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ARTICLE INFO ABSTRACT

Sympathomimetic amine compounds are often pooled together and incorrectly assumed to be interchangeable
with respect to potential adverse effects. A brief and specific review of sympathomimetic compounds and one
Liver instance (i.e., hepatotoxicity) where these compounds have been improperly grouped together is covered. A

Keywords:
Sympathomimetic

Hepa]:mo"i_dty review of the proposed mechanisms through which known hepatotoxic sympathomimetic agents (e.g., 3,4-
l/\%ﬂr:fh:r::;:nes methylenedioxymethamphetamine or MDMA, methamphetamine and amphetamine) cause liver injury, along

with a corresponding review of in vitro data, interventional data, animal model studies and observational data
allow for a comparison/contrast of different agents and reveals a lack of potential toxicity for some agents (e.g.,
pseudoephedrine, phenylephrine, ephedrine, 1,3-dimethylamylamine, phentermine) in this broad category. Data
show that compounds within the broad group of sympathomimetics display divergent pharmacological and
toxicological profiles and can be clearly distinguished with respect to liver injury. These data serve as a reminder
to clinicians and others, that even small structural differences between molecules can lead to drastically different
pharmacological/toxicological profiles and that one should not assume that all sympathomimetic agents are

hepatotoxic. Such assumptions could lead to diagnostic errors and incorrect or insufficient treatment.

1. Introduction

Compounds that mimic the actions of epinephrine and nor-
epinephrine are traditionally referred to as sympathomimetic agents
[1]. The compounds that fit this generally broad category are further
defined by their mechanism, whether it is indirect (e.g., amphetamine
or tyramine), working to enhance the actions of catecholamines (i.e.,
epinephrine, norepinephrine and dopamine) or direct (e.g., epinephrine
and phenylephrine), via binding directly to and activating a given
adrenergic receptor [1]. Some compounds (e.g., ephedrine) may be
considered mixed, consisting of both direct and indirect mechanisms.
Finally, direct acting agents may be further subdivided based upon their
selectivity for a given receptor (e.g., phenylephrine as a selective a-1
adrenergic receptor agonist) or lack thereof (e.g., epinephrine and
norepinephrine as non-selective adrenergic receptor agonists).

Individuals may encounter sympathomimetic agents in the form of
diet (e.g., tyramine in fermented foods and p-synephrine in varieties of
oranges), prescription pharmaceuticals (e.g., phentermine and sibu-
tramine), over the counter medications (e.g., pseudoephedrine and
phenylephrine) and dietary supplements (e.g., p-synephrine and beta-
phenethylamine). While these compounds are generally thought to be
fairly safe, some sympathomimetic compounds can produce
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cardiovascular and neurological side effects, especially in cases of abuse
or intentional overdose, while some but not all, may also cause liver
injury.

The past inclusion of one sympathomimetic compound (1,3-di-
methylpentylamine or 1,3-dimethylamylamine, formerly marketed as a
decongestant, Forthane) in dietary supplements has led to speculation
that due to its sympathomimetic effects upon cardiovascular and neu-
rological systems, and superficial chemical similarity to amphetamines,
it may be hepatotoxic, effectively arguing that any sympathomimetic
compound has the potential for liver injury [2,3]. Similarly, speculation
has also indicated that the alkaloid, ephedrine may be hepatotoxic
based upon case reports where Ephedra species (i.e., Ephedra sinica or
ma-huang), which contain several alkaloids including pseudoephedrine
and ephedrine, were associated with liver injury [4]. This speculation is
based upon the noted hepatotoxic effects seen in cases of overdose with
amphetamine and the more frequently encountered cases of liver injury
seen with amphetamine derivatives such as 3,4-methylenediox-
ymethamphetamine or MDMA (ecstasy) and methamphetamine, and
their superficial chemical similarity to ephedrine with some shared
physiological effects (e.g., cardiovascular effects such as increased heart
rate and blood pressure). However, the lack of any confirmed reports
with other sympathomimetics, which also possess chemical similarities
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and some physiological effects (e.g., phenylephrine, phentermine,
pseudoephedrine, tuaminoheptane) indicates these arguments should
be evaluated more critically and considered alongside available evi-
dence to determine their validity. The key mechanisms through which
established hepatotoxic sympathomimetic amines (e.g., MDMA, am-
phetamine and methamphetamine) are proposed to cause liver injury,
including the production of reactive metabolites, hyperthermia, neu-
rotransmitter efflux, oxidation of biogenic amines, mitochondrial im-
pairment and apoptosis are reviewed allowing for a comparison/con-
trast with commonly consumed sympathomimetic amines (e.g.,
phenylephrine, pseudoephedrine, ephedrine, 1,3-dimethylamylamine)
in order to show key distinctions using in vitro data, animal models,
interventional (i.e., randomized, controlled trials) and observational
data (e.g., case-control studies and case reports) in humans. These data
show that some sympathomimetic agents (e.g., phenylephrine, phen-
termine, pseudoephedrine, ephedrine, 1,3-dimethylamylamine) lack
evidence for hepatotoxic potential as compared to agents such as
MDMA, amphetamine and methamphetamine, demonstrating that such
speculation and extrapolation is unsupported.

2. Mechanism of amphetamine-induced hepatotoxicity

While several hypotheses have been put forth regarding the possible
mechanisms involved in cases of amphetamine-induced liver injury,
those mainly considered are production of reactive metabolites, hy-
perthermia, increased neurotransmitter efflux, oxidation of biogenic
amines, mitochondrial impairment and apoptosis [5,6]. While the
aforementioned are considered the direct mechanisms, genetic poly-
morphisms, particularly in Cytochrome P450 2D6 (CYP2D6), environ-
mental factors and other drug abuse may also play a role in suscept-
ibility to these effects. In the following subsections, each proposed
mechanism will be addressed while comparing/contrasting known he-
patotoxic sympathomimetic agents such as MDMA, amphetamine and
methamphetamine, with those not known to cause liver injury (e.g.,
pseudoephedrine, phenylephrine, ephedrine, 1,3-dimethylamylamine,
tuaminoheptane) in order to show key distinctions.

2.1. Production of reactive metabolites

At least some of the hepatotoxicity seen with amphetamine is be-
lieved to be due to the formation of a reactive intermediate (pre-
sumably an epoxide) prior to formation of glutathione conjugate,
(glutathione-S-y1)-p-hydroxyamphetamine. This could potentially lead
to glutathione depletion and increased oxidative stress and damage
[5,6]. MDMA (i.e., due to formation of catechol-containing metabolites
which are further oxidized to reactive o-quinone metabolites) also
produces glutathione conjugated metabolites that may cause glu-
tathione depletion [5,6].

In contrast to amphetamine, compounds such as tuaminoheptane
and 1,3-dimethylamylamine obviously lack the necessary aromatic ring
for aromatic hydroxylation to occur (Fig. 1), while also lacking the
aromatic ring necessary for catechol formation as demonstrated in the
case of MDMA [6-8]. Pseudoephedrine, while possessing an aromatic
ring and basic phenethylamine skeleton undergoes N-demethylation to
form norpseudoephedrine as a minor (i.e. less than 1%) metabolite [9],
while it does not appear to undergo aromatic hydroxylation in man,
calling into question the potential for increased oxidative stress (Fig. 1).
Similarly, ephedrine also undergoes N-demethylation to form nor-
ephedrine but does not appear to undergo aromatic hydroxylation in
man [10,11].

2.2. Hyperthermia
While hyperthermia is a well-known symptom experienced after

administration of amphetamines and in cases of intoxication [12-18],
these effects have not been noted for various compounds such as
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tuaminoheptane, ephedrine, 1,3-dimethylamylamine, pseudoephe-
drine, oxymetazoline and phenylephrine [19-29]. Rather, adverse ef-
fects seem confined to neurological and cardiovascular systems. Ephe-
drine has been noted to cause hyperthermia in rats [30]. However, the
selective beta 2-adrenergic receptor agonist, salbutamol as well as the
non-selective adrenergic agonist, epinephrine also caused hyperthermia
in rats [30]. In humans however, these compounds have not been noted
to cause hyperthermia even in cases of overdose [31-34] and are not
known to cause liver injury. The lack of hyperthermia from beta 2-
adrenergic agonists in humans versus rodents may be explained by the
interspecies differences between humans and rodents, in which the
latter may be more prone to hyperthermia from sympathomimetic
agents [35,36]. A double-blind, placebo-controlled trial in healthy men
administered ephedrine and caffeine prior to exercise in a hot en-
vironment, failed to find an increase in internal body temperature as
compared to placebo [37]. Whether the inclusion of caffeine could have
altered the thermoregulatory response to ephedrine is unknown; how-
ever, if anything, the combination would be expected to enhance any
potential hyperthermic effect of ephedrine considering the known ad-
ditive or synergistic effects when the two are combined [38]. Others
have estimated that ephedrine possesses only 6% of the body tem-
perature-raising potency of amphetamine in humans [39] Interestingly,
the selective beta 3-adrenergic agonist, mirabegron has been shown to
increase energy expenditure in humans [40,41], and is not known to
cause hyperthermia or liver injury [42].

Of other interest is a recent case series involving young children
presenting after accidental ingestion of amphetamine based stimulants
(i.e., those typically prescribed to treat attention deficit hyperactivity
disorder (ADHD)—lisdexamfetamine and amphetamine-dex-
troamphetamine) [43]. Interestingly, while agitation, hypertension and
tachycardia were frequently noted, hyperthermia was not demonstrated
[43]. Others have reported similar findings (i.e., frequent presentation
with agitation and tachycardia without hyperthermia) in young chil-
dren exposed to methamphetamine [44]. The lack of hyperthermia in
young children as compared to adults presenting after ingestion of
amphetamines is difficult to explain but it has been suggested that this
discrepancy may be due to a lower ingested dose by children [44]. This
suggestion seems reasonable considering the relative lack of liver injury
noted with therapeutic use of amphetamine-dextroamphetamine as
compared to cases of intoxication [45,46], also indicating potential
dose-dependency [6,39,47-55].

2.2.1. Distinguishing increased metabolic rate from hyperthermia

With respect to the previous discussion, an important distinction
should be made between effects upon metabolic rate or thermogenesis
and hyperthermia, in response to sympathomimetic agents. An increase
in metabolic rate or thermogenesis may be demonstrated with sym-
pathomimetic agents such as ephedrine as well as spicy food, caffeine
and caffeinated beverages but does not result in thermoregulatory
dysfunction, allowing normal body temperature to be maintained via
compensatory mechanisms [37,56-63]. In contrast, drug-induced hy-
perthermia, as seen with agents such as methamphetamine and MDMA,
results from dysfunction or failure of central hypothalamic body tem-
perature control [15,59,64], although other regions of the body may
also play a role [15]. Others have previously suggested that MDMA and
the broad category of sympathomimetics induce thermogenesis via
distinct mechanisms [12]. The differential effects upon body tempera-
ture regulation as seen with agents such as methamphetamine and
MDMA as compared to ephedrine and 1,3-dimethylamylamine, for ex-
ample, can be attributed to differences in monoamine activity, espe-
cially dopaminergic and serotonergic activity—See Increased Neuro-
transmitter Efflux. While norepinephrine and more generally, adrenergic
activity are known to play a role in drug-induced hyperthermia ex-
perienced with methamphetamine and MDMA, dopamine and serotonin
are also thought to play critical roles [15,18,65-67] and can explain the
lack of hyperthermia from sympathomimetics which have only
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Fig. 1. Structures of ephedrine (A), pseudoephedrine (B), phenylephrine (C), 1,3-dimethylamylamine (D), tuaminoheptane (E), phentermine (F), Methamphetamine

(G), MDMA (H), Amphetamine (I).

adrenergic effects via direct or indirect (i.e., increased norepinephrine
and epinephrine) mechanisms.

2.3. Increased neurotransmitter efflux

Amphetamines are known to increase efflux of neurotransmitters
such as dopamine, serotonin and norepinephrine. At least some of the
hypothesized mechanism regarding hepatotoxicity and increased efflux
of these neurotransmitters likely overlaps with other mechanisms (e.g.,
oxidation of biogenic amines and hyperthermia). Once again, clear
distinctions can be made between compounds such as pseudoephedrine,
ephedrine and 1,3-dimethylamylamine as compared with ampheta-
mine, methamphetamine and MDMA. For example, in vitro data ana-
lyzing activity at human cloned transporters demonstrated that 1,3-
dimethylamylamine was essentially inactive (Ki > 10,000 nmol) for the
dopamine transporter (DAT) and serotonin transporter (SERT), while
having modest activity at the norepinephrine transporter (NET) (Ki of
649 nmol), suggesting it is a selective modulator of norepinephrine
activity [68]. Human pharmacokinetic data confirm that NET is a
plausible target [29], although data showing no change in serum nor-
epinephrine undermine this notion [69]. Amphetamine and the more
potent enantiomer of MDMA (i.e., S(+)-MDMA) on the other hand,
possessed Ki values of 109 and 897 nmol; 5728 and 948 nmol; and 101
and 398 nmol, for DAT, SERT and NET, respectively. These data show
that 1,3-dimethylamylamine is distinct pharmacologically from am-
phetamine and MDMA, with the former showing selective activity at
the NET, while the latter show activity at multiple monoamine trans-
porters. Others have demonstrated that the structurally similar com-
pound, tuaminoheptane also has activity at the NET [70]. Similarly,
pseudoephedrine and ephedrine also show a pharmacological profile
which indicates a mechanism of selective modulation of norepinephrine
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[72,71]. Such distinctions at least in the case of 1,3-dimethylamylamine
and tuaminoheptane may be at least partially due to the lack of the
aromatic ring [73,74] (Fig.1). As neurotransmitter efflux is related to
locomotor stimulating effects in animal models, it is also worth noting
that 1,3-dimethylamylamine demonstrates distinct (i.e., no stimulation
of locomotor activity) effects as compared to amphetamine and me-
thamphetamine, which significantly increase locomotor activity
[75,76]. Finally, ephedrine has been shown to possess far less potency
as compared to amphetamine and methamphetamine with respect to
the release and uptake inhibition of norepinephrine and dopamine in
vitro, while essentially being inactive regarding the release and uptake
inhibition of serotonin, as opposed to MDMA which is rather potent in
this regard [72]. Such differences may explain ephedrine’s relatively
weak (i.e., 6% potency) effect upon body temperature as compared to
amphetamine in humans [39].

2.4. Oxidation of biogenic amines

While the increase in catecholamine levels seen with amphetamines
is not believed to result in hepatic damage through an alteration in liver
blood flow [45], the oxidation of biogenic amines (i.e., the catechola-
mines, dopamine, epinephrine and norepinephrine) produces reactive
quinone metabolites which can lead to oxidative damage [5]. Dopa-
mine and dopamine-like metabolites seem to have the greatest potential
for oxidative damage. Aside from the notion that compounds such as
pseudoephedrine and 1,3-dimethylamylamine only seem to affect nor-
epinephrine, other data show a lack of increased oxidative stress. For
example, a randomized, double-blind, placebo-controlled, 12-week
study in healthy men administered 1,3-dimethylamylamine alone or in
combination with caffeine, found no change in markers of oxidative
stress, including malondialdehyde (MDA), advanced oxidation protein
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products (AOPP) and trolox equivalent antioxidant capacity (TEAC)
[77]. Wistar rats given a dietary supplement containing 1,3-dimethy-
lamylamine in fact showed evidence of an anti-oxidative effect in-
cluding decreases in thiobarbituric acid reactive substances (TBARS)
and AOPP [78]. This can be contrasted with the increase in markers of
oxidative stress (e.g., TBARS) in rat liver cells and in humans (e.g.,
MDA) who are chronic users of methamphetamine [79-82]. Others
have shown using a model of lipopolysaccharide-induced acute liver
failure in p-galactosamine sensitized male Wistar rats, that orally ad-
ministered pseudoephedrine and ephedrine are able to decrease serum
MDA [83].

2.5. Mitochondrial impairment and apoptosis

Mitochondrial impairment and apoptosis leading to injury have
been shown with compounds such as methamphetamine and MDMA
[5,6,53,84-87]. As noted previously however, in an acute liver injury
model in male Wistar rats, pseudoephedrine and ephedrine inhibited
hepatocellular apoptosis presumably via an anti-inflammatory effect
[83]. Incidentally, anti-inflammatory effects were previously reported
for pseudoephedrine [88]. Few data are available which have evaluated
mitochondrial function, although an in vitro study evaluating ephe-
drine in human hepatic stellate cells found evidence of mitochondrial
damage via oxidative stress [89]. However, the concentrations used
(e.g., 120 and 240 pg/mL) were extremely high and unlikely to be re-
levant to in vivo administration. For example, a 50 mg oral dose of
ephedrine in humans has been shown to produce an average peak
plasma concentration of approximately 138 ng/mL, which is consistent
with others [90,91]. Furthermore, even in cases of severe overdose in
cases of attempted suicide, concentrations have only reached 23 ug/mL
after a 7500 mg dose. While selective accumulation in the liver can
occur, the liver to plasma ratio in cases of overdose seem to be con-
sistently around 2:1 to 3:1. For example, a fatality after ingestion of
2100 mg of ephedrine demonstrated blood and liver concentrations of
5ug/mL and 15 pg/g, respectively. Another case with an unknown dose
demonstrated blood and liver concentrations of 11 ug/mL and 24 pg/g,
respectively. Thus, reaching such concentrations in vivo without leth-
ality is unlikely. Considering ephedrine’s pharmacokinetics and phar-
macological profile with partial effects upon dopaminergic activity, it
may still be possible for hepatotoxicity to occur [91,72]. However,
considering the similar (i.e., equally or far less potent at releasing or
inhibiting uptake of norepinephrine, dopamine and serotonin) profile
as compared to phentermine, which lacks findings of liver injury
[92,93], it would be difficult to explain such a discrepancy at least
based upon effects on monoamine levels [72].

2.5.1. Ephedra versus ephedrine

It is important to note that Ephedra species (i.e., Ephedra sinica or
ma-huang) have been implicated in causing liver injury in case reports
[83]. However, aside from the limitations inherent to case reports
[94-99] it is important to distinguish the natural product, Ephedra
species, which contain several alkaloids (including pseudoephedrine
and ephedrine) and other constituents, from the single, synthetically
produced alkaloids, ephedrine and pseudoephedrine, as the latter have
not been implicated in case reports. Whether the case reports involving
Ephedra are due to contaminants, misidentification or the combination
of alkaloids and other constituents is unknown [100]. Furthermore, at
least some cases presumed to be due to the herb consisted of multi-
ingredient formulas where known hepatotoxic substances such as green
tea extract and other potentially hepatotoxic herbs were also included
[83,101-104]. A recent study in F344 rats administered up to 1000 mg/
kg of Ephedra extract containing ephedrine and pseudoephedrine failed
to find adverse effects upon the liver [105], while Ephedra species de-
monstrated hepatoprotective effects in models of induced acute and
chronic liver failure in mice with noted anti-inflammatory effects and
inhibition of hepatocellular apoptosis [106,107]. Interestingly, an in
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vitro assay using human hepatoblastoma cells (HepG2) demonstrated
that when Ephedra (ma-huang) extracts were normalized for their
ephedrine content, they displayed greater cytotoxicity relative to
ephedrine itself, indicating that there may be other constituents re-
sponsible for toxicity [108]. While ephedrine and pseudoephedrine
showed cytotoxicity in the HepG2 cell line, the concentrations required
(i.e., > 300 pg/mL) again indicate that such data are likely irrelevant to
in vivo administration [108]. While Ephedra species have been banned
for consumption as dietary supplements in the United States, ephedrine
and pseudoephedrine are still generally available over the counter in
most states [109].

2.5.2. Liver injury

2.5.2.1. Animal models. With the end of result of apoptotic effects
expected to yield liver injury, one may also evaluate controlled studies
in humans and animal models for evidence of potential hepatotoxicity.
For example, ephedrine and pseudoephedrine decreased liver injury
markers (e.g, alanine aminotransferase or ALT and bilirubin) in
experimentally induced acute liver injury in Wistar rats [83], while
methamphetamine and MDMA are known to increase liver injury
markers and demonstrate histological changes indicative of injury in
rats [87,110,111]. In Wistar rats given a formulation containing 1,3-
dimethylamylamine, no changes were found in ALT, aspartate
aminotransferase (AST) and gamma-glutamyl transferase (GGT).

2.5.2.2. Humans. With respect to human studies, randomized, double-
blind, placebo-controlled trials conducted with  various
sympathomimetic agents (i.e., pseudoephedrine, ephedrine, 1,3-
dimethylamylamine, p-synephrine and phentermine) in different
populations failed to show any evidence of liver injury (Table 1). In
addition to these interventional studies, a multicenter prospective study
also failed to identify pseudoephedrine or ephedrine as a cause of liver
injury [112], while MDMA conversely is a well-known cause of liver
injury [113]. Finally, a case-control study failed to find any increased
risk for liver injury in those consuming 1,3-dimethylamylamine-
containing dietary supplements [25]. While some case reports have
implicated 1,3-dimethylamylamine-containing supplements in liver
injury, major shortcomings such as a lack of exclusion of alternative
causes, missed diagnoses, retrospective case-seeking in response to
publicity and a lack of objective causality assessment have been noted

[3].
3. Incorrect attributions of causality and treatment errors

The simple assumption that some structural similarities between
two molecules will unequivocally cause them to possess similar or
identical pharmacological/toxicological effects is deemed a futile ap-
proach or a “waste of time” by medicinal chemists [119], who know
that even small structural differences may result in divergent activity.
However, a reminder to healthcare practitioners and other scientists
seems appropriate [2,4]. In cases where such cognitive errors (i.e., as-
suming there is a causal relationship between an adverse effect and a
given agent based only upon the structure of an agent or a shared
physiological effect, despite evidence to the contrary) are present, di-
agnostic errors may occur which can result in harm to patients due to
inappropriate or insufficient treatment [120,121].

3.1. An example: the unopposed alpha effect controversy

An example where serious issues may arise from the assumption
that all sympathomimetic agents produce similar adverse effects can be
seen in the case of the “unopposed alpha effect”, which is the hypoth-
esis that in cases of sympathomimetic intoxications, the use of a beta-
adrenergic receptor antagonist could result in the alpha-adrenergic re-
ceptor agonism being unopposed, potentially leading to vasoconstric-
tion and hypertension [122]. Due to the assumption that all
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