photoperiods reduce testosterone 
concentrations, induce gonadal regression and reduce testosterone-
dependent behaviours such as mating and aggression [66,67]. Steroid 
synthesis and aggression in rodents thus appears to show little similarity 
to that observed in primates. For these reasons, studies utilizing 
DHEA in such paradigms as the Resident-Intruder model in rats may 
not be informative of DHEA’s effects in primates. Even in primates, 
the circulating levels of DHEA vary widely among species [68], and 
the diverse reproductive and steroid hormone cycles of non-human 
primates again complicate studies of DHEA and aggression. Thus, the 
proper study of pharmacological doses of DHEA— doses that would be 
used by persons attempting to increase male-specific traits, muscle mass 
or other aspects of athletic performance— are most reliably performed 
in humans. Several studies have used pharmacological doses of DHEA 
in humans over short periods of time (1600 mg/day; equivalent to 25-
26 mg/kg), but each focused on reduction in body fat, not aggression, 
as their studied endpoint [69-72].

Adenosine is also known to regulate myocardial and coronary 
circulatory functions. It dilates coronary vessels, and attenuates beta-
adrenergic receptor-mediated increases in myocardial contractility 
and depresses both sinoatrial and atrioventricular node activities. 
The cardiotoxic potential of AAS has been demonstrated in case 
reports [73]. Palpitaiton, tachycardia, precordial pain, hypertension, 
ventricular hypertrophy, cardiomyopathy and cardiomegaly have 
been reported in persons abusing anabolic steroids, in some cases 
progressing to death or the requirement for heart transplantation [74]. 
Depletion of adenosine may be the root cause of these toxic actions of 
AAS.

Conclusion
Our finding here that DHEA depletes brain and cardiac adenosine 

should be viewed with alarm since the adenosinergic pathways are 
highly conserved throughout species, unlike steroidal pathways, which 
vary widely among species. Thus, the mechanism of AAS-induced 
adenosine depletion is likely to hold across all animal species. In view 
of the facts that (1) millions of people worldwide are using high doses 
of AAS to improve male-specific traits and/or athletic performance; (2) 
that DHEA is not regulated as an anabolic steroid in the United States, 
and may therefore now be the AAS of choice in that country; and (3) 
that a rationale— adenosine depletion in the brain— now exists to 
explain the neurobehavioral symptoms reported to occur in abusers of 
AAS, priority should be given to performing toxicity studies in humans 
with DHEA at the pharmacologic doses (≥ 50 mg/kg) presumed to be 
used to achieve androgenic effects. If AAS induce adenosine depletion 
in the brains of humans, as is likely, then the OTC distribution of DHEA 
may be creating a burgeoning health problem in the United States and 
elsewhere. DHEA is now being advertised in the United States as a 

Figure 1. DHEA is the penultimate precursor for testosterone. While 
androstenedione, the ultimate precursor to testosterone, is regulated as a 
scheduled drug in the United States, DHEA is not.
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“fertility nutraceutical.” A large variety of nutraceuticals are available 
OTC in the United States and elsewhere. For an excellent review, see 
Scicchitano et al. (75). In our view, DHEA’s ability to deplete brain 
and cardiac adenosine sets it apart from all other such nutraceuticals in 
terms of potential to do harm.
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