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BRIEF REVIEW

Methamphetamine Use and Cardiovascular Disease
In Search of Answers

Christopher G. Kevil, Nicholas E. Goeders, Matthew D. Woolard, Md. Shenuarin Bhuiyan, Paari Dominic, Gopi K. Kolluru,  
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ABSTRACT: While the opioid epidemic has garnered significant attention, the use of methamphetamines is growing worldwide 
independent of wealth or region. Following overdose and accidents, the leading cause of death in methamphetamine users 
is cardiovascular disease, because of significant effects of methamphetamine on vasoconstriction, pulmonary hypertension, 
atherosclerotic plaque formation, cardiac arrhythmias, and cardiomyopathy. In this review, we examine the current literature 
on methamphetamine-induced changes in cardiovascular health, discuss the potential mechanisms regulating these varied 
effects, and highlight our deficiencies in understanding how to treat methamphetamine-associated cardiovascular dysfunction.

VISUAL OVERVIEW: An online visual overview is available for this article.
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Reports from a variety of sources suggest that the 
United States is currently experiencing an opioid epi-
demic initiated by the unanticipated proliferation of 

opioid prescriptions starting in the late 1990s, with the 
subsequent accelerated misuse of these drugs for non-
medical purposes.1–3 At the same time, however, meth-
amphetamine use has also been increasing across the 
country, indicating that the use of this drug is develop-
ing into its own epidemic.4 Methamphetamine—a highly 
potent amphetamine derivative—produces significant 
effects on physical, behavioral, cognitive, and psychiatric 
output.5,6 Widely used for its ability to increase wakeful-
ness and physical activity and decrease appetite, meth-
amphetamine’s widespread misuse results from the 
intense euphoria the drug produces.7 These effects are 
largely due to the ability of methamphetamine to enhance 
monoamine (eg, dopamine and noradrenaline) levels in 
the synaptic cleft. Epidemiological studies demonstrate 
that amphetamine-type stimulants are the most widely 
used illicit drug in the world after cannabis, with ≤51 
million global users between the ages of 15 and 64 
years.8,9 Methamphetamine use is a growing worldwide 

phenomenon, with the consumption of the drug occurring 
independently of wealth, geographic location, and culture.

Methamphetamine (N-methyl-alpha-methylphenethyl-
amine) is a cationic molecule and chiral compound based 
around a phenylethylamine core, obviously distinguishable 
from its amphetamine analogs by an additional methyl 
group (Figure 1A). This moiety makes methamphetamine 
highly lipophilic, thereby allowing it to increasingly pen-
etrate the blood-brain barrier.5 Methamphetamine func-
tions in neuronal tissue by promoting catecholamine (eg, 
dopamine and norepinephrine) signaling through multiple 
mechanisms. Methamphetamine binds vesicular mono-
amine transporter-2 and accumulates in vesicles where it 
alters the pH resulting in catecholamine release into the 
cytosol (Figure 1B).10,11 Additionally, methamphetamine 
inhibits the catecholamine catabolizing enzyme mono-
amine oxidase to stabilize cytosolic catecholamine lev-
els. Interaction between methamphetamine and the DAT 
(dopamine transporter) and NET (norepinephrine trans-
porter) prevents catecholamine uptake and stimulates 
catecholamine release through exchange diffusion and 
modulation of receptor activity (Figure 1B).10,11 Although 
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this results in acute increases in dopamine and norepi-
nephrine signaling driving the methamphetamine-asso-
ciated euphoria, chronic methamphetamine use induces 
neurotoxicity in dopaminergic axon terminals, associ-
ated with reduced dopamine production and reduced 
expression of the DAT.11 Additionally, methamphetamine 
induces neuronal cell death associated with endoplas-
mic reticulum stress, mitochondrial dysfunction, and 
enhanced reactive oxygen species (ROS) production.11

While exposure of methamphetamine results in del-
eterious consequences to the neurological system, it 
also elicits a range of other adverse effects.12 Several 
clinical and postmortem studies clearly associate the 
use of methamphetamine with cardiovascular disease,13 
and cardiovascular disease represents the second lead-
ing cause of death among methamphetamine abusers 
following only accidental overdose.14 Methamphetamine 
can have adverse and potentially fatal effects on arter-
ies and blood vessels, including elevated blood pressure, 
acute vasospasm, and atherosclerotic cardiovascular dis-
ease. In addition, methamphetamine induces structural 
and electrical remodeling of cardiac tissue leading to 
arrhythmias and heart failure. However, the mechanisms 
surrounding these and other pathological responses of 
the cardiovascular system in methamphetamine abusers 
remain largely unknown. Methamphetamine may induce 
cardiovascular complications through catecholamine tox-
icity because of its high-affinity interactions with binding 
sites on the DAT (Ki=0.46 μM) and NET (Ki=0.11 μM).15 
However, methamphetamine also interacts with moder-
ate affinity to binding sites in other receptors present in 
the cardiovascular system, including the TAAR1 (trace 
amino acid receptor 1; EC50 ≈1–3 μM), σ1r (sigma-1 
receptor; Ki ≈2 μM), and α2 adrenergic receptors (Ki ≈1 
μM; Figure 1C).16–19 Although originally thought to be a 
cell surface opioid receptor, the σ1 receptor primarily 
localizes to the endoplasmic reticulum and mitochondrial 
membrane, which may contribute to the effect of cyto-
solic methamphetamine signaling.20 Data collected from 
human methamphetamine users suggest that plasma 
methamphetamine concentrations average 2 to 3 μM, 
whereas concentrations can reach 17 μM in individu-
als arrested for erratic behavior and 87 μM in postmor-
tem samples from nonoverdose patients.21–23 Therefore, 
the plasma methamphetamine levels in humans are 

sufficient to bind to and interact with all of the potential 
methamphetamine-binding sites listed above.

In this review, we summarize the current literature 
on the effects of methamphetamine use on cardiovas-
cular dysfunction, with a focus on vasoconstriction and 
pulmonary hypertension, atherosclerotic cardiovascu-
lar disease, cardiac arrhythmias, and cardiomyopathy. 
These studies highlight the importance of understanding 
methamphetamine-driven cardiovascular disease and 
highlight the limitations of our current understanding of 
molecular mechanisms involved.

METHAMPHETAMINE-MEDIATED 
VASOCONSTRICTION AND PULMONARY 
HYPERTENSION
Methamphetamine administration in human subjects 
results in an acute, rapid increase in both heart rate and 
blood pressure.24 In mouse models, acute methamphet-
amine exposure induced vasoconstriction of pial arteries 
and intracerebral arteries,25,26 and chronic methamphet-
amine exposure has been shown to promote vasocon-
striction and persistent cerebral hypoperfusion driven 
by neurovascular damage and an imbalance of circulat-
ing vasoregulatory substances.27 Regulation of vascu-
lar tone and arterial blood pressure is maintained by 
neuronal stimulation and by circulating and endothelial-
derived vasoactive substances.28 Endothelin, angiotensin 
II, and catecholamines promote vasoconstriction through 
G-protein–coupled receptors that drive Gαq-dependent 
smooth muscle calcium influx. In contrast, circulating and 
endothelial-derived vasodilators (NO, prostacyclin) reduce 
smooth muscle contraction by inhibiting either calcium 

Nonstandard Abbreviations and Acronyms

CES1 carboxylesterase 1
DAT dopamine transporter
IL interleukin
NET norepinephrine transporter
ROS reactive oxygen species
TAAR1 trace amino acid receptor 1

Highlights

• Methamphetamine use is rising globally resulting in 
significant morbidity and mortality driven by a poorly 
understood increase in multiple forms of cardiovas-
cular disease.

• Methamphetamines may promote cardiovascular 
disease through catecholamine toxicity or through 
direct effects on cardiac and vascular tissue.

• The use of methamphetamine is associated with 
pulmonary hypertension, particularly in patients 
showing specific polymorphisms in the metham-
phetamine catabolizing enzyme carboxylesterase 1.

• Symptoms of myocardial infarction among metham-
phetamine users result from both acute coronary 
vasospasm and enhanced atherosclerotic plaque 
formation.

• Remodeling of cardiac tissue following metham-
phetamine exposure promotes dilated cardiomyopa-
thy and may enhance the susceptibility to cardiac 
arrhythmias.
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influx or myosin phosphorylation. While the mechanisms 
of methamphetamine-induced vasoconstriction remain 
poorly described, current evidence suggests vasoconstric-
tion by amphetamines and trace amines involves endothe-
lial release of endothelin-125 or arterial TAAR1 signaling,29 
whereas neuronal catecholamine signaling and adrener-
gic receptor signaling do not appear to be involved (Fig-
ure 2A).30 Consistent with methamphetamine-associated 
vasoconstriction, methamphetamine use is commonly 
associated with acute angina associated with vasospasm 
of the coronary arteries or coronary microvasculature, 
resulting in severely diminished blood flow to cardiac tis-
sue. In one case report, methamphetamine-induced coro-
nary vasospasm resulting in myocardial infarction was 

found to be unresponsive to vasodilator therapy. Similarly, 
a small study of 20 methamphetamine users and 21 age-
matched controls showed reduced nitroglycerin-mediated 
vasodilation in the methamphetamine users,31 suggesting 
that methamphetamine promotes smooth muscle dys-
function and reduced NO sensitivity.

Although there are minimal reports concerning sys-
temic, chronic hypertension in methamphetamine users, 
prolonged methamphetamine abuse can result in a marked 
increase in pulmonary hypertension.32,33 Methamphet-
amine administered intravenously shows primary accumu-
lation in the lung, where it is internalized and metabolized 
by pulmonary endothelial cells.34,35 Endothelial exposure to 
methamphetamine resulted in enhanced ROS production 

Figure 1. Methamphetamine effects and receptors.  
A, Chemical structures of the catecholamines dopamine and norepinephrine, amphetamine, and methamphetamine. B, Effects of 
methamphetamine on catecholamine signaling. C, Catecholamine-independent effects of methamphetamine. α2 AR indicates α2 adrenergic 
receptor; σ1r, sigma-1 receptor; DAT, dopamine transporter; NET, norepinephrine transporter; TAAR1, trace amino acid receptor 1; and VMAT2, 
vesicular monoamine transporter 2.
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and compensatory autophagy (Figure 2A).34,36 Endothelial 
cells metabolize methamphetamine through CES1 (car-
boxylesterase 1), and a single nucleotide polymorphism 
in the CES1 predicted to reduce CES1 activity is associ-
ated with elevated ROS production, reduced endothelial 
autophagy, and enhanced endothelial apoptosis.34 Of par-
ticular interest, nearly all of the methamphetamine-asso-
ciated pulmonary hypertension patients examined were 
heterozygous for this polymorphism.34

Multiple mechanisms may couple methamphetamine 
to induction of compensatory autophagy. While metham-
phetamine administration promotes dysfunction of amino 
acid and lipid metabolism triggering autophagy, meth-
amphetamine also promotes dissociation of the Bcl-2/
Beclin 1 complex, thereby limiting the ability of Bcl-2 
to inhibit autophagy.37,38 This compensatory autophagy 
during methamphetamine consumption may be a poten-
tial protective mechanism against apoptotic cell death. 

Figure 2. Cardiovascular effects of methamphetamine use.  
A, Methamphetamine use is associated with acute vascular constriction and vasospasm, whereas chronic methamphetamine use drives 
endothelial damage and pulmonary hypertension in some patients. B, Enhanced atherosclerotic plaque formation following methamphetamine 
use correlates with enhanced inflammation due to endothelial activation and increased T cell and macrophage-driven proinflammatory signaling. 
C, Methamphetamine use drives cardiac structural (fibrosis, inflammation) and electrical remodeling, associated with QT prolongation and 
susceptibility to arrhythmias. D, Exposure to methamphetamine promotes mitochondrial dysfunction and dilated cardiomyopathy. These cardiotoxic 
properties appear to involve both catecholaminergic toxicity and direct toxicity. ET1 indicates endothelin 1; ICAM-1, intercellular adhesion 
molecule-1; IFN, interferon; IL, interleukin; ROS, reactive oxygen species; and VCAM-1, vascular cell adhesion molecule-1.
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In primary human brain microvascular endothelial cells 
and human umbilical vein endothelial cells, prevent-
ing autophagy following methamphetamine treatment 
enhanced endothelial apoptosis.39 Reduced compen-
satory autophagy on CES depletion suggests that high 
levels of methamphetamine may hinder compensatory 
autophagy to promote endothelial cell death. However, 
additional studies are required to better define the pro-
survival and proapoptotic functions of autophagy induc-
tion during methamphetamine-induced toxicity.

METHAMPHETAMINE IN 
ATHEROSCLEROTIC CARDIOVASCULAR 
DISEASE
The use of methamphetamine clearly increases the 
rate of coronary artery disease, with myocardial infarc-
tion often observed in young patients with a history of 
methamphetamine abuse. A 1999 posthumous study of 
decedents from southern California demonstrated that 
methamphetamine users had an increase in minimal-to-
severe atherosclerotic coronary artery disease (19%) 
compared with sex- and age-matched controls (0.5%).40 
Two posthumous studies from Australia also observed 
increased coronary artery disease severity among 
methamphetamine users in which 54% of patients 
had observed coronary artery disease and ≤10% had 
extremely severe coronary artery disease not observed 
in control cohorts.14,41 Furthermore, chronic methamphet-
amine treatment of atherosclerosis-prone apolipoprotein 
E knockout mice increased atherosclerotic severity, pro-
viding direct evidence linking methamphetamine use to 
enhanced plaque formation.42,43

Methamphetamine usage reduces traditional risk fac-
tors associated with atherosclerosis, such as elevated 
serum cholesterol and obesity, consistent with its known 
function as an appetite suppressor. However, athero-
sclerosis is a multifactorial disease involving local endo-
thelial activation, intimal cholesterol deposition, leukocyte 
recruitment and dysfunction, and smooth muscle–driven 
fibroproliferative remodeling.44 Methamphetamine can 
promote multiple aspects of endothelial activation, such 
as permeability and enhanced proinflammatory gene 
expression, in part, because of enhanced ROS production 
(Figure 2B).45,46 Analysis of mRNA from methamphet-
amine-treated mice demonstrates increased expression in 
proinflammatory markers of endothelial activation, such as 
intercellular adhesion molecule-1, vascular cell adhesion 
molecule-1, and monocyte chemoattractant protein-1.42,43 
Additionally, methamphetamine can elicit proinflammatory 
responses from macrophages, as treatment of human 
derived-macrophages with methamphetamine elicits pro-
duction of ROS, IL (interleukin)-6, and IL-1β, which are all 
known atherogenic factors,47 and plaques from metham-
phetamine-treated mice show increased proinflammatory 

T cell and macrophage levels (Figure 2B). Furthermore, 
methamphetamine directly alters mitochondria activity, 
leading to increased production of ROS and reactive nitro-
gen species that could potentiate atherogenic inflamma-
tion.48 While plaques from methamphetamine-treated mice 
show an increase in smooth muscle area, the elevated 
levels of interferon-γ and reduced transforming growth 
factor-β observed in these plaques would be predicted to 
promote smooth muscle apoptosis and reduce extracellu-
lar matrix deposition, consistent with the vulnerable plaque 
phenotype.42,43 However, little is currently known about the 
regulation of vascular smooth muscle cell phenotype by 
methamphetamine exposure.

METHAMPHETAMINE AND CARDIAC 
ARRHYTHMIAS
A retrospective analysis of the US National Inpatient 
Sample database involving >35 million patients and 
over 180 000 methamphetamine users demonstrated 
that methamphetamine users have a 27% increased 
risk of sudden cardiac death.49 Similarly, a review of the 
Australian National Coronial Information System data 
showed that 6.5% of all nonaccidental deaths in meth-
amphetamine users are due to sudden cardiac death.50 
Most of these studies suffer from the bias of retrospec-
tive adjudication of deaths based on records and may 
offer only a glimpse of the actual problem. While there 
are isolated case reports of monomorphic ventricu-
lar tachycardia in methamphetamine users,51 there are 
no prospective observational studies or animal studies 
looking at the actual incidence of arrhythmias in meth-
amphetamine users. However, there is now growing evi-
dence that electrical and substrate changes induced by 
methamphetamine do induce prolonged QT changes in 
12-lead electrocardiograms, suggesting an increased 
vulnerable period for initiation of and increased risk for 
ventricular arrhythmias (Figure 2C).52 The only animal 
study designed to assess the acute effect of metham-
phetamine on cardiac rhythm observed increased atrial 
and ventricular ectopic beats and sinus tachycardia in the 
30 minutes following methamphetamine administration 
but no sustained ventricular arrhythmias.53

Methamphetamine use is associated with cardiac 
structural and cellular changes that are typically linked to 
cardiac arrhythmias (Figure 2C). Endomyocardial biop-
sies from the ventricles from patients with methamphet-
amine-associated cardiomyopathy showed increased 
markers of inflammation and fibrosis. Ventricular fibrosis 
in patients with methamphetamine-associated cardiomy-
opathy has been corroborated by cardiac magnetic res-
onance imaging by other investigators.54 The extent of 
fibrosis directly correlated with duration of methamphet-
amine use and predicted recovery with discontinuation of 
the drug.55 In addition to structural remodeling described 

D
ow

nloaded from
 http://ahajournals.org by on O

ctober 2, 2023



BR
IE

F 
RE

VI
EW

 - 
VB

Kevil et al Methamphetamine and Cardiovascular Disease

September 2019 Arterioscler Thromb Vasc Biol. 2019;39:1739–1746. DOI: 10.1161/ATVBAHA.119.3124611744

above, methamphetamine is also associated with cardiac 
electrical remodeling. Animal studies show decreased 
expression and activity of multiple potassium channels 
and voltage-gated calcium channels, which recovered 
significantly by week 8 of withdrawing methamphet-
amine.56 In isolated ventricular myocytes, methamphet-
amine inhibited transient outward potassium current, 
inward rectifier potassium current, and L-type calcium 
current in a dose-dependent manner.57 In contrast, Sugi-
moto et al58 found that methamphetamine treatment 
increases rat neonatal ventricular myocyte beating rates 
and calcium spark frequency in an L-type calcium chan-
nel–dependent manner. However, both studies highlight 
the ability of methamphetamine to directly affect cardiac 
myocyte function independent of catecholaminergic 
changes associated with the in vivo model.

METHAMPHETAMINE-ASSOCIATED 
CARDIOMYOPATHY
Methamphetamine-related cardiomyopathy is associated 
with severe systolic dysfunction, left ventricular chamber 
dilation.55,59 Clinical and autopsy reports obtained from 
long-term methamphetamine users showed indicators 
of cardiomyopathy, such as necrosis, fibrosis, hyper-
trophy, and enlargement of the heart.60 The degree of 
fibrosis predicts the functional recovery following ces-
sation of methamphetamine use, whereas cardiac func-
tion did not improve in any of the patients who continued 
methamphetamine use.55 Methamphetamine use most 
commonly promotes dilated cardiomyopathy with an 
enlarged, dilated heart and severely diminished con-
tractile function.61 In animal models, methamphetamine 
administration induces cardiomyopathies with a disarray 
of cardiomyocytes, intracellular and extracellular edema, 
abnormally shaped mitochondria and nuclei, dilated T 
tubules, myocyte degeneration, contraction band degen-
eration, and myofilament loss (Figure 2D).62 Metham-
phetamine-associated cardiotoxic effects have been 
reported following acute administration, chronic admin-
istration, and binge administration (ie, frequent doses fol-
lowed by a period of abstinence), suggesting both a rapid 
and sustained influence on myocardial function.

The molecular mechanisms of methamphetamine-
associated cardiomyopathy are multifactorial, and possible 
pathogeneses are primarily based on cursory observa-
tions, such as excess catecholamine levels, ROS genera-
tion, mitochondrial dysfunction, metabolic dysregulation, 
coronary vasospasm, and myocardial ischemia.13 Studies 
showing that both short-term and longer term methamphet-
amine exposure induces cellular damage and hypertrophy 
in isolated, cultured cardiomyocytes support a role for cate-
cholamine-independent direct cardiotoxicity.57,63,64 However, 
the molecular targets and mechanisms driving the cellular 
effects of methamphetamine on the heart remain unknown.

SUMMARY AND FUTURE DIRECTIONS
Methamphetamine use clearly induces a multifacto-
rial dysfunction of the cardiovascular system, including 
both acute and chronic deleterious effects. Acute effects 
of methamphetamine often result in myocardial infarc-
tion driving users to the clinic. Methamphetamine use 
induces potent vasoconstriction that can result in severe 
vasospasm of the coronary arteries and microvascu-
lature resulting in myocardial ischemia. In addition to 
vasospasm, methamphetamine users show significantly 
worsened atherosclerotic cardiovascular disease, despite 
the reduction in several typical atherosclerotic risk fac-
tors. While currently poorly characterized, this proathero-
sclerotic effect may involve enhanced proinflammatory 
responses that contribute to plaque vulnerability, which 
may produce clinical manifestations in the context of 
methamphetamine-induced transient elevations in blood 
pressure. While there are minimal data suggesting that 
chronic methamphetamine use induces persistent hyper-
tension, methamphetamine use significantly enhances 
susceptibility for pulmonary hypertension, especially in 
users with polymorphisms in the methamphetamine-
degrading enzyme CES1. In the heart, methamphetamine 
promotes myocardial structural and electrical remodel-
ing, which may promote cardiac arrhythmias. Ultimately, 
methamphetamine induces profound mitochondrial dys-
function and cardiac myocyte death, driving dilated car-
diomyopathy and heart failure.

Currently, many questions remain unanswered regard-
ing methamphetamine-mediated cardiovascular disease. 
Although reduced mitochondrial function and enhanced 
oxidative stress represent common effects of metham-
phetamine use, specific reasons for these molecular 
changes underlying much of the cardiovascular com-
plications are still unknown. More research is needed 
to identify critical molecular pathways and prognostic 
markers to evaluate and predict methamphetamine-
induced pathological defects, along with environmental 
and genetic risk factors that contribute to methamphet-
amine-mediated cardiovascular events. While current 
clinical and animal studies provide compelling evidence 
of cardiovascular dysfunction, methamphetamine-asso-
ciated cardiovascular complications remain an underap-
preciated clinical burden that requires systemic study 
to elucidate the prevalence of pathology and to define 
molecular mechanisms of disease progression.
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