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Bile acids and the gut microbiome
are involved in the hyperthermia
mediated by 3,4-methylenedioxym
ethamphetamine (MDMA)

Srishti Rana?, Jeremy R. Canfield?, Christopher S. Ward* & Jon E. Sprague?™*

Hyperthermia induced by phenethylamines, such as 3,4-methylenedioxymethamphetamine
(MDMA), can lead to life-threatening complications and death. Activation of the sympathetic nervous
system and subsequent release of norepinephrine and activation of uncoupling proteins have been
demonstrated to be the key mediators of phenethylamine-induced hyperthermia (PIH). Recently,

the gut microbiome was shown to also play a contributing role in PIH. Here, the hypothesis that bile
acids (BAs) produced by the gut microbiome are essential to PIH was tested. Changes in the serum
concentrations of unconjugated primary BAs cholic acid (CA) and chenodeoxycholic acid (CDCA) and
secondary BA deoxycholic acid (DCA) were measured following MDMA (20 mg/kg, sc) treatment in
antibiotic treated and control rats. MDMA-induced a significant hyperthermic response and reduced
the serum concentrations of three BAs 60 min post-treatment. Pretreatment with antibiotics
(vancomycin, bacitracin and neomycin) in the drinking water for five days resulted in the depletion

of BAs and a hypothermic response to MDMA. Gut bacterial communities in the antibiotic-treated
group were distinct from the MDMA or saline treatment groups, with decreased microbiome diversity
and alteration in taxa. Metagenomic functions inferred using the bioinformatic tool PICRUSt2 on 16S
rRNA gene sequences indicated that bacterial genes associated to BA metabolism are less abundant
in the antibiotic-tMDMA treated group. Overall, these findings suggest that gut bacterial produced BAs
might play an important role in MDMA-induced hyperthermia.

The use of phenethylamine psychostimulants, such as 3,4-methylenedioxymethamphetamine (MDMA) have
been associated with hyperthermia and hyperthermic sequelae, including disseminated intravascular coagula-
tion, rhabdomyolysis, kidney failure and even death'. During phenethylamine-induced hyperthermia (PIH), the
activated sympathetic nervous system (SNS) and subsequent increase in plasma norepinephrine (NE) levels?
have been established as the primary mediators of PIH'. NE directly or indirectly promotes lipolysis in fat res-
ervoirs such as brown and white adipose tissues (BAT and WAT) and releases free fatty acids (FFA) within BAT
or into systemic circulation from WAT?. These FFAs subsequently activate mitochondrial uncoupling proteins
(UCPs) to generate heat, where UCP1 and UCP3 play complementary roles in the onset and maintenance of
PIH, respectively’. Additionally, NE also prevents heat dissipation through a,-adrenergic receptor mediated
vasoconstriction*. Recently, the roles of non-host contributors, particularly the gut microbiome, have been recog-
nized for their influence on PIH>®. Application of gut bacterial modulation methods such as antibiotic treatment®
and fecal microbial transplantation (FMT)® showed that gut bacteria are likely playing a contributing role in PTH.
However, the specific mechanism(s) by which the gut microbiome could affect PIH has not been elucidated.
Bile acids (BAs) are 24-carbon steroids produced by the mammalian liver for digestion of dietary fats’, some
portion of which undergo various bacterial transformations (e.g., deconjugation, 7a-dehydroxylation) in the
gut to produce different species of BAs®. Alteration in gut bacterial compositions and/or metabolites/products
levels, including different species of BAs, have been observed and related to various forms of thermogenesis.
One example of this has been shown during adaptive thermogenesis induced by cold exposure in the presence or
absence of high fat diet (HFD)®~!? and through fat burning in HFD induced obesity'*-1°. Zietak et al.! reviewed
the link between intestinal bacteria, BAs and UCP regulated thermogenesis. BAs can increase energy expenditure
in a UCP-dependent fashion in BAT and skeletal muscle (SKM)'?, where they activate the G-protein coupled
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bile acid receptor, Takeda G protein receptor 5 (TGR5)'¢. Based upon these observations, we hypothesized that

gut microbiome-produced BAs may be contributing to PTH.

In the present study, we measured changes in serum concentrations of unconjugated primary BAs cholic acid

(CA) and chenodeoxycholic acid (CDCA) and secondary BA deo

xycholic acid (DCA) following a hyperthermic

dose of MDMA in antibiotic treated and control rats (Fig. 1). We further inferred functional potential of the same
animals’ gut microbiomes using PICRUSt2!” to examine predicted abundance changes in the major bacterial

genes that encode BA-metabolizing enzymes.

Results
MDMA-induced change in core body temperature

MDMA-mediated an increase in core body temperature that was significantly different compared to both

the saline (One-way ANOVA F, 4 =5.364; p=0.04) and the an

tibiotics + MDMA (A/M) (One-way ANOVA

F(6=5.364; p=0.04) treatment groups at the 60 min time point (Fig. 2A). The temperatures of animals in the
saline treatment group were steady (ranging from an average of 37.8 °C to 38.2 °C) across all three time points

with no significant differences noted. The A/M group demonstrat

treatment. Analysis of the maximum temperature change shows
temperature change of + 1.05 °C (One-way ANOVA with Student
A/M group displayed a significant decrease (F ;3= 11.096; p<0

ed a hypothermic response following MDMA
that MDMA resulted in a significant maximal
—Newman-Keuls with post-hoc test shows the
.0015; Fig, 2B).

Unconjugated serum BA levels decrease during MDMA induced hyperthermia

Of the three serum BA species measured, CA was found to be th

e most abundant BA in the saline and MDMA

treatment groups with mean baseline concentrations of 3866.64 +870.22 ng/mL and 5124.44 +1052.30 ng/
mL respectively. In these same treatment groups, the mean baseline concentration for CDCA and DCA
were also found to be in a similar range: 567.18 + 158.93 ng/mL and 468.20 +76.88 ng/mL for CDCA and
614.00+173.19 ng/mL and 492.39+86.53 ng/mL for DCA. Antibiotic treatment before MDMA administra-

tion lowered the CA levels to 44.23 +11.69 ng/mL and CDCA a
of 5 ng/mL (Fig. 3A).

Sixty minutes following MDMA treatment, CA levels in
1991.07 £316.79 ng/mL which was significantly lower compared

nd DCA levels were below the detection limit

the MDMA group decreased by 45.67% to
to the saline (F, ) =25.266; one-way ANOVA

with Student-Newman-Keuls post hoc test; p <0.0002) at the same time point and the basal (F(, 5 =11.145;
Repeated measures ANOVA with Dunnett post-test; p <0.0049) levels within the MDMA group (Fig. 2A).

A t-test revealed that the CDCA levels (Fig. 3B) were signific
242.62+22.02 ng/mL at 60 min compared to saline (t-test; p<0.05

antly reduced by 56.43% to a mean value of
) and basal levels (Repeated measures ANOVA's

Dunnett F, 3 =8.325, p <0.05 for 0 vs 60 min) within the MDMA treatment group. DCA followed the same pat-
tern displaying a significant reduction of 58.86% to 249.84 +20.75 ng/mL at 60 min compared to saline (t-test;
p<0.008) at that time point and basal levels (Repeated measures ANOVA’s Dunnett F, g)=7.968, p <0.05 for 0

vs 60 min) within the MDMA treatment group (Fig. 3C).

Antibiotic treatment results in depletion of the microbial diversity
Analysis of gut bacterial communities from fecal samples collected after 5 days of sterile drinking water or antibi-

otic laced water showed that antibiotic treatment effectively altered

median ASV richness (OTUs observed) were 722 and 733 for the

the microbiome compositions (Fig. 4). While
saline and MDMA groups, the A/M group had
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Figure 1. Schematic of the study’s experiment design. JVC rats were randomly divided into Saline, MDMA
and A/M groups (n=5 or 6), where groups MDMA and Saline had access to sterilized water while A/M was
provided with antibiotic mixed water for 5 days. On Day 6, fecal pellets were collected right before the MDMA/
Saline challenge from rats in all three groups that were individually caged in a sterilized bedding for past 24 h.
This was followed by temperature measurements and blood draws at three timepoints: 0 min, 30 min and

60 min., where 0 min represents timepoint right before MDMA (20 mg/kg, sc.) or Saline administration and

30 min and 60 min post MDMA/Saline treatment. Fecal and bloo

d samples (serum) were stored at — 80 °C and

— 20 °C until analysis. For microbial analysis, all three groups: MDMA, A/M and Saline represent feces collected

before the MDMA/Saline challenge. Figure made in BioRender.
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Figure 2. (A) Core temperature measurements for animals in all three treatment groups (saline, MDMA

and A/M) at three different time-points (0, 30 and 60 min). (B) Maximum temperature change (°C) observed
for the same groups over the three time-points. Each value represents mean + SEM, n=5 or 6. *denotes a
significant difference between saline and MDMA group (One-way ANOVA F, 4 =5.364; p=0.04 with a Student
Newman-Keuls post hoc test, p<0.01), bindicates MDMA group being significantly different from A/M group
(One-way ANOVA F, 5)=5.364; p=0.04 with a Student Newman-Keuls post hoc test, p<0.001), “indicates
significant temperature difference between the saline and the A/M group, as well as MDMA and A/M group
(One-way ANOVA F, 5 =5.364; p=0.04 with a Student Newman-Keuls post hoc test, p <0.01). *Maximum
change in temperature was significant between MDMA and saline group, also between MDMA and A/M group
(F(,13=11.096; p <0.0015) using a one-way ANOVA with Student-Newman-Keuls with post-hoc test.

a comparatively lower median ASV richness of 215 (Kruskal-Wallis pairwise post-hoc Dunn test with saline
and MDMA, p <0.05; Fig. 4A). Similarly, median Shannon Diversity values were 5.3 and 5.2 for the saline and
MDMA groups, whereas the median Shannon Diversity value in the antibiotic group was 1.1 (Kruskal-Wal-
lis pairwise post-hoc Dunn test with saline and MDMA, p <0.05; Fig. 4B). Antibiotic treatment also induced
changes in community composition (Fig. 4C). Differences between groups (i.e., beta diversity) were significant
(p<0.013, R*=0.38; PERMANOVA).

Saline and MDMA groups had similar taxonomic profiles, while the A/M group showed distinctly altered
taxonomic profiles (Fig. 5). Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria and Verrucomicrobia were
the most abundant phyla, in the order of their abundance in the MDMA and saline groups (Fig. 5A). Within the
A/M group, there were two divergent profiles: one half of the samples comprised predominantly Bacteroidetes
(>72%) and depleted Firmicutes (6.2% or less). Conversely, the other half displayed the opposite trend with
depleted Bacteroidetes (6.4% or less) and predominantly Firmicutes (56.5% or more). The antibiotic treatment
group also had elevated levels of Proteobacteria (yellow bars, Fig. 5A). Antibiotic treatment also eliminated Lach-
nospiraceae and Ruminococcaceae from Firmicutes phylum and Prevotellaceae and Porphyromonadaceae from
Bacteroidetes (Fig. 5B) group. Rikenellaceae (Bacteroidetes), Lactobacillaceae (Firmicutes) and Burkholderiaceae
(Proteobacteria) were the dominant families present in the antibiotic treated group.

Bacterial BA gene abundances are altered in antibiotic-depleted microbiomes
PICRUSt2 was used to infer the functional genes (metagenome) of bacteria identified from 16S rRNA genes in
the sequenced microbial communities. The nearest sequenced taxon index (NSTI) values that indicate the extent
of likeliness of bacteria (16S rRNA gene) being similar to or represented in the reference database, for all samples
in this experiment was found between 0.02 and 0.13 (lower values for antibiotic group), with a mean weighted
NSTI value of 0.08 £0.01. These lower values suggest that the observed ASVs or their very close relatives were
highly represented in the reference database applied by PICRUSt2, which results in much closer predictions of
a community’s functional gene content's.

We specifically focused on the relative abundances (genes per total metagenome) of inferred bacterial genes
coding for enzymes involved in BA metabolism, which are bile salt hydrolase (BSH, EC:3.5.1.24), bai (bile acid
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Figure 3. Serum bile acid levels at three different time points, pre (0 min) and post (30 min and 60 min)
MDMA (20 mg/kg, sc.) or Saline administration in antibiotic treated or untreated male Sprague-Dawley rats.
(A) Change in Cholic Acid (CA) levels; (B) Change in Chenodeoxycholic Acid (CDCA) levels and (C) Change
in Deoxycholic Acid (DCA) levels. Both CDCA and DCA levels were below detection limits of 5 ng/mL in the
A/M treatment group, hence not shown in the Figures. Each value is the mean+SEM (n=5 or 6). * Indicates
significant difference between MDMA and saline/control value at the same time point p <0.05 using a t-test. **
Indicates significant difference between A/M and all other treatment groups (F, ¢, =25.266; one-way ANOVA
with Student-Newman-Keuls post hoc test; p <0.0002).
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Figure 4. Alpha and beta diversities. Panel (A) Observed ASVs and Panel (B) Shannon Index values for the
three treatment groups. All points are shown in box and whisker plots with line representing median values
for all groups. *denotes difference between Saline and A/M as well as MDMA and A/M with (Kruskal-Wallis
pairwise post-hoc Dunn test with both saline and MDMA, p <0.05). Panel (C) PCoA plot based on weighted
Unifrac method showing significant difference between A/M, saline and MDMA groups (p<0.013, R?=0.38;
PERMANOVA). MDMA, A/M and Saline represent feces collected before the MDMA/Saline challenge.

inducible) genes in the bai operon. We tested MetaCyc, which is a curated database as the major reference data-
base and additionally Kyoto Encyclopedia of Genes and Genomes (KEGG) for their performance in inferring
gene content.

Genes encoding bile salt hydrolase (BSH, EC:3.5.1.24) enzymes responsible for the first step of bacterial BA
metabolism® were found to have median relative abundance of 0.00154 using MetaCyc values within the A/M
treated group, which was significantly higher (Kruskal-Wallis pairwise post-hoc Dunn test with both saline
and MDMA, p <0.05) than in the other two groups (median relative abundances of 0.00087 and 0.00081 in the
MDMA and saline groups, respectively; Fig. 6A). In the A/M treated group, BSH gene counts were primarily
attributed to either the genera Alistipes (relative abundance > 72.3%) or Lactobacillus (relative abundance > 43.6%),
while the distribution of this gene was even across numerous taxa in the other two groups.

The bile acid inducible (bai) operon can consist of 8-12 genes that code for enzymes involved in the second-
ary BA production pathway via 7-alpha-dehydroxylation, which follows the deconjugation step’®. Of the two
databases utilized, MetaCyc did not contain this BA metabolism pathway whereas the KEGG showed elevated
secondary BA metabolism in the A/M group. Because microbiome related to secondary BA metabolism is
being newly explored in mammalian systems' and therefore may not have been adequately understood or
represented in metabolic databases, we attempted MetaCyc and KEGG for inferring the individual bai genes
content instead. MetaCyc detected only baiE and baiF genes, whereas KEGG detected a total of 7 genes in the
bai operon including baiA, baiB, baiCD, baiE, baiF, baiH and bail, whereas MetaCyc detected only baiE and
baiF in saline and MDMA groups. Because KEGG had more BA reference genes for the bai operon, we chose
to use KEGG to compare bai gene abundance values between groups. Interestingly, bai genes were completely
undetected in two animals while only baiCD and/or baiH or baiB gene were detected in very low abundance in
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Figure 5. Figure showing relative abundance of major phyla (A) and families (B) for three treatment groups.
Numbers on X-axis represent individual animals in each group. MDMA, A/M and Saline represent fecal samples
collected before the MDMA/Saline challenge.
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Figure 6. PICRUSt2 based relative gene abundance (normalized per total genes in predicted metagenome)
from bacteria associated to bile acid metabolism. (A) Bile Salt Hydrolase (BSH) or Choloylglycine hydrolase
gene was significantly different between Saline and A/M as well as MDMA and A/M group (Kruskal-Wallis
pairwise post-hoc Dunn test with saline and MDMA, *p <0.05). (B) Log-transformed cumulative bai genes,
statistically different between Saline and A/M groups (Kruskal-Wallis pairwise post-hoc Dunn test with saline,
*p<0.05). All points are shown in box and whisker plots with line representing median values for all groups. E.C
(Enzyme Commission number). BSH genes abundance is based on MetaCyc database and bai genes based on
KEGG. MDMA, A/M and Saline represent feces collected before the MDMA/Saline challenge.

the rest of the antibiotic group. The other two groups overall had greater presence of bai genes. However, in the
non-antibiotic groups (particularly within the MDMA group), the bai genes were also found in lower abundance
in some of the animal samples. For example, baiCD and baiH were present in all animals, while the remaining
bai genes were inconsistently present across the treatment groups. Thus, to compare across treatment groups,
we calculated the cumulative abundance of all bai genes. A/M treated animals had significantly lower bai gene
abundances than the saline (Kruskal-Wallis pairwise post-hoc Dunn test with saline, p <0.05) and lower values
than MDMA treatment groups (non-significance; median log-transformed values were 1.25 x 107, 5.45 x 10~/
and 1.24 x 1077 respectively for saline, MDMA and A/M groups; Fig. 6B). Average log-transformed values were
9.34 x 107%,3.12 x 107 and 2.24 x 107 for the same groups respectively.

Discussion

In the present study, antibiotics (vancomycin, neomycin and bacitracin) added to the drinking water for five
days significantly altered the gut microbiome and reduced the serum levels of unconjugated BAs CA, CDA and
CDCA before MDMA treatment. Following MDMA treatment, the animals exposed to the antibiotics displayed
areversal (hypothermia) compared to the MDMA-induced hyperthermia. A number of studies have shown that

Scientific Reports |

(2024) 1414485 | https://doi.org/10.1038/s41598-024-65433-2 nature portfolio



www.nature.com/scientificreports/

antibiotics can reduce the hyperthermia mediated by phenethylamines®**2!. Ridge et al. first suggested a potential
role for BA in PIH by showing that antagonism of the TGR5 BA receptor with triamterene or deiodinase II (D2)
enzyme with iopanoic acid reduced MDMA-mediated hyperthermia’.

Human studies have examined changes in circulating levels of various biochemicals associated to post
phenethylamine drug use?*-?%. Plasma samples from human subjects post amphetamines and mephedrone for
example displayed decreases in BAs, while no change in BA levels was observed post MDMA treatment?. These
studies predominantly implemented non-targeted LC-MS/MS methods to assess changes in analytes which
could limit the levels of detection®*?. Zhang et al.” binge treated mice with methamphetamine (15 mg/kg iv.
Twice daily) for four consecutive days which ultimately resulted in an increase in total serum BA levels on the
fifth day. However, individual BA species were not measured. Those authors did find that fecal unconjugated
BA levels but not the conjugated BAs were depleted following methamphetamine treatment. These findings
support that (repeated) phenethylamine use, such as methamphetamine and MDMA could affect unconjugated
BA levels in the host.

Some studies suggest that secondary BAs such as DCA could be more potent ligands for TGR5 both in vitro
and in vivo'*¥-3* and thus may have stronger signaling properties for host thermogenesis'**. The similar
decreasing patterns for all three BA species in the present study, both primary (CA and CDCA) and secondary
(DCA) in the MDMA treatment group only suggests the potential involvement of all three unconjugated BAs
in PIH. This is further supported by the observation that the decrease in BA occurred at the same time point as
the peak MDMA-induced hyperthermic response at the 60 min time point.

We for the first time studied the potential importance of bacterial BA metabolism on PIH via analyses of vari-
ous major bacterial BA genes in antibiotic treated and untreated animals. We inferred functional gene content
of microbiomes from 16S rRNA gene sequences using PICRUSt2. BSH genes were found to have higher relative
abundance within the antibiotic group. Microbiome analysis confirms that our antibiotic cocktail was effective in
decreasing community diversity and changed the normal microbiome profile, where the total DNA yields from
fecal extractions suggested reduced microbial biomass in the gastrointestinal track of antibiotic treated animals.
The serum CA and CDCA levels in the antibiotic treated animals is however inconsistent with this abundance
in the BSH gene. To confirm this observation, absolute quantitation of BA genes via quantitative PCR is needed.

We observed few dominant ASVs (relative abundance between ~ 70% and 90%) from Lactobacillus or Alistipes
genera (not shown) from Lactobacillaceae (phylum Firmicutes) or Rikenellaceae (phylum Bacteroidetes) families
respectively as the main source of BSH genes in the antibiotic treated group. These two genera have previously
been identified as important BSH contributors in mammalian gut bacterial community*"*2, where multiple
homologs of BSH genes and/or variability in their phenotype/specificity have been reported in Lactobacillus
genus®. BSH genes in the groups without antibiotic treatment showed contribution from a large variety of dif-
ferent taxa (without any major contributors), as observed during in silico studies®*.

The depletion of genes in the bai operon that encode enzymes for secondary BA production in the A/M
group was consistent with the measured BA profiles. This suggests that the antibiotic combination used in this
experiment may be more effective against secondary BA producing bacteria compared to BSH gene harboring
bacteria. Vrieze et al. also found decreased levels of secondary BAs and bacteria involved in the production of
secondary BAs post vancomycin treatment®. However, these genes represent low abundant species in gut bac-
terial community®®, for which read counts were not evenly dispersed across all seven bai genes as noted in the
MDMA only treatment group. These findings suggest the potential for unequal sequencing depth (efficiency) for
the relevant bacteria possessing these genes and/or lack of robust databases and annotation. There is, therefore,
a need for studies to update the metagenome-inferring tools®” or shotgun metagenomic analysis where not all
genes in the bai operon were detected?®.

Primary BAs are produced in the liver in an unconjugated or free form, which are then conjugated with
taurine or glycine before being released into the gut®. Hence, it is to be noted that certain portions of CA and
CDCA, the dominant unconjugated primary BA species in the normal mammalian systemic circulation®**,
could also come directly from the host®’. But it is apparently unclear as to what proportion of these circulating
BA species undergo bacterial deconjugation®’. As much of these unconjugated BAs, e.g. CA have been found at
diminished levels in serum of germ-free rodents*, deconjugation seems to be important for bacterial action on
influencing the level of (unconjugated) BA species in host BA pool and hence PIH.

Overall, these findings suggest that the BAs from the gut microbiome play a contributing role to the hyper-
thermia mediated by MDMA.

Methods

Animals

Jugular Vein Cannulated (JVC) male Sprague Dawley (Rattus norvegicus domesticus) rats weighing 258.9+18.0 g
(7 to 8 weeks old) were obtained from Envigo (Indianapolis, IN). Animals were randomly divided into
three groups: Saline, MDMA and antibiotic + MDMA (A/M) and housed one per sterilized cage (cage size:
21.0 X 41.9 x 20.3 cm) in a room maintained on a 12:12 h light/dark schedule and at an ambient temperature of
26-27 °C to maximize thermogenic response*!. Animals were given a five day acclimation period during which
they were provided access to either sterile drinking water (saline and MDMA treatment groups) or antibiot-
ics (A/M) in the sterile drinking water. Animals had ad libitum access to food (10% fat)** and sterilized water
(MDMA and Saline groups) or antibiotic cocktail mix water (A/M group) until the end of the experiment. Anti-
biotics consisting of Vancomycin (0.2 mg/mL), Bacitracin (0.5 mg/mL) and Neomycin (2 mg/mL) was chosen
for broad spectrum coverage of bacteria with known lower systemic absorption as in previous experiments®*.
Fluid intake and body weight were monitored daily. Antibiotic cocktail was replaced every other day. Males and
female rats respond differently to the hyperthermic effects of MDMA. We and others have published on these
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differences*~*". Given that we were wanting to specifically study the role of the microbiome in MDMA-induced
hyperthermia, we used only male rats. Maintenance and research on animals were conducted in accordance with
the eighth edition of the Guide for the Care and Use of Laboratory Animals, as adopted and promulgated by the
National Institutes of Health. The Bowling Green State University Animal Care and Use Committee approved all
the protocols and experimental procedures. All methods were carried out in compliance with relevant institu-
tional, Federal and ARRIVE guidelines and regulations. At the completion of the study, animals were euthanized
by carbon dioxide exposure.

Drugs and chemicals

MDMA was obtained from Cayman Chemicals (Ann Arbor, MI, USA) as a hydrochloride salt. On the final day
of the study, MDMA for injection was freshly prepared at a concentration of 20 mg/kg in 0.9% normal saline.
Antibiotics Vancomycin, Bacitracin and Neomycin were purchased from Sigma Aldrich (St. Louis, MO, USA).
BAs: Cholic Acid (CA), Chenodeoxycholic Acid (CDCA), Deoxycholic Acid (DCA) and deuterated Cholic acid
(CA-D4) were also purchased from Cayman Chemical Company (Ann Arbor, MI).

Research design and MDMA treatment

The study design for the experiment is outlined in Fig. 1. On the final day of the experiment (Day 6), fecal pellets
were collected from rats in all three groups kept in sterilized bedding and cages one day prior. All treatments,
blood draws and fecal samples were collected between 8 and 9 am on the day of treatment. Following that, rectal
temperatures were measured as core body temperatures (Tc in °C) just prior to a single subcutaneous (sc) dose of
MDMA (20 mg/kg) at time 0 min and recorded as baseline temperature. Until this point all three groups: Saline,
MDMA and A/M represent groups before the MDMA/Saline challenge. Temperatures were further recorded
at 30- and 60-min post MDMA/ Saline treatment for all groups. Physiotemp Thermalert TH-8 thermocouple
(Physitemp Instruments, Clifton, NJ) attached to a RET-2 (rat) rectal probe was used for temperature measure-
ment. Blood draws were made right after each temperature measurement at all time points. Serum from the
blood draws (300 pL/time-point) and fecal pellets collected were stored at — 20 °C or — 80 °C until LC-MS/MS
or DNA extraction.

Bile acid and LC-MS/MS

CA, CDCA and DCA were dissolved in LC-MS grade methanol to a concentration of 1 mg/mL. Stock solutions of
all 3 BA were then prepared at a concentration of 10,000 ng/mL followed by preparation of calibrators diluted to
concentrations of: 5, 12.5, 25, 50, 250, 1250, 2500 and 5000 ng/mL. The CA-D4 was used as an internal standard
for all BA prepared at a concentration of 1000 ng/mL in LC-MS grade methanol.

Mobile Phase A consisted of 771 mg of ammonium acetate (Fisher Chemical, Waltham, MA) in 900 mL of
LC-MS grade water (Fisher Chemical, Waltham, MA) and 100 mL of LC-MS grade methanol (Fisher Chemical,
Waltham, MA) with 1 mL of 25% ammonium hydroxide (Fisher Chemical, Waltham, MA) added. Mobile Phase
B consisted of 771 mg of ammonium acetate in 1000 mL of methanol with 1 mL of 25% ammonium hydroxide
added. Crash solution was prepared using Formic acid (LC-MS grade) and acetonitrile (LC-MS grade) purchased
from Fisher Chemical (Waltham, MA). The compressed 5.0 ultra-high purity (UHP) grade argon gas tank used
for the collision gas and compressed nitrogen gas tank for evaporation was obtained from Linde (Danbury, CT).
A nitrogen generator to supply heating, drying, and nebulizing gases was from SouthTek (Wilmington, NC).

Serum purification methods

Serum was purified using protein precipitation with chilled crash solution (1% formic acid in acetonitrile). 300 uL
of crash solution, 100 pL of serum and 60 pL of internal standard solution prepared in methanol were aliquoted
to a 1.5 mL microcentrifuge tube and placed in an Eppendorf F1.5 ThermoMixer (Eppendorf, Enfield, CT) for
10 min at a speed of 1500 rpm. This was followed by centrifuging the crashed serum sample for 5 min at 6000xg.
The supernatant was drawn off, transferred to a Hybrid SPE phospholipid filter (Supelco, Bellefonte, PA) and
extracted by vacuum. Remaining acetonitrile in the extractant was then evaporated by a direct flow of nitrogen
gas. The extractant were then reconstituted in 200 uL of Mobile Phase A and injected at an injection volume of
10 pL onto the liquid chromatography tandem mass spectrometer (LC-MS/MS).

Liquid chromatography tandem mass spectrometry methods

A triple-quadrupole LCMS-8050 CL from Shimadzu U.S.A (Canby, OR) was utilized for sample analysis with a
gradient separation method. The flow rate was maintained at 0.50 mL/min at 50 °C with a total method run time
of 6 min. The gradient began with 80% Mobile Phase A until 0.10 min and was then decreased to 53% Mobile
Phase A. The gradient was then held at 53% Mobile Phase A until 2 min after which it decreased to 49% Mobile
Phase A. The gradient was then decreased to 28% Mobile Phase A at 4.50 min and then switched to 0% Mobile
Phase A at 4.51 min to wash the column. Additionally, the flow rate was changed to 0.8 mL/min for the duration
of the 6-min run. The gradient was then reset to 100% Mobile Phase A at 5.01 min to re-equilibrate for the next
sample. The stationary phase consists of a Raptor 50 mm x 2.1 mm, 2.7 um, C18 column (Restek, Bellefonte, PA)
for the separation of the analytes and a Raptor C18 guard column (Restek, Bellefonte, PA). Serum concentra-
tions of the CA, CDCA and DCA were then quantified using LabSolutions Insight software (version 5.93). The
calibration curve was prepared in SigMatrix Serum Diluent (Sigma-Aldrich, St. Louis, MO). All calibrators were
subjected to the same extraction procedure as the samples.
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Microbial community analysis

16S rRNA gene sequencing was chosen as the method to characterize the gut bacterial communities of rats in the
three treatment groups. DNA was extracted from ~ 250 mg offecal samples collected from a sterile setting from
individual rats in each group using Dneasy Powersoil Pro Kit (Qiagen Inc., CA, USA) following the manufac-
turer’s instructions. Before sequencing, DNA was run in 0.8% agarose gel electrophoresis for quality check and
concentration measured using NanoDrop Spectrophotometer (Thermo, MI, USA). For microbial analysis, all
three groups: MDMA, A/M and Saline represent feces collected before the MDMA/Saline challenge.

Library preparation and sequencing of 16S rRNA gene libraries were performed by LC Sciences (Houston, TX,
USA) using primers: Forward primer 338F (5-ACTCCTACGGGAGGCAGCAG-3') and Reverse primer 806R
(5'-GGACTACHVGGGTWTCTAAT-3') spanning V3-V4 region of ~450-460 bp amplicon length. Amplicon
libraries were sequenced as 250- bp paired-end reads on an Illumina MiSeq platform. Raw sequence reads were
trimmed to remove primers and low-quality ends, error-corrected and de-replicated using DADA2* workflow
1.26.0 in R Studio (2022.07.1). This generated a total of 953,945 sequencing reads across the entire dataset after
chimera removal. Taxonomies were assigned using Ribosomal Database Project (RDP) Classifier 16*°. All librar-
ies were rarefied to 49,400 reads prior to determination of alpha and beta diversities. Sequence from one animal
(sample 5) in the antibiotic treated group was excluded from the analysis due to low sequence counts remaining
after quality check. Principal coordinates analysis (PCoA) based on weighted Unifrac method and alpha diver-
sity (observed ASVs and Shannon Index) measurements were performed using the Vegan package 2.6-4 in R.

To generate inferred metagenome (metabolic functional potential) information, the ASV table and reference
sequences generated from DADA?2 were used as input and run through PICRUSt2 pipeline'” in python (3.9). Both
MetaCyc® and KEGG databases® were utilized to find the gene content in each of the samples. Normalization
of gene counts in each sample was done by calculating the relative abundance of each gene per total gene count
in the inferred metagenome for the sample.

Statistical analysis

GraphPad InStat (v. 10.0) and GraphPad Prism (v. 10.0) were used for all statistical analyses, except otherwise
stated for the microbiome analysis. Results are plotted as mean + SEM for both rectal core body temperatures
and BA data for all groups. One-way ANOVA with Student-Newman-Keuls or Dunnett’s (back to time zero)
with post-hoc test was applied for comparing 3 groups and two-sample t-test for 2 groups. Significance used
was at p <0.05 a priori. For microbiome analysis, adonis test (PERMANOVA) was performed for compositional
differences using weighted Unifrac distance method in R, and one way ANOVA non-parametric method based
Kruskal-Wallis test with post-test (Dunn multiple comparison) for diversity measures and gene abundance
analyses (for PICRUSt2).

Data availability
All data supporting the findings of this study are available within the paper.

Received: 2 February 2024; Accepted: 20 June 2024
Published online: 24 June 2024

References
1. Sprague, J. E., Riley, C. L. & Mills, E. M. Body temperature regulation and drugs of abuse. Handb. Clin. Neurol. 157, 623-633 (2018).
2. Sprague, J. E., Yang, X., Sommers, J., Gilman, T. L. & Mills, E. M. Roles of norepinephrine, free Fatty acids, thyroid status, and skel-
etal muscle uncoupling protein 3 expression in sympathomimetic-induced thermogenesis. J. Pharmacol. Exp. Ther. 320, 274-280
(2007).
3. Riley, C. L. et al. The complementary and divergent roles of uncoupling proteins 1 and 3 in thermoregulation. J. Physiol. 594(24),
7455-7464 (2016).
4. Pedersen, N. P. & Blessing, W. W. Cutaneous vasoconstriction contributes to hyperthermia induced by 3,4-methylenedioxymeth-
amphetamine (ecstasy) in conscious rabbits. J. Neurosci. 21, 8648-8654 (2001).
5. Ridge, E. A. et al. The influence of the host microbiome on 3,4-methylenedioxymethamphetamine (MDMA)-induced hyperthermia
and vice versa. Sci. Rep. 9, 4313 (2019).
6. Goldsmith, R. et al. Reversal of temperature responses to methylone mediated through bi-directional fecal microbiota transplanta-
tion between hyperthermic tolerant and naive rats. Temperature 9, 318-330 (2022).
7. Di Ciaula, A. et al. Bile acid physiology. Ann. Hepatol. 16, s4-s14 (2017).
8. Ridlon, J. M., Kang, D. J. & Hylemon, P. B. Bile salt biotransformations by human intestinal bacteria. J. Lipid Res. 47, 241-259
(2006).
9. Chevalier, C. et al. Gut microbiota orchestrates energy homeostasis during cold. Cell 163, 1360-1374 (2015).
10. Zietak, M. et al. Altered microbiota contributes to reduced diet-induced obesity upon cold exposure. Cell Metab. 23, 1216-1223
(2016).
11. Worthmann, A. et al. Cold-induced conversion of cholesterol to bile acids in mice shapes the gut microbiome and promotes adap-
tive thermogenesis. Nat. Med. 23, 839-849 (2017).
12. Li, B. et al. Microbiota depletion impairs thermogenesis of brown adipose tissue and browning of white adipose tissue. Cell Rep.
26, 2720-2737.e5 (2019).
13. Watanabe, M. et al. Bile acids induce energy expenditure by promoting intracellular thyroid hormone activation. Nature 439,
484-489 (2006).
14. Somm, E. et al. B-Klotho deficiency protects against obesity through a crosstalk between liver, microbiota, and brown adipose
tissue. JCI Insight 2, €91809 (2017).
15. Lin, H., An, Y,, Tang, H. & Wang, Y. Alterations of bile acids and gut microbiota in obesity induced by high fat diet in rat model.
J. Agric. Food Chem. 67, 3624-3632 (2019).
16. Fiorucci, S., Mencarelli, A., Palladino, G. & Cipriani, S. Bile-acid-activated receptors: Targeting TGR5 and farnesoid-X-receptor
in lipid and glucose disorders. Trends Pharmacol. Sci. 30, 570-580 (2009).
17. Douglas, G. M. et al. PICRUSt2 for prediction of metagenome functions. Nat. Biotechnol. 38, 685-688 (2020).

Scientific Reports |

(2024) 1414485 | https://doi.org/10.1038/s41598-024-65433-2 nature portfolio



www.nature.com/scientificreports/

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.
31.

32.

33.
34.

35.

36.

37.

38.
39.

40.

41.

42.

43.
44.

45.

46.

47.

48.
49.

50.

51.

Langille, M. G. et al. Predictive functional profiling of microbial communities using 16S rRNA marker gene sequences. Nat.
Biotechnol. 31, 814-821 (2013).

Heinken, A. et al. Systematic assessment of secondary bile acid metabolism in gut microbes reveals distinct metabolic capabilities
in inflammatory bowel disease. Microbiome 7, 75 (2019).

Althobaiti, Y. S., Alshehri, E S., Almalki, A. H. & Sari, Y. Effects of ceftriaxone on glial glutamate transporters in wistar rats admin-
istered sequential ethanol and methamphetamine. Front. Neurosci. 10, 427 (2016).

Anderson, P.,, Hutchinson, M. R., Irvine, R. J. & Salem, A. Attenuating glial activation with minocycline reduces the hyperthermic
response to 3, 4-methylenedioxymethamphetamine (MDMA) in the rat. Open Addict. J. 4(1), 4-5 (2011).

Nielsen, K. L., Telving, R., Andreasen, M. E, Hasselstrom, J. B. & Johannsen, M. A metabolomics study of retrospective forensic
data from whole blood samples of humans exposed to 3,4-Methylenedioxymethamphetamine: A new approach for identifying
drug metabolites and changes in metabolism related to drug consumption. J. Proteome Res. 15, 619-627 (2016).

Boxler, M. I. et al. Human metabolome changes after a single dose of 3,4-methylenedioxymethamphetamine (MDMA) with special
focus on steroid metabolism and inflammation processes. J. Proteome Res. 17, 2900-2907 (2018).

Steuer, A. E. et al. Comparative untargeted metabolomics analysis of the psychostimulants 3,4-methylenedioxy-methamphetamine
(MDMA), amphetamine, and the novel psychoactive substance mephedrone after controlled drug administration to humans.
Metabolites 10, 306 (2020).

Gertsman, . & Barshop, B. A. Promises and pitfalls of untargeted metabolomics. J. Inherit. Metab. Dis. 41, 355-366 (2018).
Zhang, K. K. et al. Gut microbiota mediates methamphetamine-induced hepatic inflammation via the impairment of bile acid
homeostasis. Food Chem. Toxicol. 166, 113208 (2022).

Hu, J. et al. Gut microbiota-mediated secondary bile acids regulate dendritic cells to attenuate autoimmune uveitis through TGR5
signaling. Cell Rep. 36, 109726 (2021).

Liu, J. et al. Potency of individual bile acids to regulate bile acid synthesis and transport genes in primary human hepatocyte
cultures. Toxicol. Sci. 141, 538-546 (2014).

Ockenga, J. et al. Plasma bile acids are associated with energy expenditure and thyroid function in humans. J. Clin. Endocrinol.
Metab. 97, 535-542 (2012).

Kawamata, Y. et al. A G protein-coupled receptor responsive to bile acids. J. Biol. Chem. 278(11), 9435-9440 (2003).

O’Flaherty, S., Briner Crawley, A., Theriot, C. M. & Barrangou, R. The Lactobacillus bile salt hydrolase repertoire reveals niche-
specific adaptation. mSphere 3, €00140-18 (2018).

Lin, L. et al. Genome-centric investigation of bile acid metabolizing microbiota of dairy cows and associated diet-induced functional
implications. ISME J. 17, 172-184 (2023).

Begley, M., Hill, C. & Gahan, C. G. Bile salt hydrolase activity in probiotics. Appl Environ Microbiol. 72, 1729-1738 (2006).
Song, Z. et al. Taxonomic profiling and populational patterns of bacterial bile salt hydrolase (BSH) genes based on worldwide
human gut microbiome. Microbiome 7,9 (2019).

Vrieze, A. et al. Impact of oral vancomycin on gut microbiota, bile acid metabolism, and insulin sensitivity. J. Hepatol. 60, 824-831
(2014).

Gu, Y. et al. Analyses of gut microbiota and plasma bile acids enable stratification of patients for antidiabetic treatment. Nat. Com-
mun. 8, 1785 (2017).

Mullish, B. H. et al. Functional microbiomics: Evaluation of gut microbiota-bile acid metabolism interactions in health and disease.
Methods 149, 49-58 (2018).

Chiang, J. Y. Bile acid metabolism and signaling. Compr. Physiol. 3, 1191-1212 (2013).

Sayin, S. I. et al. Gut microbiota regulates bile acid metabolism by reducing the levels of tauro-beta-muricholic acid, a naturally
occurring FXR antagonist. Cell Metab. 17, 225-235 (2013).

Dawson, P. A., Shneider, B. L. & Hofmann, A. F. Bile formation and the enterohepatic circulation. In Physiology of the Gastroin-
testinal Tract 4th edn (ed. Johnson, L. R.) 1437-1462 (Academic Press, 2006).

Dafters, R. I. Effect of ambient temperature on hyperthermia and hyperkinesis induced by 3,4-methylenedioxymethamphetamine
(MDMA or “ecstasy”) in rats. Psychopharmacology 114, 505-508 (1994).

Mills, E. M., Weaver, K. L., Abramson, E., Pfeiffer, M. & Sprague, J. E. Influence of dietary fats on Ecstasy-induced hyperthermia.
Br. J. Pharmacol. 151, 1103-1108 (2007).

Kiraly, D. D. et al. Alterations of the host microbiome affect behavioral responses to cocaine. Sci. Rep. 6, 35455 (2016).

Wyeth, R. P. et al. The hyperthermia mediated by 3,4-methylenedioxymethamphetamine (MDMA, Ecstasy) is sensitive to sex
differences. Toxicol. Appl. Pharmacol. 235, 33-38 (2009).

Nelson, K. H. et al. Sex differences in a-pyrrolidinopentiophenone (a-PVP)-induced taste avoidance, place preference, hyperther-
mia and locomotor activity in rats. Pharmacol. Biochem. Behav. 185, 172762 (2019).

Goldsmith, R. et al. Gender differences in tolerance to the hyperthermia mediated by the synthetic cathinone methylone. Tem-
perature 6, 334-340 (2019).

Aburahma, A. et al. Influence of fecal microbial transplant (FMT) between male and female rats on methamphetamine-induced
hyperthermia. Int. J. Hyperth. 40(1), 2159072 (2023).

Callahan, B. J. et al. DADA2: High-resolution sample inference from Illumina amplicon data. Nat. Methods 13, 581-583 (2016).
Wang, Q., Garrity, G. M., Tiedje, J. M. & Cole, J. R. Naive Bayesian classifier for rapid assignment of rRNA sequences into the new
bacterial taxonomy. Appl. Environ. Microbiol. 73, 5261-5267 (2007).

Caspi, R. et al. The MetaCyc Database of metabolic pathways and enzymes and the BioCyc collection of Pathway/Genome Data-
bases. Nucleic Acids Res. 42(1), D459-D471 (2014).

Kanehisa, M. & Goto, S. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 28, 27-30 (2000).

Acknowledgements
This work was supported in part by an internal grant from the Ohio Attorney General’s Center for the Future
of Forensic Science.

Author contributions

S.R. conducted the in vivo microbiome and temperature studies. S.R. and C.S.W. conducted the diversity meas-
ures and gene abundance analyses (for PICRUSt2) . J.R.C. conducted the LC-MS/MS analysis. J.E.S. conceived the
project rationale and supervised all experiments. All authors contributed equally to the writing of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to J.E.S.

Scientific Reports |

(2024) 1414485 | https://doi.org/10.1038/s41598-024-65433-2 nature portfolio



www.nature.com/scientificreports/

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |  (2024) 14:14485 | https://doi.org/10.1038/s41598-024-65433-2 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Bile acids and the gut microbiome are involved in the hyperthermia mediated by 3​,4-​met​hyl​ene​dio​xym​eth​amp​hetamine (MDMA)
	Results
	MDMA-induced change in core body temperature
	Unconjugated serum BA levels decrease during MDMA induced hyperthermia
	Antibiotic treatment results in depletion of the microbial diversity
	Bacterial BA gene abundances are altered in antibiotic-depleted microbiomes

	Discussion
	Methods
	Animals
	Drugs and chemicals
	Research design and MDMA treatment
	Bile acid and LC–MSMS
	Serum purification methods
	Liquid chromatography tandem mass spectrometry methods

	Microbial community analysis
	Statistical analysis

	References
	Acknowledgements


