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Abstract
Phenethylamines (e.g., methamphetamine) are a common 
source of drug toxicity. Phenethylamine-induced hyperther-
mia (PIH) can activate a cascade of events that may result in 
rhabdomyolysis, coagulopathy, and even death. Here, we re-
view recent evidence that suggests a potential link between 
the gut-brain axis and PIH. Within the preoptic area of the 
hypothalamus, phenethylamines lead to changes in cate-
cholamine levels, that activate the sympathetic nervous sys-
tem (SNS) and increase the peripheral levels of norepineph-
rine (NE), resulting in: (1) the loss of heat dissipation through 
α1 adrenergic receptor (α1-AR)-mediated vasoconstriction, 
(2) heat generation through β-AR activation and subsequent 
free fatty acid (FFA) activation of uncoupling proteins (UCPs) 
in brown and white adipose tissue, and (3) alteration of the 
gut microbiome and its link to the gut-brain axis. Recent 
studies have shown that phenethylamine derivatives can in-
fluence the composition of the gut microbiome and thus its 
metabolic potential. Phenethylamines increase the relative 

level of Proteus which has been linked to enhanced NE turn-
over. Bidirectional fecal microbial transplants (FMT) between 
PIH-tolerant and PIH-naïve rats demonstrated that the trans-
plantation of gut microbiome can confer phenotypic hyper-
thermic and tolerant responses to phenethylamines. These 
phenethylamine-mediated changes in the gut microbiome 
were also associated with epigenetic changes in the media-
tors of thermogenesis. Given the significant role that the mi-
crobiome has been shown to play in the maintenance of 
body temperature, we outline current studies demonstrat-
ing the effects of phenethylamines on the gut microbiome 
and how these microbiome changes may mechanistically 
contribute to alterations in body temperature.

© 2021 S. Karger AG, Basel

Introduction

According to the National Forensic Laboratory Infor-
mation System (NFLIS) snapshot report [2019], psycho-
stimulants, namely the phenethylamines, remain the 
most commonly seen drugs in forensic science laborato-
ries. A majority of these cases involved methamphet-
amine, i.e., 127,533 of the 134,480 phenethylamine cases 
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[NFLIS, 2019]. The routine use of phenethylamines dates 
back to the Han Dynasty (206 BC to 220 AD) and the use 
of the ma huang plant [Lee, 2011] which was subsequent-
ly found to contain ephedra [Lee, 2011]. Endogenously, 
catecholamine neurotransmitters, such as dopamine 
(DA) and norepinephrine (NE), also contain the 
phenethylamine pharmacophore (Fig.  1). Exogenously 
administered phenethylamine-type psychostimulants are 
therefore commonly referred to as “sympathomimetic” 
agents because they have pharmacological and toxicolog-
ical properties that “mimic” NE, the predominant neu-
rotransmitter of the sympathetic nervous system (SNS). 
Commonly used phenethylamine-type psychostimulants 
include methamphetamine, 3,4-methylenedioxymeth-
amphetamine (MDMA), and the synthetic cathinones 
(“bath salts”) such as methylone, the β-keto analog of 
MDMA (Fig. 1).

In general, phenethylamines enhance the release of 
and block the reuptake of catecholamines to activate the 
SNS and central nervous system (CNS) [reviewed in 
Banks et al., 2014]. Pharmacologically, the increased lev-
els of DA within the nucleus accumbens (NAc) have been 
associated with the rewarding effects of these agents 
[Banks et al., 2014]. Toxicologically, phenethylamines 
can induce a sympathomimetic syndrome characterized 
by diaphoresis, tachycardia, muscle rigidity, rhabdomy-

olysis, metabolic acidosis, seizures, hyperkalemia, coagu-
lopathy, and marked hyperthermia [Rusyniak and 
Sprague, 2005]. The hyperthermia induced by phenethyl-
amines has further been linked to acute kidney injury, 
rhabdomyolysis, and ultimately death [Screaton et al., 
1992; Borek and Holstege, 2012; O’Connor et al., 2015; 
Sprague et al., 2018]. It has been suggested that hyper-
thermia associated with phenethylamines is the initiating 
factor for rhabdomyolysis and coagulopathy, namely dis-
seminated intravascular coagulation (DIC) [Screaton et 
al., 1992]. Phenethylamine-induced hyperthermia (PIH) 
triggers a cascade of events that releases tissue thrombo-
plastin, initiating coagulation and DIC [Kendrick et al., 
1977]. These agents are often used at all-night dance par-
ties, with the combination of exertion and hyperthermia 
postulated to contribute to the onset of rhabdomyolysis 
[Campbell and Rosner, 2008]. Death and acute renal fail-
ure can occur as a result of DIC and rhabdomyolysis [Ar-
menian et al., 2013]. Because these events are secondary 
to hyperthermia, the cellular mechanisms that mediate 
phenethylamine-generated thermogenesis are essential 
to the understanding and management of patients suffer-
ing from PIH.

Given that recent studies indicated a link between the 
microbiome-gut-brain axis and the regulation of body 
temperature [Rosenbaum et al., 2015; Li et al., 2019], and 
that phenethylamines can alter the composition of the gut 
microbiome [Ridge et al., 2019; Angoa-Pérez et al., 2020], 
we examine here the potential cellular mechanisms that 
may link the microbiome-gut-brain axis to PIH.

General Overview of PIH

The involvement of central and peripheral mediators 
in the production of PIH has been investigated by our 
laboratory and others. Centrally, it is proposed that PIH 
occurs via the modulation of the hypothalamus as a result 
of the release of serotonin (5-HT) [Eyer and Zilker, 2007]. 
Phenethylamine treatment leads to the alteration of the 
microcircuitry within the preoptic area (POA) of the hy-
pothalamus, which, in turn, results in acetylcholine (ACh) 
preganglionic ganglia regulation via the activation of 
5-HT2A receptors [Herin et al., 2005, Sprague et al., 2018]. 
ACh release, in turn, leads to the regulation of the SNS, 
with subsequent postganglionic NE release modulating 
the peripheral triggers of hyperthermia [Li and Eisenach, 
2002]. 

Furthermore, D1 DA receptor activation has also been 
correlated with centrally mediated hyperthermia. The se-
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Fig. 1. Chemical structure of common phenethylamines. The 
phenethylamine portion of the molecule is indicated in black. 
Functional group differences are indicated in blue.
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lective D1 receptor agonists SKF 81297, SKF 38393, and 
SKF 75670 (10 mg/kg injected subcutaneously [s.c.]) in-
duced hyperthermia in male mice while the peripherally 
acting D1 agonist fenoldopam (10 mg/kg s.c.) had no ef-
fect on body temperature [Sánchez, 1989]. These results 
are consistent with the study by Mechan et al. [2002] re-
garding the influence of the D1 antagonist SCH 23390 on 
MDMA-induced hyperthermia. In their study, SCH 
23390 (0.3–2.0 mg/kg) was shown to antagonize MDMA-
induced hyperthermia in a dose-dependent manner in 
rats. 

In addition, phenethylamine-induced brain hyper-
thermia has been studied extensively. Brown and Kiyat-
kin [2004] examined the influence of MDMA (9 mg/kg 
s.c.) on temperatures in certain brain regions (the NAc 
and hippocampus) and skeletal muscle (SKM) in male 
rats. At an ambient temperature of 23  ° C under resting 
conditions, a moderate but extended hyperthermic re-
sponse was observed, with both the NAc and hippocam-
pus displaying faster and higher temperature elevations 
than the SKM. They suggested these changes occurred as 
the result of metabolic neural activation. They also exam-
ined the effects of MDMA in rat models of human drug 
use and restricted heat dissipation from the brain. The 
rats under conditions modeling human drug use (i.e., so-
cial interaction with females at a warm temperature) 
showed significant potentiation of MDMA-induced 
brain hyperthermia. The rats under restricted heat dis-
sipation from the brain (i.e., chronic occlusion of the jug-
ular vein) illustrated potentiation of MDMA-induced 
brain hyperthermia due to the enhanced intrabrain heat 
accumulation secondary to reduced cerebral blood out-
flow. These findings suggest that the use of MDMA un-
der “party” conditions can result in very dangerous and 
possibly fatal brain hyperthermia compared to standard 
laboratory conditions. Kiyatkin et al. [2014] expanded 
their original findings and assessed MDMA-mediated 
brain hyperthermia in the NAc, temporal muscle, and 
facial skin in freely moving rats with chronic implanta-
tion of thermocouple microsensors in these areas. Data 
analysis showed a mild MDMA-induced brain hyper-
thermic response under quiet resting conditions, and 
critically significant enhancements of MDMA-resulting 
brain hyperthermia during social interaction at a warm 
temperature. Here, the continuous facial skin and tem-
poral muscle monitoring revealed peripheral vasocon-
striction as an important mechanism contributing to the 
potentiation of MDMA-induced brain hyperthermia un-
der conditions mimicking drug consumption by hu-
mans.

The potential of the synthetic cathinone analogues 
methylone and 3,4-methylenedioxypyrovalerone (MDPV) 
to cause brain hyperthermia was also examined by Kiyatkin 
et al. [2015]. In this study, the treatment of methylone (1–9 
mg/kg s.c.) or MDPV (0.1–1 mg/kg s.c.) resulted in a dose-
dependent elevation in brain temperature and peripheral 
vasoconstriction under quiet resting conditions. However, 
the social interaction and warm temperature did not poten-
tiate methylone- or MDPV-induced brain hyperthermia, as 
noted with MDMA treatment under similar conditions. 
The authors concluded that, although both methylone and 
MDPV are structurally similar to MDMA, the critical en-
hancement in brain hyperthermia that potentially results 
from peripheral vasoconstriction did not occur in a human 
drug use model in rodents.

It has been suggested that, peripherally, hyperthermia 
results from the combined loss of heat dissipation modu-
lated by peripheral vasoconstriction and heat production 
triggered by uncoupling proteins (UCPs) [Mills et al., 
2003] (Fig.  2). These mechanisms resemble those pro-
posed for generating heat upon exposure to cold [Tansey 
and Johnson, 2015]. The reduction in heat dissipation fol-
lowing MDMA administration was shown by Pedersen 
and Blessing [2001] to occur via cutaneous vasoconstric-
tion in rabbits. Subsequently, the administration of the α1 
adrenergic receptor (α1-AR) antagonist prazosin (0.2 mg/
kg intraperitoneally [i.p.]) 30 min prior to MDMA was 
shown to attenuate PIH [Sprague et al., 2003]. These re-
sults suggested that the activation of α1-AR after SNS ac-
tivation contributes to thermoregulation via peripheral 
vasoconstriction. This activation occurs as a result of NE 
release following the administration of phenethylamine 
derivatives. In the brown adipose tissue (BAT), NE binds 
to the plasma membrane β1-AR, β2-AR, and β3-AR, lead-
ing to the activation of lipases that trigger the liberation 
of free fatty acids (FFA) from triglycerides [Sprague et al., 
2007]. FFAs are then transported to the mitochondrion 
by fatty acid translocase FAT/CD36 in conjunction with 
carnitine palmitoyltransferase I (CPT I), where they bind 
to UCP1 and UCP3 [Campbell et al., 2004; Sprague et al., 
2007]. This binding activates heat production by dissipat-
ing the proton gradient across the mitochondrial inner 
membrane, creating a futile cycle that results in the pro-
duction of heat [Cannon and Nedergaard, 2004] (Fig. 2).

Riley et al. [2016] demonstrated that UCP1 and UCP3 
play complementary roles; UCP1 triggers thermogenesis 
and UCP3 maintains it. In their study, mice lacking UCP3 
displayed a normal response to NE, but had impaired meth-
amphetamine-induced hyperthermia and diminished lipo-
polysaccharide (LPS) thermogenesis; the UCP1 knockout 
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mice showed a blunted NE and methamphetamine-in-
duced thermogenesis response and an increased response 
to LPS. Additionally, mice lacking both UCP1 and UCP3 
did not show methamphetamine-induced hyperthermia.

The hypothalamic-pituitary-thyroid axis (HPT axis) 
has been shown to play a major role in regulating UCP3 
expression [Lanni et al., 1999; Watanabe et al., 2006] and 
PIH [Sprague et al., 2007]. Sprague et al. [2007] showed 
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Fig. 2. Schematic diagram of the thermogenic mechanisms in-
volved in phenethylamine-induced hyperthermia (PIH). In this 
diagram, norepinephrine (NE) release upon phenethylamine ad-
ministration activates β3 adrenergic receptors (β3-AR) on brown 
adipocytes (brown adipose tissue, BAT) which enhances the re-
lease of free fatty acids (FFA). Increased levels of FFA lead to ele-
vating intracellular cyclic adenosine monophosphate (cAMP) lev-
els, which, in turn, induces lipolysis as a result of the induction of 
adipose triglyceride lipase (ATGL) and hormone-sensitive lipase 
(HSL). This induction enables BAT to induce the catalysis of in-
tracellular triglycerides (TG) into FFA and glycerol in BAT. These 
intracellular FFA are consumed as an energy source for uncou-
pling proteins (UCP)1 and 3 in BAT and for UCP3 in skeletal mus-
cle (SKM) after being transported via FAT/CD36 transporters. 
Furthermore, mitochondrial reactive oxygen species (ROS) gener-
ated upon phenethylamine challenge and the subsequent NE re-

lease are closely related to UCP1 activation in BAT and possibly 
contribute to the early peak in hyperthermia. NE release also acti-
vates α1 adrenergic receptors (α1-AR) in blood vessels, leading to 
vasoconstriction and impaired heat dissipation. Thyroid hormone 
release after hypothalamic activation also contributes to PIH by 
regulating FFA release and controlling UCP3, FAT/CD36, and sar-
coplasmic/endoplasmic reticulum Ca2+ATPase (SERCA1) tran-
scriptional levels. The communication between the gut microbi-
ome and the brain is suggested to be bidirectional, but the effects 
of the gut microbiome on BDNF levels during PIH is poorly un-
derstood. In the gastrointestinal tract (GIT), NE release modulates 
gut microbiome diversity and colonization, while the gut microbi-
ome alters the critical mediators of PIH including UCP1, UCP3, 
and TGR5 expression levels in both BAT and SKM. Figure gener-
ated using BioRender. 
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that hypothyroid rats had decreased levels of UCP3 and 
displayed a hypothermic response to MDMA (40 mg/kg 
s.c.) treatment. However, chronic administration of levo-
thyroxine (100 μg/kg i.p.) for 7 days prior to MDMA 
treatment increased UCP3 protein expression levels and 
the hyperthermic response to the drug returned. These 
results suggest that thyroid hormones play an important 
role in susceptibility to PIH. 

Bile acids have also been shown to play a complemen-
tary role with thyroid hormone in body temperature reg-
ulation. The binding of bile acids to the G protein-cou-
pled receptor (GPCR) TGR5 increases energy expendi-
ture in the BAT and SKM [Watanabe et al., 2006], which, 
in turn, induces the cAMP-dependent thyroid hormone-
activating enzyme, iodothyronine deiodinase type 2 (D2). 
D2 converts T4 to 3,5,3-triiodothyronine (T3) which 
stimulates glucose metabolism and lipolysis [Thomas et 
al., 2009]. The inhibition of D2 activity using iopanoic 
acid (IOP; D2 inhibitor, 50 mg/kg/day i.p. for 7 days) 
blunted the hyperthermic response to MDMA [Ridge et 
al., 2019]. The same study also demonstrated that the in-
hibition of TGR5 using triamterene (a TGR5 antagonist, 
50 mg/kg i.p.) attenuated MDMA-induced hyperther-
mia. These results suggest that TGR5 activation plays a 
contributory role in PIH. 

Sex-based differences to PIH have also been an area 
of interest in our laboratory and others. Wyeth et al. 
[2009] reported that male and female rats displayed dif-
ferent hyperthermic responses to MDMA (20 mg/kg 
s.c.) treatment; males had significantly elevated hyper-
thermia, higher levels of plasma NE, and elevated UCP3 
expression in the SKM compared to female rats. The hy-
perthermic response to MDMA (0.3, 1, 3, or 9 mg/kg 
i.p.) in male and female rats after they were treated 3 
times at 3-h intervals was significantly different [Wall-
inga et al., 2011]; MDMA-mediated a dose-dependent 
augmentation in body temperature in the males but not 
in the females. We examined differences in tolerance to 
methylone-induced hyperthermia in male and female 
rats. When male and female rats were treated with meth-
ylone (10 mg/kg s.c.) once a week, females developed 
tolerance to methylone-induced hyperthermia by the 
second week of treatment, and they displayed a hypo-
thermic response to methylone by the third week [Gold-
smith et al., 2019]; conversely, tolerance to methylone-
induced hyperthermia was not observed in the male rats 
until the fifth week of treatment. Additionally, the dis-
tinctive differences in tolerance to methylone hyper-
thermia in the males and females was associated with 
UCP1, UCP3, and TGR5 gene expression level differenc-

es in the BAT and SKM. UCP1 expression levels were 
reduced in female rats in the SKM and BAT, but UCP3 
expression levels increased in both males and females. 
Only the females displayed elevated levels of TGR5 in 
the BAT [Goldsmith et al., 2019].

Another mediator of thermogenesis that has been ex-
plored is the reactive oxygen species (ROS) [Sanchez-Ala-
vez et al., 2013; Chouchani et al., 2016]. Under normal 
physiological conditions, some mitochondrial ROS, like 
H2O2, act as signaling molecules, both extracellularly and 
within cells [Sundaresan et al., 1995; Bae et al., 1997; 
Dickinson et al., 2010]. H2O2 can pass rapidly through 
mitochondrial membranes and act as a redox signal from 
the mitochondrion to the rest of the cell, and vice-versa, 
by altering a thiol group on a cysteine residue that is in-
volved in redox signaling [Boivin et al., 2010]. Surpris-
ingly, the acute activation of BAT thermogenesis via ex-
posure to cold in mice led to a significant increase in mi-
tochondrial ROS levels, while the depletion of ROS using 
mitochondrion-targeted antioxidant (MitoQ, 5 mg/kg 
i.p.) prior to cold exposure led to a hypothermic response 
[Chouchani et al., 2016]. Furthermore, NE treatment of 
BAT resulted in an acute dose-dependent elevation in su-
peroxide levels. Chouchani et al. [2016] suggested that the 
hypothermic effects after ROS depletion are closely re-
lated to UCP1 levels. Wild-type (WT) mice and mice ge-
netically lacking UCP1 were treated with MitoQ prior to 
cold acclimation. Conversely, UCP1 knockout mice were 
immune to the hypothermic effect of MitoQ. Their find-
ings suggest that mitochondrial ROS regulate UCP1-de-
pendent thermogenesis. Sanchez-Alavez et al. [2013] in-
vestigated the role of ROS in PIH upon methamphet-
amine treatment. In their study, methamphetamine (60 
μM) induced H2O2 production in BAT culture. This effect 
was completely abolished using N-acetyl cysteine (a ROS 
scavenger that works as a glutathione precursor; 5 μM). In 
vivo, i.p. administration of N-acetyl cysteine resulted in 
reduced ROS availability and subsequent hypothermia in 
the control animals. In the methamphetamine-treated 
mice, ROS delayed temperature increase and the temper-
ature did not exceed 37.2  ° C. The induction of ROS after 
methamphetamine treatment was attributed to the en-
hancement of activation of the mitochondrial respiratory 
chain, leading to the fast activation of UCP1 which is a 
critical mediator in PIH [Sanchez-Alavez et al., 2013; 
Chouchani et al., 2016]. These central and peripheral me-
diators further impact the diversity and population of the 
gut microbiome, which will be expanded upon in the fol-
lowing sections. 
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Role of the Intestinal Microbiome in the Regulation 
of Body Temperature and PIH

The finding that the introduction of a Lactobacillus sp. 
to the digestive system of rats enhanced SNS activity and 
contributed to BAT thermogenesis suggested that the 
composition of the gut flora was physiologically relevant 
[Tanida et al., 2008]. Recently, more interest has devel-
oped regarding the role of the gut microbiome in thermo-
genesis. The depletion of the gut microbiome after treat-
ment with multiple cocktails of antibiotics (ABX) led to 
an altered thermogenic response in mice [Li et al., 2019]. 
In their study, the effect of ABX treatment on thermogen-
esis was evaluated by an experiment of response to cold; 
it was shown that ABX-treated mice exposed to 4  ° C for 
48 h displayed impaired thermoregulation relative to spe-
cific pathogen-free (SPF) control mice. The ABX-treated 
mice also displayed a critically lower core body tempera-
ture at room temperature (22  ° C). This alteration of ther-
mogenesis was attributed mainly to blunting of the in-
crease in expression of UCP1 and a decrease in the adi-
pose tissue browning process, i.e., the conversion of white 
adipose tissue (WAT) to BAT. They also explored the 
possible role of butyrate regulation and thermogenesis by 
measuring Hcar2 (butyrate receptor) expression. Butyrate 
is a short-chain fatty acid (SCFA) that enhances energy 
expenditure and insulin sensitivity in mice [Gao et al., 
2009]. The ABX-treated mice showed increased levels of 
Hcar2 compared to controls [Li et al., 2019]. These find-
ings are consistent with those of a previous study that sug-
gested that cold stimulation increased the relative abun-
dance of butyrate-producing bacteria, with a consequent 
increase in butyrate levels in the gut [Chevalier et al., 
2015]. 

Another important thermogenesis mediator is brain-
derived neurotrophic factor (BDNF), the levels of which 
appear to be influenced by the gut microbiome [Bercik et 
al., 2011]. BDNF plays key roles in neurogenesis and en-
ergy regulation [Sharma and Johanson, 2007; Wang et al., 
2010; Bercik et al., 2011]. BDNF regulates thermogenesis 
by increasing UCP1 mRNA expression in BAT, enhanc-
ing NE turnover, and elevating body temperature [Tsu-
chida et al., 2001; Sharma and Johanson, 2007; Wang et 
al., 2010]. The direct link between gut microbiome and 
BDNF levels remains poorly understood.

The potentially significant role of the gut microbiome 
in thermogenesis led our laboratory to investigate its po-
tential role in PIH. Ridge et al. [2019] demonstrated that 
ABX treatment for 14 days prior to MDMA treatment in 
rats resulted in an alteration of the gut microbiome and 

diminished MDMA-mediated hyperthermia. The critical 
mediators of PIH were also altered in the ABX treatment 
group prior to MDMA treatment, with decreased UCP1 
and TGR5 expression levels in the BAT and SKM and a 
decreased UCP3 expression level in the SKM relative to 
non-ABX-treated MDMA-treated rats.

One strategy to investigate the role of the gut microbi-
ome in host physiology is fecal microbial transplant tech-
nique (FMT) [Manichanh et al., 2010; Cui et al., 2016; 
Kelly et al., 2016]. We recently used FMT to investigate 
the possible role of the gut microbiome in methylone-
induced hyperthermia and tolerance to this hyperthermia 
[Goldsmith et al., 2020]. In this study, male rats were 
treated with methylone (10 mg/kg s.c.) weekly, until tol-
erance to methylone-induced hyperthermia developed 
(in week 5), with control animals receiving saline for the 
same period. After the development of tolerance, bidirec-
tional FMT was performed. We performed the FMT pro-
cedure for a period of 1 week following the fifth weekly 
methylone dose, and observed that the FMT from the sa-
line-treated group to the tolerant group attenuated the 
tolerance response and restored hyperthermia to the lat-
ter. Furthermore, the reciprocal FMT from the methy-
lone-treated group to the saline-treated control group 
was seen to induce tolerance to hyperthermia in this 
group after methylone administration; this was their very 
first methylone treatment. These observations were con-
sistent with measurements of NE levels and UCP1, UCP3, 
and TGR5 expression levels in the BAT of both groups. 
After FMT, methylone-treated rats showed increased lev-
els of NE and UCP1, UCP3, and TGR5 expression levels 
in the BAT and decreased expression levels of UCP3 and 
TGR5 in the SKM. The metagenomic analysis of the gut 
microbiome before and after FMT revealed significant al-
terations in the composition and relative abundance of 2 
classes of Proteobacteria (Gammaproteobacteria and Al-
phaproteobacteria) and in the firmicute class Erysipelot-
richales [Goldsmith et al., 2020]. These findings further 
emphasize the critical role of the gut microbiome in PIH 
and tolerance, and the possible reshaping of the gut mi-
crobiome as a result of drug challenge.

Intestinal Bacteria, NE, and Sympathomimetic 
Agents

As noted above, numerous studies over the past de-
cade have suggested an association between the central 
and the enteric nervous systems, i.e., a “gut-brain axis.” 
Initial studies found that germ-free (GF) mice showed 
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increased hormonal responses to handling stress, sug-
gesting that the presence or absence of gut flora has an 
influence on the hypothalamic-pituitary-adrenal (HPA) 
axis [Sudo et al., 2004]. Subsequently, gut-resident bacte-
ria were shown to engage in a dialogue with the CNS by 
influencing the endocrine, autonomic, and immune sys-
tems [Cryan and Dinan, 2012]. Thus, in addition to influ-
encing the digestive system, microbial imbalances (“dys-
biosis”) are also associated with a variety of extraintestinal 
disorders including, but not limited to, Parkinson’s dis-
ease [Sampson et al., 2016], Alzheimer’s disease [Sochoc-
ka et al., 2019], depression [Lach et al., 2018] and meta-
bolic diseases such as type II diabetes [Zhou et al., 2019].

Given its apparent ability to crosstalk with the neuro-
endocrine and immunological systems, it is not surprising 
that the gut microbiome influences behavioral responses 
to alcohol and psychoactive drugs such as cocaine [Bercik 
et al., 2011; Kiraly et al., 2016; Lowe et al., 2018]. The gut 
microbiome may therefore contribute to the responses to 
other pharmacological agents; indeed, recent studies indi-
cate that MDMA and phenethylamine derivatives (e.g., 
synthetic cathinones) can influence the composition of 
the gut microbiome, and thus its metabolic potential 
[Ridge et al., 2019; Angoa-Pérez et al., 2020]. The evidence 

to date implicates the production of bacterial metabolites 
(e.g., SCFAs and secondary bile acids) and the local pro-
duction of cytokines and neurotransmitters [Martin et al., 
2018] as potential mediators for information exchange be-
tween the gut flora and host systems (Fig. 3). 

Neurotransmitters are major components of the “gut-
brain axis” that moderate host behavioral responses as 
well as the bidirectional communication between the gut 
and the CNS. Major catecholamines such as DA and NE 
regulate different types of functions associated with host 
nervous and alimentary systems [Eisenhofer et al., 2004]. 
These neurotransmitters also act on at least some gut-
resident bacteria. In vitro studies indicate that NE signal-
ing can activate the expression of virulence genes in en-
terohaemorrhagic Escherichia coli strains [Clarke et al., 
2006; Asano et al., 2012]. According to Clarke et al. [2006], 
the QseC adrenergic receptor aids cross-kingdom signal-
ing by sensing NE and epinephrine (Epi). In addition, 
Sudo [2019] noted that catecholamines enhanced the 
proliferative capacities of certain Gram-negative bacte-
rial species. These findings highlighted the effect of NE 
and other catecholamines on a limited set of bacterial spe-
cies in vitro, but the overall effect on microbial popula-
tions was unclear. 
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Fig. 3. Gut-brain communication and 
phenethylamine-induced hyperthermia 
(PIH). The gut-brain axis modulates physi-
ological responses to various agents. This 
bidirectional interaction includes both en-
docrine and immunological signaling path-
ways. There are multiple routes by which 
the microbiome contributes to this signal-
ing. Some bacteria locally produce neu-
rotransmitters, including: norepinephrine 
(NE), dopamine (DA), epinephrine (Epi), 
and serotonin (5-HT). Fermentation reac-
tions by other bacteria generate short-chain 
fatty acids (SCFAs), stimulating local 5-HT 
production through interaction with FFA 
receptors (FFARs) on epithelial enteroen-
docrine cells. These hormones potentially 
interact with adipose tissue (dotted red 
line). Intestinal flora directly stimulate cy-
tokine production via the activation of Toll-
like receptors (TLRs) and other compo-
nents of the mucosal immune system. To-
gether with hormones, these signals 
communicate with the brain. Alteration of 
microbiotia composition by phenethyl-
amine stimulation (indicated by red arrow) 
potentially drives adaptive modulation of 
PIH. Figure generated using BioRender.
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To address this, Angoa-Pérez et al. [2020] examined 
the effects of different sympathomimetic agents on the 
gut microbiome. They found that each of 4 distinct syn-
thetic cathinones and amphetamines (mephedrone, 
methamphetamine, methcathinone, and 4-methylmeth-
aphetamine) exerted differential effects on the gut micro-
biome. Metagenomic analysis of the gut flora identified a 
decrease in the relative abundance of Bifidobacteriales 7 
days after administration of all the drugs. The order Bifi-
dobacteriales includes strains that produce γ-amino bu-
tyric acid (GABA), an inhibitory neurotransmitter that 
induces BAT dysfunction and the downregulation of 
UCP1 expression [Barrett et al., 2012; Ikegami et al., 
2018]. These findings suggest a putative role of the gut 
microbiome in PIH tolerance. It can thus be considered 
that the differences in hyperthermic responses to methy-
lone in male and female rats, as shown by Goldsmith et 
al. [2019], might also be modulated by certain gut bacte-
rial families. Angoa-Pérez et al. [2020] also found an in-
crease in Enterobacterales levels 24 h after methamphet-
amine treatment, consistent with the observations of 
Ridge et al. [2019] who demonstrated enrichment of Pro-
teus sp. in the cecal flora after acute administration of 
MDMA. Proteus is an important member of the order 
Enterobacterales [Adeolu et al., 2016]. Members of the 
genus Proteus are known to produce a urease enzyme that 
hydrolyzes urea into carbon dioxide and ammonia [Jones 
and Mobley, 1988]. According to Halpin and Yamamoto 
[2012], ammonia is chiefly responsible for oxidative dam-
age to dopaminergic and serotonergic neurons in the 
brains of rats following methamphetamine exposure. 
These findings are consistent with the possible role of 
phenethylamines in facilitating the growth of bacterial 
species that aid drug-induced neurotoxicity. 

Bacterial species residing in the gut environment have 
also been associated with the production of neurotrans-
mitters [Strandwitz, 2018]. Local production of 5-HT by 
intestinal bacteria has the potential to contribute to the 
regulation of enzyme secretion in the gastrointestinal 
tract and global energy homeostasis [Mittal et al., 2017]. 
Additionally, Crane et al. [2015] showed 5-HT to be crit-
ical for BAT-associated thermogenesis. According to the 
studies conducted by Nash [1990] and Hagino et al. 
[2011], MDMA-induced 5-HT release enhances DA re-
lease by stimulating 5-HT2 receptors, thereby facilitating 
thermogenesis. These results were consistent with the 
finding that phenethylamine administration increases 
5-HT levels.

As noted above, production of 5-HT from its precur-
sor tryptophan can be carried out by gut bacterial en-

zymes; for example, certain strains of Lactobacillus sp. 
and Lactococcus sp. produce enzymes that aid the conver-
sion of tryptophan to 5-HT [Özoğul et al., 2012]. As indi-
cated in Figure 3, 5-HT production in the gut is mediated 
by SCFAs [Evans et al., 2013]. SCFAs are the end-prod-
ucts of the fermentation of long-chained carbohydrates 
and dietary fibers by the anaerobic intestinal bacteria 
[den Besten et al., 2013]. According to Lin et al. [2012], 
SCFAs play a major role in host energy homeostasis. They 
have also been noted to aid UCP-mediated thermogene-
sis [den Besten et al., 2013; Clark and Mach, 2017]. Lin et 
al. [2012] found that SCFAs have a high affinity for FFA 
receptors (FFARs). It has been suggested that SCFAs bind 
to FFARs present on enteroendocrine cells, thereby con-
tributing to the release of 5-HT in the gut [Reigstad et al., 
2015] (highlighted in Fig. 3).

In addition to 5-HT and GABA, certain bacterial 
strains are known to facilitate catecholamine production 
in vitro [Clarke et al., 2014; Strandwitz, 2018]. The pro-
duction of NE has been associated with Bacillus sp., E. 
coli, Serratia marcescens, and Proteus vulgaris [Tsavkelo-
va et al., 2000]. The ability of Proteus sp. to produce NE 
corroborates the observations in the study by Ridge et al. 
[2019], suggesting the possibility that the increased rela-
tive levels of Proteus enhances the NE turnover, which, 
along with MDMA, aids UCP-mediated thermogenesis. 
While this is an interesting speculation, it is likely that this 
and other phenotypic changes associated with microbio-
ta dynamics are the product of multiple interactions be-
tween microbial populations and their host, the explora-
tion of which has only begun.

Sympathomimetic-Induced Changes in Gene 
Expression Associated with Hyperthermia and 
Potentially Linked to the Microbiome

While microbes in the gut are known to produce dif-
ferent neurotransmitters that modulate thermogenic re-
sponses, the molecular mechanisms remain elusive. To 
understand the role of gut microbiota in UCP-mediated 
thermogenesis, it is important to understand the regula-
tion of UCPs in the cell.

UCP1 is found extensively in the BAT, where regula-
tion of its expression takes place at different levels. At the 
transcriptional level, the expression of UCP1 depends on 
the regulatory region present in the 5′ non-coding region 
of the UCP1 gene (Fig. 4). Transcription of UCP1 is up-
regulated when cAMP mediates protein kinase A (PKA) 
phosphorylation of the cAMP response-element binding 
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protein (CREB) bound to the CRE-binding site in the 
proximal regulatory region of the UCP1 gene [Kozak et 
al, 1994; Yubero et al., 1998]. In response to cold induc-
tion, browning of WAT is the result of the activation of 
UCP1 expression by the transcription factor zinc finger 
protein-516 (Zfp516) that binds to the proximal region of 
the UCP1 gene promoter [Dempersmier et al., 2015]. 

BAT-specific transcription of the UCP1 gene is also at-
tributed to the enhancer region [Kozak et al., 1994] that 
contains response elements for nuclear hormone recep-
tors such as peroxisome proliferator-activated receptor α 
(PPARα) and PPARγ. Thyroid receptor (TR) dimerizes 
with retinoid X receptor (RXR) to control the transcrip-
tion of UCP1 in response to specific ligands [Rabelo et al., 
1995; Sears et al., 1996; Barberá et al., 2001; Villarroya et 
al., 2007]. NE action is also known to elicit cAMP-medi-
ated signaling that involves the p38 MAP kinase-mediat-
ed phosphorylation of activating transcription factor-2 
(ATF-2) that binds at the upstream site in the enhancer 
region, thereby controlling the transcription of the UCP1 
gene [Robidoux et al., 2005]. 

In addition to transcription activators, chemical me-
diators that repress UCP1 transcription have also been 
reported. Receptor-interacting protein 140 (RIP140) was 
found to repress UCP1 gene transcription by interaction 

via PPARα and PPARγ, that bind nuclear receptors in the 
enhancer region of the UCP1 gene [Leonardsson et al., 
2004]. Epigenetic control of UCP1 transcription by 
RIP140 has also been reported, whereby the protein acts 
as a scaffold for the assembly of DNA- and histone-meth-
yltransferases in the enhancer region, catalyzing the 
methylation of CpG residues and histones, and leading to 
gene repression [Kiskinis et al., 2007]. Conversely, ex-
pression of UCP3 is highly specific to SKM and is ex-
pressed only slightly in the human heart [Vidal-Puig et 
al., 1997]. Transcription of UCP3 has also been detected 
in the BAT of rodents [Boss et al., 1997]. Regulation of 
UCP3 in mouse skeletal muscle has been shown to be 
caused by myogenic regulatory factor (MyoD), that acts 
on the promoter region of the gene [Kim et al., 2007].

PPARγ, PPARδ, and the PPARγ coactivator-1α (PGC-
1α) are involved in the upregulation of UCP3 transcripts 
via an AMPK-mediated pathway [Villarroya et al., 2007; 
Marin et al., 2017]. The expression of UCP3 is also regu-
lated by thyroid hormone [Solanes et al., 2005; de Lange 
et al., 2007], glucocorticoids [Amat et al., 2007], and vita-
min D3 [Fan et al., 2016]. Downregulation of UCP3 has 
been associated with the activation of the JAK2/STAT3 
signaling pathway [Liu et al., 2012] and estrogen [Nagai 
et al., 2016].
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Fig. 4. Illustration of 2 regulatory regions in 
the UCP1 gene, along with different media-
tors for transcription regulation. The 2 re-
gions include the proximal region close to 
the transcription start site (TSS), and the 
distal enhancer region away from the TSS. 
All the factors, except RIP140, are activat-
ing factors for UCP1 transcription. PGC-
1α, proliferator-activated receptor-γ coact-
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sponsive element binding protein; ATF-2, 
activating transcription factor-2; Zfp516, 
zinc finger protein 516; RIP140, receptor-
interacting protein 140.
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Dysbiosis following substance abuse has been reported 
in several studies. This section focuses on describing the 
potential roles of gut microbes in hyperthermia via the 
TGR5 pathway. As noted above, bile acids activate TGR5-
mediated signaling, which plays a role in PIH. TGR5 ho-
mozygous knockout mice showed significantly greater 
expression of the bile acid-modifying enzyme, cholester-
ol 7α hydroxylase (CYP7A1) than found in WT mice. 
However, the concentration of bile acids was not in-
creased, suggesting that other mechanisms may be in-
volved in the regulation of bile acids [Maruyama et al., 
2006]. In mammals, primary bile acids are produced in 
the liver. As they travel through the intestinal tract, these 
primary bile acids are often converted to secondary bile 
acids by the gut microbiota.

In humans, primary bile acids are synthesized through 
the cytochrome P450 pathway, while secondary bile acids 
are the product of the deconjugation/dehydroxylation of 
primary bile acids by gut microbes (Fig. 5) [Ridlon et al., 
2006; Winston and Theriot, 2020]. High levels of bile ac-
ids are toxic to both the host cells and the gut microbes, 
with regulation by feedback control involving the conver-
sion of primary bile acids to secondary bile acids by the 
gut microbes. Additionally, gut microbes use bile acids to 
induce the expression of antimicrobial peptides, indicat-

ing that the presence of bile acids could be a survival con-
dition for microbes in the gut [Inagaki et al., 2006].

Numerous studies supporting the role of gut microbes 
in bile acid regulation have been reported. In GF- or 
ABX-treated mice or rats, the bile acid pool consists 
mainly of primary bile acids [Wostmann, 1973; Sayin et 
al., 2013; Selwyn et al., 2015]. Firmicute bacteria in the 
genera Clostridium and Eubacterium isolated from hu-
mans are known to metabolize bile acids and use them as 
electron acceptors [Kitahara et al., 2001; Ridlon et al., 
2006, 2014]. Members of these genera share a bile-acid-
induced (bai) operon that encodes for the transformation 
of primary bile acids into secondary bile acids via dehy-
droxylation of mono- and di-hydroxyl bile acids [Ridlon 
et al., 2016]. Additionally, members of the class Erysipel-
otrichales were identified as key moderators of the bile 
acid pools in the gut by Labbé et al. [2014]. The impact of 
the gut microbiota on bile acid composition was demon-
strated in mice receiving Clostridium scindens. In this 
study, the levels of secondary bile acids were significantly 
increased after 2 weeks of treatment, suggesting the role 
of the gut microbiota in regulating bile acid synthesis 
[Ridlon et al., 2016; Wei et al., 2020]. Secondary bile acids 
generated by dehydroxylation have been noted to be 
more effective activators of TGR5 than primary bile acids 
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Fig. 5. Schematic of the bile acid conversion in the gut by microbes 
and its role in thermogenesis. Cholesterol in the liver is converted 
into primary bile acids by enzyme CYP7A1, which are then con-
jugated into the amino acids glycine and taurine to form conju-
gated bile acids. These conjugated bile acids are released in the 
duodenum and are further converted into secondary bile acids via 
deconjugation by gut microbes. Gut microbes also aid the dehy-

droxylation of unconjugated primary bile acids released in the gut 
into secondary bile acids that bind to TGR5 receptors present in 
the brown adipocytes and muscle cells, thereby initiating a Gpro-
tein-coupled receptor (GPCR) signal transduction pathway, in-
creasing the level of cAMP that activates the expression of UCP1 
and UCP3 in the mitochondrion, and dissipating energy in the 
form of heat.
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[Donepudi et al., 2017]. Because TGR5 is a key regulator 
of PIH, this is consistent with a potential role of gut mi-
crobes in TGR5-mediated hyperthermia. 

Because many dietary carbohydrates from plants can-
not be digested by human enzymes, we rely on the gut 
microbiota to produce the necessary enzymes that me-
tabolize carbohydrates into SCFAs. The primary gut mi-
crobial-derived SCFAs are acetates, propionates, and bu-
tyrates [Patterson et al., 2014; Flint et al., 2015]. In GF 
mice, SCFAs are significantly lower than those in mice 
with normal resident gut flora [Høverstad and Midtvedt, 
1986]. In mammals, SCFAs have been shown to affect the 
host through multiple mechanisms including: (1) acting 
as signal transduction molecules via GPCRs [Maslowski, 
et al., 2009; Patterson et al., 2014], (2) serving as substrates 
for the synthesis of longer-chain fatty acids and ketone 
bodies [Macfarlane and Macfarlane, 2003; Flint et al., 
2015], (3) inhibiting the growth of enteric pathogens 
[Macfarlane and Macfarlane, 2003; Ashida et al., 2011], 
and (4) regulating histone modifications of host tissues 
[Krautkramer et al., 2016].

The function of SCFAs as signal molecules occurs via 
interactions with GPCRs. Binding of SCFAs to FFAR2 
(also known as Gpr43) resulted in the regulation of im-
mune and inflammatory responses [Maslowski et al., 
2009]. GF mice, which express little or no SCFAs, show 
dysregulation of inflammatory responses. When the gut 
of GF mice was recolonized with microbiota from the fe-
ces of conventionally raised mice, a significant reduction 
in inflammation was observed, suggestive of a role for the 
microbiota in the regulation of inflammatory processes in 
the gut [Maslowski et al., 2009]. TGR5 has also been im-
plicated in immune response as an anti-inflammatory 
protein. Upon activation, it may signal the brain via neu-
ral circuits that lead to the regulation of immune response 
as well as thermogenesis. The most potent activators are 
propionate, butyrate, and pentanoate, while acetate is a 
poor activator [Brown et al., 2003; Le Poul et al., 2003; 
Kim et al., 2013]. 

A recent study by Kimura et al. [2020] using pregnant 
mice bred under SPF and GF conditions demonstrat- 
ed that the maternal microbiota specifically generated  
SCFAs that interacted with GPR41 and GPR43 and influ-
enced the prenatal development of the metabolic and 
neural systems of the offspring. This supports a role for 
microbial-derived SCFAs of pregnant mice to act as en-
vironmental cues to fine-tune energy homeostasis in their 
offspring. A role for SCFAs in inhibiting the growth of 
enteric pathogens was also suggested. In both GF and 
ABX treatment models, reduced production of antimi-

crobials in the small intestine was observed, indicating 
that colonization of gut microbes is essential for the acti-
vation and production of antimicrobial compounds [Iva-
nov et al., 2008; Ismail et al., 2011]. 

Acetate produced by commensal bacteria in the genus 
Bifidobacterium, known to exhibit various probiotic ef-
fects, was reported to promote the defense of mouse epi-
thelial cells against enterohemorrhagic E. coli O157:H7 
[Fukuda et al., 2011]. Butyrate and propionate repressed 
the expression of bacterial virulence genes in Salmonella 
[Gantois et al., 2006; Boyen et al., 2008]. Lactobacillus 
johnsonii L531 was reported to reduce the population of 
pathogenic Salmonella infantis in both the feces and sys-
temic organs in piglets, possibly via SCFAs [He et al., 
2019]. Several lines of evidence support this hypothesis. 
First, L. johnsonii L531 produces high levels of SCFAs 
(butyric, acetic, and lactic acid) in vitro [He et al., 2019]. 
Second, the severity of the salmonella infection was nega-
tively correlated with the levels of both total SCFAs and 
butyrate in the cecum [Borton et al., 2017]. These data 
indicate that the probiotic microbes stimulate the im-
mune response of the host cells as well as reduce the 
growth of the pathogenic microbes. 

The impact of SCFAs on the epigenetic regulation of 
host cells has been reported since the 1970s. Butyrate was 
reported to be a strong inhibitor of histone deacetylases 
[Cousens et al., 1979], that catalyze the removal of acetyl 
groups from ≥1 lysine amino acids of histones, enabling 
DNA to associate more tightly with histones, thus re-
pressing gene expression. Reducing the relative levels of 
butyrate-forming bacteria, including the Bacteroides fra-
gilis population, resulted in increased histone deacety-
lase-3 activity [Noureldein et al., 2020], suggesting that 
butyrate functions as a histone deacetylase inhibitor. A 
study performed on mice found that a combination of 
diet and the type of gut microbiota regulated global his-
tone acetylation and methylation in multiple host tissues 
in a diet-dependent manner [Arpaia et al., 2013; Kraut-
kramer et al., 2016]. Supplementation of GF mice with 
SCFAs was sufficient to change the state of the chromatin 
and transcriptional responses of host epigenetic pro-
gramming [Arpaia et al., 2013; Kasubuchi et al., 2015; 
Krautkramer et al., 2016]. 

The binding of histone demethylase Jhdm2a to the 
PPAR-responsive element of the UCP1 gene leads to  
reduced demethylation of lysine 9 of histone H3  
(H3K9me2) at the PPRE, and activates UCP1 expression 
[Tateishi et al., 2009]. Knockout mice that lacked a H3K9-
specific histone demethylase (JHDM2a–/–) displayed 
rapidly induced hypothermia and the expression of UCP1 
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was repressed in their SKM [Inagaki et al., 2009; Tateishi 
et al., 2009; Aoyama et al., 2010]. Because SCFAs can reg-
ulate host cell activity via epigenetic influences, it is pos-
sible that the decreased expression of UCP1 protein in 
these knockout mice was caused by histone modifications 
induced by SCFAs.

DNA methylation of the promoter region of a gene is 
one mechanism of epigenetic gene regulation. While the 
role of the gut microbiota in DNA methylation in PIH has 
been under-studied, the role of SCFAs in DNA methyla-
tion was demonstrated by Remely et al. [2014], who ex-
plored the contribution of the microbiota to epigenetic 
regulation in obese and type 2 diabetes patients relative to 
a lean control group. Analysis of methylation in the pro-
moter region of a GPCR, the FFAR3 gene, showed that 
the lean group had a significantly higher degree of meth-
ylation and was accompanied by a significant correlation 
with a lower body mass index and a lower amount of the 
butyryl-CoA:acetate CoA-transferase gene of Clostridi-
um spp. Taken together, this study demonstrated that bu-
tyrate is partially responsible for regulating FFAR3 via 
DNA methylation. In the intestinal epithelial cells of GF 
mice, methylation of the Toll-like receptor 4 gene (TLR4) 
was significantly lower than that of conventional mice 
and associated with a strong loss of TLR4 activity. These 
data indicate that the gut microbiota contributes to the 
regulation of intestinal inflammation and the mainte-
nance of intestinal symbiosis via epigenetic modification 
[Takahashi et al., 2011]. While the role of the gut micro-

biota in histone modifications has been identified in sev-
eral studies, their contribution to DNA methylation is less 
well established.

Conclusion

This review highlighted the general pathways contrib-
uting to the induction and maintenance of PIH. These 
include both peripheral and central mediators that are 
altered mainly due to SNS activation upon phenethyl-
amine treatment. Interestingly, the modulation of the gut 
microbiome observed in animal models displaying PIH 
suggests a possible bidirectional communication between 
the gut and brain that may be a significant determinant 
of PIH. To date, only a few studies have examined the role 
of the gut-brain axis in PIH, and much research is still 
needed to further enhance our understanding of the role 
of the microbiome in PIH.
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