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Abstract
A variety of medications have been assessed for their potential efficacy for the treatment of
methamphetamine dependence. We conducted this study in an attempt to evaluate the potential of
a novel class of medications, angiotensin converting enzyme inhibitors, as treatments for
methamphetamine dependence. All participants met DSM-IV-TR criteria for methamphetamine
abuse or dependence and were not seeking treatment at the time of study entry. The study was
conducted using a double-blind design. Subjects received a baseline series of IV doses of
methamphetamine (15mg and 30mg) and placebo. Subjects received a second identical series of
methamphetamine doses 3 and 5 days after initiation of once-daily oral placebo or perindopril
treatment. The dose of perindopril was 2mg, 4mg, or 8mg administered in the morning.
Perindopril treatment was tolerated well. There were no main effects of perindopril on
methamphetamine-induced changes in cardiovascular or subjective effects. There were significant
perindopril * methamphetamine interactions for diastolic blood pressure and for ratings of “Any
Drug Effect”, indicating inverted U dose-effect functions for these indices.
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1. Introduction
A variety of medications have been assessed for their potential efficacy for the treatment of
methamphetamine dependence. We recently reported that bupropion, an antidepressant
binding to dopamine (DA) and norepinephrine (NE) transporters, with additional activity at
nicotinic acetylcholine receptors, reduced the euphoria associated with experimental
administration of methamphetamine, and cue-induced craving for MA, in human volunteers
(Newton et al., 2006). In a subsequent randomized clinical trial, bupropion treatment was
more effective than placebo for reducing methamphetamine use in patients with modest pre-
randomization use frequency (Elkashef et al., 2007; Shoptaw et al., 2008). Taken together,
the available data suggest that medications that reduce the positive subjective effects of MA
may be useful therapeutic agents in the treatment of methamphetamine dependence.
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We conducted this study in an attempt to evaluate the potential of a novel class of
medications, angiotensin converting enzyme (ACE) inhibitors, as treatments for
methamphetamine dependence. Preclinical data indicates that treatment with ACE inhibitors
increases striatal DA content (Jenkins et al., 1997) and hastens recovery from MPTP-
induced neurotoxicity (Kurosaki et al., 2005), suggesting previously unexpected links
between the renin-angiotensin system and the striatal DA system. Clinical experience
suggests that treatment with ACE inhibitors may improve functioning of patients with
Parkinson’s disease who are receiving L-DOPA (Reardon et al., 2000), leading others to
suggest that ACE inhibitors may be beneficial treatments for stimulant use disorders
(Margolin et al., 2000).

It is becoming increasingly clear that angiotensin II, binding at central AT-1 receptors, alters
drug-seeking behavior in preclinical models, though as yet studies have been limited to
ethanol consumption in rats and mice (Grupp 1992; Lingham et al., 1990). Transgenic mice
expressing a rat angiotensinogen gene (thereby over-expressing angiotensinogen)
demonstrated enhanced ethanol self-administration, and this is blocked in mice expressing
an antisense angiotensinogen gene (Maul et al., 2001). Mice that over-expressed
angiotensinogen, and therefore had increased levels of angiotensin II, consumed
substantially more alcohol than wild-type mice. Treatment with the ACE inhibitor spirapril
reduced alcohol consumption in both groups of mice. In a subsequent study that used
transgenic rats expressing an antisense RNA against angiotensinogen (Maul et al., 2005),
expression of the antisense RNA resulted in reduced angiotensin II levels exclusively in the
central nervous system. Transgenic rats with reduced CNS angiotensin II consumed
markedly less alcohol (but not sucrose solution) compared to their wild-type controls.
Additional experiments in AT-1, angiotensin II, and bradykinin receptor knockout mice
confirmed that the central effect of angiotensin II on alcohol consumption was mediated
exclusively by the angiotensin II receptor AT-1.

Of the available ACE inhibitors we selected perindopril because it is known that this drug
alters central dopamine turnover when administered peripherally (Jenkins et al., 1997).
Other ACE inhibitors (e.g. captopril) have more modest effects on brain ACE activity
(Cushman et al., 1989).

2. Methods
2.1 Subjects

Participants were recruited through advertisements and were paid for their participation. All
met DSM-IV-TR criteria for methamphetamine abuse or dependence and were not seeking
treatment at the time of study entry. Other inclusion criteria included being between 18 and
45 years of age, a history of using methamphetamine by the smoked or intravenous (IV)
route, and normal laboratory assessment and vital signs. Exclusion criteria included a history
of seizure disorder, head trauma, dependence on other drugs aside from nicotine, prior
adverse reaction to methamphetamine, or the presence of any other axis I psychiatric
disorder. Serious medical conditions such as heart disease, AIDS, asthma, Parkinson’s
disease and other serious medical conditions were also exclusionary. Concomitant use of
psychotropic medications was not allowed. Thirty participants completed the study. This
study was approved by the institutional review board at UCLA, and all participants gave
informed consent after being fully appraised of potential risks of participation.

2.2 Study Design
The study was conducted using a double-blind design. Following admission to the clinical
research center (CRC), subjects received IV doses of methamphetamine (15mg and 30mg, in

Newton et al. Page 2

Psychiatry Res. Author manuscript; available in PMC 2011 August 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



that order) on two subsequent days. The investigators (but not the participants) were
unblended as to the order of the methamphetamine doses. Each methamphetamine infusion
was preceded or followed by an IV infusion of saline in a random order in order to maintain
the blind. Subjects received a second identical series of methamphetamine/saline doses
beginning 3 days after initiation of once-daily oral placebo or perindopril treatment.
Methamphetamine and saline were administered using a syringe pump, ensuring that dosing
procedures were consistent across doses of methamphetamine and across subjects. The dose
of perindopril was 2mg, 4mg, or 8mg administered in the morning. Dose assignment was
random.

2.3 Data Analysis
Analysis of variance (ANOVA) was used to determine effects of perindopril dose,
methamphetamine dose, and the interaction term (perindopril * methamphetamine).
Significant perindopril * methamphetamine interactions were followed with Bonferonni-
Dunn post-hoc tests to evaluate differences between perindopril dosages.

4. Results
4.1 Participants

Thirty participants completed the study (Table 1). The majority of participants were
Caucasian and male, with an approximate age of 34 years, had received 13 years of
education on average, had used methamphetamine for about 10 years, and used
methamphetamine for 17 of the past 30 days. The majority of participants used MA by the
smoked route, and also smoked cigarettes, used alcohol, and a majority also used marijuana
on occasion.

4.2 Tolerability
Methamphetamine-dependent volunteers generally tolerated perindopril treatment well.
There were no differences across the treatment groups for total number of adverse events
(reported complaints or abnormal laboratory findings) (F3,26=1.15, p=0.35). Adverse events
were relatively uncommon, averaging less than 1 event per participant. The most common
adverse events were sleep disturbance, headache, and gastrointestinal distress.

4.3 Cardiovascular Effects
Perindopril treatment did not produce hypotension at any dose tested. For systolic blood
pressure (Figure 1), methamphetamine had very modest effects in the 0mg perindopril
group, greatest effects in the 2mg group, and smaller effects in the 4mg and 8mg groups.
ANOVA indicated no significant effect of perindopril dose (F3,50=2.11, p=0.11), a
significant effect of methamphetamine dose (F1,50=3.88, p=0.05), and no significant
interaction of perindopril * methamphetamine (F3,50=1.14, p=0.34). For diastolic blood
pressure (Figure 2), there was a similar pattern, with modest effects in the 0mg group,
greatest effects in the 2mg group, and smaller effects in the 4mg and 8mg groups. ANOVA
indicated no significant effect of perindopril dose (F3,50= 0.78, p=0.51), a significant effect
of methamphetamine dose (F1,50= 7.98, p=0.007), and a significant interaction of
perindopril * methamphetamine (F3,50= 5.38, p=0.003). For heart rate (Figure 3), nearly
identical patterns were seen. ANOVA indicated no significant effect of perindopril dose
(F3,50=1.63, p=0.19), a significant effect of methamphetamine dose (F1,50= 28.9, p<0.001),
and no significant interaction of perindopril * methamphetamine (F3,50= 2.55, p=0.07). Post-
hoc tests did not indicate significant differences between perindopril 0 mg vs. 2, 4, or 8 mg
for any of the cardiovascular indices.
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4.4 Subjective Effects
For Any Drug Effect (Figure 4), methamphetamine produced substantial effects in the 0mg
perindopril group which progressively declined in the 2mg and 4mg perindopril groups.
Methamphetamine produced substantial effects in the 8mg perindopril group, however.
ANOVA indicated no significant effect of perindopril dose (F3,79=2.26, p=0.09), a
significant effect of methamphetamine dose (F1,79= 67.4, p<0.001), and a significant
interaction for perindopril * methamphetamine (F3,79= 2.89, p=0.04). For High (Figure 5), a
nearly identical pattern emerged. ANOVA indicated no significant effect of perindopril dose
(F3,79=1.52, p=0.22), a significant effect of methamphetamine dose (F1,79= 61.7, p<0.001),
and no significant interaction for perindopril * methamphetamine (F3,79= 1.62, p=0.19). For
Desire (Figure 6), methamphetamine produced substantial increases in desire in the 0mg
perindopril group, but this increase was not seen in the 2mg and 4mg perindopril groups. As
with the other subjective effects measures, the effects of methamphetamine were substantial
in the 8mg perindopril group. ANOVA indicated no significant effect of perindopril dose
(F3,79=1.05, p=0.35), a significant effect of methamphetamine dose (F1,79= 6.97, p=0.01),
and no significant interaction for perindopril * methamphetamine (F3,79= 1.54, p=0.26).
Post-hoc tests did not indicate significant differences between perindopril 0 mg vs. 2, 4, or 8
mg for any of the subjective effects measures.

5. Discussion
Perindopril treatment was well tolerated, with minimal adverse reactions and no dose-
dependent adverse events or complaints. Unlike other antihypertensive medications (e.g.
adrenergic α-1 antagonists such as prazosin), perindopril was not associated with
hypotension at any dose tested.

In subjects receiving intravenous methamphetamine, pretreatment with perindopril produced
no significant effects on heart rate, but did modify methamphetamine-induced increases in
systolic and diastolic blood pressure. Although comparisons between patients receiving
placebo and different doses of perindopril did not reach significance, the pattern observed is
consistent with greater methamphetamine-induced changes systolic and diastolic blood
pressure in subjects receiving the lowest (2mg) dose of perindopril. This is likely due to
modest cardiovascular responses to methamphetamine in the group that received placebo
perindopril, as in a sample of 67 participants who received methamphetamine alone, 30mg
produced increases in heart rate of about 15 BPM and increases in blood pressure of 15
mmHg systolic and 8 mmHg diastolic (Fleury et al., 2008). The increases we observed in the
0mg perindopril group were much smaller than these, suggesting that the small sample size
allowed the chance inclusion of several low responding individuals to influence the group
mean. For subjects receiving perindopril 2mg to 8mg, cardiovascular indices tended to
moderate as the perindopril dose increased, though due to the small sample size this did not
reach statistical significance.

Pretreatment with perindopril produced significant effects on ratings of Any Drug Effect,
without modifying other VAS measures in methamphetamine-treated subjects. While
comparisons between patients receiving placebo and different doses of perindopril again did
not reach significance, the pattern observed is consistent with a diminished subjective effect
of methamphetamine in subjects receiving the lowest (2mg) and intermediate (4mg) doses of
perindopril. Relative to placebo treatment, values for responding on the Any Drug scale
were approximately 30% less in subjects receiving low-dose perindopril, and approximately
60% less in subjects receiving intermediate-dose perindopril (see Figure 4). In contrast,
values for responding to this scale were similar for subjects receiving placebo and the
highest (8 mg) dose of perindopril, indicating a U-shaped dose-effect curve of oral
perindopril on nonspecific subjective effects of intravenous methamphetamine. While this
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may be due to effects of perindopril on enzyme systems that mediate opposing actions, it
more likely is due to the small sample size and resultant type 1 errors.

Perindopril is an ACE inhibitor which acts to reduce blood pressure by blocking the
conversion of angiotensin I (AT-1) into angiotensin II. Angiotensin II binds AT-1 receptors
within the CNS, potently increasing blood pressure though a variety of mechanisms that are
not entirely understood. These include enhancing release of norepinephrine (Wang et al.,
2001), resulting in centrally and peripherally mediated constriction of arterioles (Armando et
al., 2004). Peripheral angiotensin II also acts on AT-1 receptors in the kidney, resulting in
secretion aldosterone and retention of sodium (Allen et al., 2000; Macfadyen et al., 1990).
There are AT-1 receptors within brain regions unrelated to blood pressure regulation
(MacGregor et al., 1995; von Bohlen Und Halbach and Albrecht 2006), and these mediate,
at least in part, other effects of perindopril.

ACE is a dipepdidyl peptidase that cleaves two-amino acid fragments from short peptides.
Known substrates include AT-1, substance P, and neurotensin (Skidgel et al., 1987; Skidgel
and Erdos 1987; 2004). Other brain peptides may be substrates as well, though little research
has focused on this. This multiplicity of activities may account in part for the complex dose-
effect relationship that was observed in the present study. Central administration of
antagonists for angiotensin II can attenuate psychostimulant-induced activation of the
sympathetic nervous system in rats (Knuepfer et al., 2001). In the present study, low doses
of perindopril may have also attenuated the ability of angiotensin II to produce increases in
sympathetic tone, resulting in a diminished subjective effect of methamphetamine. In
contrast, higher doses of perindopril may have increased levels of substance P, enhancing
the subjective effects of methamphetamine (Hanson and Lovenberg 1980). Though
speculative given the small magnitude of the increase in substance P observed in the
preclinical study, this interpretation could be tested using available NK-1 (substance P
receptor) antagonists such as aprepitant. Neurotensin is also inactivated by ACE, and
enhanced activity of neurotensin subsequent to ACE inhibition could contribute to some of
the effects of ACE inhibition, including the increases in striatal DA (Binder et al., 2001) and
enhanced recovery following MPTP lesioning (Georgiev and Kambourova 1991; Jenkins et
al., 1999; Kurosaki et al., 2005; Munoz et al., 2006). The role of neurotensin in mediating
these neuroprotective effects could be explored through the use of AT-1 receptor
antagonists, which would not alter neurotensin activity.

Although used as a treatment for hypertension because of its ability to decrease blood
pressure through selective inhibition of ACE (Brugts et al., 2009), low-dose perindopril
unexpectedly augmented methamphetamine-induced increases in blood pressure in the
current study. Relatively few previous reports have examined the effects of ACE inhibitors
on increases in blood pressure produced by methamphetamine or other psychostimulants.
Cocaine-induced increases in blood pressure in animals were recently shown to be mediated
by central AT-1 receptors, with this effect attenuated by pretreatment with an ACE inhibitor
(Rowe et al., 2006). The mechanisms through which perindopril increased
methamphetamine-induced blood pressure in the present study are unknown, but appear to
involve different effects of ACE inhibition on blood pressure under basal conditions and
after treatment with methamphetamine.

The main limitation of this study was the small sample size. Effects of treatment with each
dose of perindopril or placebo were assessed in less than 10 volunteers, increasing the
likelihood of error. ACE is known to have a common polymorphism, the deletion/insertion
(D/I) polymorphism (Rigat et al., 1990). The resulting three phenotypes were likely
distributed unevenly across our study groups, possibly increasing variability. In addition, we
did not measure plasma renin activity (renin mediates the synthesis of AT-1 from

Newton et al. Page 5

Psychiatry Res. Author manuscript; available in PMC 2011 August 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



angiotensinogen), which has been associated to varying degrees with responsiveness to ACE
inhibitors (Seki et al., 2006; Tang et al., 2004). Finally, we did not measure effects of
perindopril on methamphetamine self-administration; behavioral effects of drugs frequently
parallel subjective effects produced by drugs, but they need not (Dews 1977; Haney and
Spealman 2008). Subsequent studies should assess effects of perindopril treatment on drug-
seeking or taking behaviors. Until these studies have been completed it is premature to
impute therapeutic efficacy for perindopril as a treatment for methamphetamine dependence.
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Figure 1.
Effect of methamphetamine on systolic blood pressure.
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Figure 2.
Effect of methamphetamine on diastolic blood pressure
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Figure 3.
Effect of methamphetamine on heart rate.
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Figure 4.
effect of metamphetamine on any drug effect.
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Figure 5.
effect of metasmphetamine on “high” drug effect.
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Figure 6.
effect of metamphetamine on “desire”.
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Table 1

Participant Characteristics

Perindopril Groups

0 mg
(N=5)

2 mg
(N=8)

4 mg
(N=8)

8 mg
(N=9)

Gender

Male 5 8 8 7

Female 0 0 0 2

Ethnicity

White (Not Hispanic) 4 4 5 4

Hispanic or Latino 0 3 1 4

African American 1 1 1 0

Native American 0 0 1 1

Age 30.4±3.6 34.6±2.4 37.5±2.7 34.7±3.9

Education 14.4±0.7 12.6±0.4 12.9±0.7 13.2±0.5

Substance Use

Years of MA use 4.0±1.5 10.0±2.5 13.1±2.9 12.4±2.9

MA use last 30 Days 15.6±2.2 21.0±2.7 14.9±2.9 21.9±3.5

Nicotine Use in last 30 days (%) 60 88 100 78

Route of MA Use 60% Smoke
20% IV

20% Oral

63% Smoke
37% Multiple

25% Smoke
25% Nasal

25% IV
25% Multiple

63% Smoke
13% Oral
13% IV

26% Multiple

Alcohol Use in last 30 days (%) 100 83 88 56

Marijuana Use in last 30 days (%) 80 57 75 67

Cocaine Use in last 30 days (%) 60 0 38 11

Heroin Use in last 30 days (%) 0 0 0 0

Sedatives Use in last 30 days (%) 20 0 13 0

PCP Use in last 30 days (%) 20 14 0 0
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