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B3-adrenergic receptor (AR) agonists are approved to
treat only overactive bladder. However, rodent studies
suggest that these drugs could have other beneficial
effects on human metabolism. We performed tissue
receptor profiling and showed that the human 33-AR
mRNA is also highly expressed in gallbladder and brown
adipose tissue (BAT). We next studied the clinical impli-
cations of this distribution in 12 healthy men given one-
time randomized doses of placebo, the approved dose of
50 mg, and 200 mg of the B3-AR agonist mirabegron.
There was a more-than-dose-proportional increase in
BAT metabolic activity as measured by ['®F]-2-fluoro-
D-2-deoxy-p-glucose positron emission tomography/
computed tomography (medians 0.0 vs. 18.2 vs. 305.6
mL - mean standardized uptake value [SUV ,can] - 9/mL).
Only the 200-mg dose elevated both nonesterified fatty
acids (68%) and resting energy expenditure (5.8%). Pre-
viously undescribed increases in gallbladder size (35%)
and reductions in conjugated bile acids were also dis-
covered. Therefore, besides urinary bladder relaxation,
the human B3-AR contributes to white adipose tissue
lipolysis, BAT thermogenesis, gallbladder relaxation, and
bile acid metabolism. This physiology should be con-
sidered in the development of more selective 33-AR
agonists to treat obesity-related complications.

The imbalance between energy intake and expenditure has
caused escalating rates of obesity and metabolic disease
throughout the world. In response to this public health
crisis, the National Institutes of Health (NIH) called for the
development of novel approaches for the prevention and
treatment of these conditions. One focus has been on
activating the B3-adrenergic receptor (AR), which in ro-
dent models increases energy expenditure and improves
glucose tolerance (1). These effects are thought to come
primarily through the activation of 33-ARs expressed by
brown adipose tissue (BAT), since it consumes glucose and
lipids at high rates to generate heat via mitochondrial uncou-
pling protein 1 (UCP1) (2-4). Rodent studies have shown that
an increase in BAT metabolic activity also improves insulin
sensitivity, triglyceride clearance, and hepatic fatty acid ox-
idation (5-8). In addition, recent reports have identified
multiple potential roles for BAT as an endocrine organ
(8-11), often through activation of the 33-ARs.
Unfortunately, translation of these promising findings
to humans has not yet been successful. Several pharma-
ceutical companies developed B3-AR agonists for the
treatment of obesity, but none progressed past phase
2 clinical trials. Limiting factors included varied oral bio-
availability (12), but ultimately the drugs did not sufficiently
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increase energy expenditure. Nevertheless, there were ben-
eficial outcomes, including improved glucose tolerance (13)
and increased fatty acid oxidation (14), suggesting that this
class of drugs could be repurposed for treating metabolic
disease. These observations also suggested that there were
undefined, fundamental differences between rodent and hu-
man receptor physiology that needed to be addressed so that
the therapeutic promise of 33-AR agonists could be achieved.

This potential changed dramatically with the recent
approval of the B3-AR agonist mirabegron (Myrbetriq,
extended-release tablet; Astellas Pharma) for the treatment
of overactive bladder (OAB). Though not the target tissue of
interest for treatment of metabolic disease, the availability
of mirabegron enabled us to determine its effects on human
BAT through a pilot study where we demonstrated that it
acutely stimulates BAT activity and increases resting energy
expenditure (REE) in healthy subjects (15). While encour-
aging, that study evaluated only the 200-mg dose, which
exceeds the 50-mg maximum dosage approved to treat OAB.
These initial results led to the primary end point of the
current study, which is whether 50 mg mirabegron, the dose
shown to be safe in humans, could also acutely activate BAT
and increase REE. However, we also wanted to address more
fundamental physiological questions related to human (33-
AR physiology and determine the breadth of the metabolic
effects this new dlass of approved drugs can produce. We uti-
lize tissue mRNA expression in mice and humans, pharmaco-
kinetics, and plasma metabolomics to obtain data that could
guide the development of B3-AR agonists to treat an ex-
panded platform of obesity-related metabolic complications.

RESEARCH DESIGN AND METHODS

Study Approval

This clinical trial was registered with ClinicalTrials.gov
(NCT01950520) and has U.S. Food and Drug Administra-
tion (FDA) Investigational New Drug registration no.
116246. It was approved by the Human Studies Institu-
tional Review Board of the National Institute of Diabetes
and Digestive and Kidney Diseases (NIDDK). Healthy vol-
unteers were recruited by word of mouth or through the
Patient Recruitment and Public Liaison Office and pro-
vided written informed consent.

Subject Information and Protocol Design

Inclusion criteria were as follows: generally good health,
men between ages 18 and 35 years, and written informed
consent. Exclusion criteria have been described previously
(16). This study was randomized and placebo controlled.
Only men were recruited because the 200-mg dose has been
shown to cause too long of a QT prolongation in women (17).
The study comprised a screening and up to four study visits,
each separated by =48 h and completed within an 8-week
window to limit outdoor temperature variation (18) and
subject weight change. Subjects were asked to keep consis-
tent weight-maintenance diets and exercise habits over the
course of the study. Body composition and anthropometric
measurements were taken on the first or second study day.
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Healthy volunteers were admitted to the Metabolic
Clinical Research Unit (MCRU) at the NIH Hatfield Clinical
Research Center the evening before testing. Volunteers were
provided an isocaloric dinner (55% carbohydrate, 15% pro-
tein, and 30% fat) and snack (high carbohydrate and high
protein) that evening, Subjects fasted from 0000 h until com-
pleting all testing the following day. Inpatient rooms were
kept at 24°C, and subjects were asked to go to sleep at the
same time each night. Clothing was standardized during
each metabolic chamber stay as previously described (19).

All study visits involved a 6-h (0800-1400 h) stay in the
metabolic chamber of the MCRU. The relative humidity
of each chamber was controlled between 30 and 50%. To
reduce the likelihood of a false negative drug effect on BAT
activation, on the first study day we treated subjects with
cold to confirm the presence of detectable BAT. On the
cold day, the chamber was set to 20°C and subjects wore
a cooling vest (CFA-9 vest; Polar Products, Stow, OH) that
circulated water at 14-16°C from 1200 to 1400 h. On drug
study days, the chamber’s temperature was set to 26°C to
ensure that BAT was not activated by cold. Study subjects
were administered mirabegron at 0900 h (0 min). Five
hours after entering the chamber (1300 h), volunteers
were injected with a 185-MBq (5 mCi) bolus of [18F]-2-
fluoro-D-2-deoxy-D-glucose (*®F-FDG) for positron emission
tomography (PET)/computed tomography (CT) scanning,
after which subjects spent an additional 60 min inside
the chamber to allow for uptake of the radioactive tracer.
PET/CT images were acquired and analyzed as previously
described (20). If BAT was detected after cold exposure,
the subject proceeded to the full course of drug treat-
ment (placebo or 50 or 200 mg mirabegron). If BAT was
not detected, the subject only received one drug treat-
ment (200 mg mirabegron). Self-reported questionnaires
taken at 0830 h, 1015 h, 1200 h, and 1345 h show that
the subjects felt increasingly cold starting 30-60 min after
entering the metabolic chamber on the cold exposure day
but not on the drug treatment days.

While in the chamber, subjects were asked to minimize
their physical activity and stay awake. Between 0825-
0855 h and 1310-1340 h, volunteers sat upright and still
without any physical activity. These inactive periods pro-
vided motion-free data to calculate REE and heart rate.
Pre- and posttreatment blood samples used to measure
blood metabolites were obtained 5 min prior to entering
the metabolic chamber and at 1300 h. Blood samples,
tested for plasma glucose, serum insulin, and plasma
mirabegron concentrations, were obtained at 0, 15, 30,
60, 120, 180, 240, 315, 360, and 420 min relative to the
time of drug administration (0900 h). We report only the
first 8 of 10 measurements for glucose and insulin, since
subjects ended their fasting after 315 min and were mobile
outside of controlled conditions.

Eleven of 13 enrolled subjects completed all four study
days. One subject was unable to complete the placebo
study day owing to scheduling constraints. Another subject
did not have detectable BAT with cold exposure and thus
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completed only the 200-mg drug day. Data from this
subject were included only in omics analyses. Of note,
one subject completed the study within 12 weeks rather
than the described 8-week period. There was no evidence
of physiological changes including body weight in this
subject over the more extended period.

Quantification of Tissue Metabolic Activity

BAT was quantified as previously described (20). Gallblad-
der volume was quantified using reconstructed PET/CT
scans uploaded into Fiji (ImageJ 1.51k). A reviewer who
was blinded to treatment used the CT scans to draw regions
of interest that were traced around the gallbladder in each
axial slice (20-40 slices per subject). If the gallbladder was
indistinguishable from the nearby tissue of the liver by CT
density alone, the reviewer used a coregistered PET/CT
image as a guide because the liver has a higher '*F-FDG up-
take compared with gallbladder. A representative sample
of 10 scans was reanalyzed by the same reviewer to compare
volume measurements with those from the initial analysis.
A paired t test between these values demonstrated consis-
tency in measurement (P = 0.94; mean difference 5.8%). A
Bland-Altman plot showed no mean or magnitude biases.

Gene Expression in Adult Humans and Mice

Tissue from 12 autopsies (5 women and 7 men aged 16-84
years) conducted at the NIH Clinical Center was collected
from the following anatomic sites: superficial subcutane-
ous fat from the anterior abdomen, deep visceral fat from
the omentum, deep supraclavicular fat, intercostal skeletal
muscle, left heart ventricle, gallbladder, and urinary blad-
der. Resected tissue was rinsed in PBS and placed imme-
diately in RNAlater (Qiagen). From four C57BL/6 mice
maintained at 22°C, we dissected the following tissues:
inguinal white adipose tissue (i(WAT), epididymal WAT,
interscapular BAT, tibialis anterior skeletal muscdle, left and
right ventricle, gallbladder, and urinary bladder. These tis-
sues were harvested after sacrifice and were snap frozen.
RNA was extracted by homogenizing 100 mg tissue using an
RNeasy Mini Kit (Qiagen) according to the manufacturer’s
instructions. Total RNA concentration and purity were
determined by spectrophotometer at 260 nm (NanoDrop
2000 UV-Vis Spectrophotometer; Thermo Scientific). RNA
(1 ng was converted to cDNA using the High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems).
Relative quantification of mRNA was performed with
3.5 L cDNA used in an 11.5-pL PCR reaction for Actb
(B-actin), Adrb3 (B3-AR), and Ucpl using SYBR (Bio Basic)
for mouse genes and TagMan Gene Expression Assay for
human genes (Supplementary Table 1). Quantitative
RT-PCR assays were run in duplicates and quantified in
the ABI Prism 7900 sequence-detection system. All
genes were normalized to the expression of the house-
keeping gene B-actin. For the human tissue, expression
was normalized to the subcutaneous fat; in the mice,
expression was normalized to the iWAT depot. Results
are expressed as ratios in arbitrary units. For the
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comparison of adipose tissues obtained from mice raised
at 22°C and thermoneutrality (30°C), six mice were raised
and handled as previously described (21).

Physiological and Clinical Measurements

The NIH MCRU metabolic chamber was used to assess REE
as previously described (20). A portable electrocardiogram
Holter monitor (Spacelabs Healthcare), worn by the sub-
jects, continuously measured heart rate during the time
in the metabolic chamber. Subjects used the DINAMAP
Pro 300 V2 monitor (GE Healthcare, Madison, WI) to take
their blood pressure every 15 min. To obtain a single pre-
and posttreatment blood pressure measurement for each
subject, we averaged three measurements from before
(0815, 0825, and 0855 h) and after (1300, 1310, and
1340 h) cold or drug administration. DXA whole-body
scanner (iDXA; GE Healthcare) provided subject body
composition. Subjects answered two questionnaires via
iPad, version 2 (Apple, Cupertino, CA), during their met-
abolic chamber stays. One assessed whether they were
experiencing any responses to treatment, and the second
comprised a visual analog scale to assess overall comfort,
including temperature perception, hunger, and energy.

Measurement of Plasma Mirabegron and 7«-Hydroxy-
4-Cholesten-3-One Concentrations via
Ultraperformance Liquid Chromatography-Tandem
Mass Spectrometry Analysis
Detection and quantification were achieved by ultraper-
formance liquid chromatography-tandem mass spectrometry
utilizing a Thermo Scientific Vanquish ultra-high-
performance liquid chromatography. For mirabegron, we
used a Thermo Scientific Quantiva or Altis triple quadrupole
mass spectrometer with heated electrospray ionization
(HESI-II; Thermo Scientific) in positive ion mode (3,500 V).
Quantitation of mirabegron was based on the mass/charge
transitions 397—146 and 397—260 and internal standard
(13C6—mirabegron) 403—152 and 403—266. Quantitation
of 7a-hydroxy-4-cholesten-3-one (C4) was based on the
mass/charge transitions 401—177 and 401—383 and D-
C4 on 408—177 and 408—390 transitions. For mirabegron,
the calibration stock solutions (1-250 ng/mlL) and in-
ternal standard solution were prepared in acetonitrile and
stored at 4°C. Calibration and plasma samples were prepared
by protein precipitation with internal standard solution,
vortexed, kept at 4°C for 10 min, and then centrifuged at
4°C, 14,000 rpm, for 15 min. The supernatant was trans-
ferred to liquid chromatography-mass spectrometry (LC-
MS) vial with 1 pL injected. A Waters Acquity UPLC BEH
C18, 2.1 X 100 mm, 2.7-pm column was maintained at
35°C. Solvent A comprised 70% H,0 and 30% acetonitrile
with 0.1% NHj; and solvent B 20% H,0 and 80% acetonitrile
with 0.1% NHj. The flow rate was 400 pL/min and the gradient
was 25% B at 0 min increasing to 100% B at 4.5, maintaining
100% B until 5 min, returning to 25% B at 5.5 min.

For plasma C4 concentrations, the internal standard
solution was prepared in methanol containing D,-C4. C4
standard stock solutions were prepared in methanol at the
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concentrations from 0.5 to 100 ng/mL. All standard stock
solutions were stored at 4°C. Calibration and plasma
samples were prepared by protein precipitation with
internal standard solution, vortexed, kept at 4°C for
10 min, and then centrifuged at 4°C, 14,000 rpm, for
15 min. The supernatant was transferred to an LC-MS vial
with 3 pL injected. A Waters Acquity UPLC BEH (18,
2.1 X 100 mm, 2.7-pm column was maintained at 35°C.
Solvent A comprised H,O with 5 mmol/L NH,OAc, and
solvent B methanol with 5 mmol/L NH4OAc. The flow rate
was 300 pL/min and the gradient was 35% B at 0 min,
increasing to 98% B at 3.5 min, remaining at 98% B until
6.9 min, and returning to 35% B at 7.25 min. Calibration
standards of mirabegron and C4 were used to construct
calibration curves, which had a minimum R? = 0.999 with
1/x weighting. Calibration and repeat measurement of
standards exceeded FDA LC-MS guidelines for linearity
and quantitation.

Measurement of Metabolites

Glucose, insulin, nonesterified fatty acids (NEFAs), total
trilodothyronine, free thyroxine, thyrotropin, lactate, cor-
tisol, norepinephrine, epinephrine, and dopamine were all
measured by the NIH Department of Laboratory Medicine.
For epinephrine and dopamine concentrations that were
below the assay detection limit, we imputed the half-
minimum value. Pyruvate was measured by the Mayo
Clinic (Mayo Clinic Laboratories). B-Hydroxybutyrate
(BHB), glycerol, and metabolic proteins and hormones
were measured at the NIDDK Clinical Core Lab. Colori-
metric assay kits were used to measure BHB and glycerol
(Cayman Chemical) and total bile acids (Diazyme Labo-
ratories). FGF19, FGF21, and adiponectin were measured
using Quantikine ELISA kits (R&D Systems). Ghrelin
(active), PYY, leptin, and GIP were measured using the
Human Metabolic Hormone Magnetic Bead Panel Metab-
olism Multiplex Assay (EMD Millipore). Glucagon was
measured using an ELISA kit (Mercodia). Active glucagon-
like peptide 1 was measured using the Active GLP-1 (ver-
sion 2) Kit (Meso Scale Discovery).

Metabolomics

Metabolomic analyses were performed using nontargeted
and targeted protocols as previously described (22-24).
Plasma samples were collected in K2-EDTA tubes before
and after treatment with cold exposure or mirabegron.
Metabolite extraction was achieved using a mixture of
isopropanol:acetonitrile:-water (3:3:2 v/v). Extract analysis
were performed using gas chromatography-mass spec-
trometry, reversed-phase LC-MS, and hydrophilic interac-
tion chromatography-liquid chromatography-tandem mass
spectrometry protocols as previously described (24). A quality
control was performed using metabolite standards mix-
ture and pooled samples. Collected raw data were man-
ually inspected, merged, and imputed. Statistical analysis
was performed with MetaboAnalyst 3.0 (25). Metabolite
Set Enrichment Analysis (MSEA) was used to interrogate
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functional relation, which describes the correlation between
compound concentration profiles and clinical outcomes.

For the determination of the relationships between
plasma bile acid levels and mirabegron dose, we performed
a data integrity check, missing value imputations, data
filtering, and normalization by the sample median. We first
determined whether there was a relationship between
mirabegron dose and bile acid levels using means compar-
ison with dose treated as a continuous variable, which
identified four bile acids with P < 0.05. This test was
followed by one-way means comparisons between the
average baseline levels of the bile acids combining the
placebo, 50-mg, and 200-mg days (n = 36), and the post-
treatment levels of the three different treatment days,
each assessed individually (n = 11-13). P values for all pairs
were calculated using the Tukey-Kramer honest significant
difference test.

Sample Size Calculation

Our previous study showed that log;o BAT activity was
normally distributed, with values of 0.05 * 0.62 mL -
mean standardized uptake value (SUV c.p) © g/mL at a dose
of placebo and 2.00 = 0.79 mL - SUV ., - g/mL at a dose
of 200 mg mirabegron (15). Because the current study was
the first to explore the effect of 50 mg mirabegron on
BAT activity, a range for activation of BAT with 50 mg
mirabegron was calculated based on lower- and upper-
bound expectations about the reported pharmacokinetic/
pharmacodynamic profile. We predicted that the 50-mg
dose would produce a mean log; g BAT activity of 0.36 mL -
SUVean * g/mL with an SD of 0.66, assuming a linear re-
lationship between dose and SD. BAT activity was treated
as a continuous variable, and each subject served as his own
paired control. We determined that 12 subjects would be
needed to reject the null hypothesis that the response dif-
ference between placebo and 50 mg mirabegron is 0 in
a paired comparison with a = 0.05 and power 80%.

Statistical Methods

After completion of the study in 12 subjects with detect-
able BAT, data were analyzed with JMP 11.0.0 software
(SAS Institute, Inc.) and GraphPad Prism 7.0 (GraphPad
Software, Inc.). To evaluate the primary end point, we
used a paired t test on log-transformed data and found
that P = 0.003 after imputing for measurements of “0”
the values that were one-half of the detectable lower limit
of the imaging software. All other paired comparisons were
performed using either Student paired t tests or Wilcoxon
signed rank tests depending on the current or historical
distribution of underlying data. We used repeated-measures
ANOVA to determine whether pretreatment values mea-
sured on the placebo, 50-mg, and 200-mg study days were
significantly different from each other. Associations be-
tween study variables were determined using random effects
linear regressions. Before analyzing the data, we confirmed
that there was no significant effect of a possible interaction
between the assigned drug dose and its study visit number
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Figure 1—Study design. Subjects entered the metabolic chamber at 0800 h and remained there until 1400 h, after which they were
transported to the PET/CT suite. Blood was drawn before treatment (tx) at 0800 h and then just prior to "®F-FDG administration at 1300 h. The
black bars above the diagrams refer to the 30-min still periods during which REE was measured. PK, pharmacokinetic.

on other variables; furthermore, drug dose and study visit
were not predictive of each other. All P values are two
tailed, with statistical significance being P values =0.05.

RESULTS

Dose-Dependent BAT Activation by Mirabegron

In the current study (Fig. 1), we enrolled 13 young, lean,
and healthy men, 12 of whom (Table 1) had detectable
cold-activated BAT (Supplementary Fig. 1). Compared with
placebo, 50 mg mirabegron increased BAT activity in most
subjects (medians 0.0 vs. 18.2 mL - SUV, ., - g/mL, P =

Table 1—Demographics of study subjects*

Value Range
Sex (n men/women) 12/0 =
Age (years) 24.7 = 4.0 (19.1-31.7)
Height (cm) 183.2 = 5.3 (174.9-194.4)
Weight (kg) 78.9 =89  (66.5-93.9)
BMI (kg/m?) 235+ 1.9 (20.3-26.1)
Body surface area (m?)% 2.0 + 0.1 (1.8-2.2)
Body fat (kg) 12.8 = 4.6 (6.3-22.1)
Total percent fat (%) 16.3 = 5.1 (7.7-24.6)
Total fat-free mass (kg) 65.5 = 7.9 (54.3-77.9)
Total lean mass (kg) 621 =75 (51.6-73.6)
Total percent lean mass (%) 79.3 + 5.0 (71.1-88.1)
Total bone mineral content (kg) 3.4 = 0.5 (2.7-4.3)
Resting HR (bpm)§ 65 + 8 (46-76)
Resting SBP (mmHg)§ 120 = 6 (108-131)
Resting DBP (mmHg)§ 70 £ 6 (62-81)

Resting RPP (mmHg - bpm)§ 7,780 = 1,011 (5,823-9,957)
REE (kcal/h)§ 77.4 = 10.0 (63.5-96.0)

Data are means * SD unless otherwise indicated. DBP, diastolic
blood pressure; HR, heart rate; RPP, rate pressure product; SBP,
systolic blood pressure. *Measured at screening. §Value = the
average of the pretreatment values measured on the days when
mirabegron or placebo were given. £Calculated as previously
described (60).

0.008) (Supplementary Fig. 1). However, BAT activation
with 50 mg was significantly less than with 200 mg
(median 305.6 mL - SUV,e © g¢/mL, P = 0.007) (Fig.
2A and B and Supplementary Fig. 1).

Varied Tissue Distribution of the 33-AR and UCP1

The greater BAT activation with 200 mg compared with
50 mg mirabegron is different from its effects on OAB,
where the two doses are equally effective (26). On the
other hand, B3-AR agonists potently activate BAT thermo-
genesis in mice, without much effect on bladder relaxation
(27,28). To address these apparent tissue and species
differences, we measured B3-AR and UCP1 mRNA levels
in multiple organs in mice and a separate group of humans.
In mice, both the B3-AR and UCP1 mRNA levels were
orders of magnitude higher in both BAT and WAT than
other tissues (Fig. 2C and D). For example, the ratio of
[B3-AR expression in inguinal WAT compared with urinary
bladder was 77:1. In contrast, the human B3-AR was most
highly expressed in the urinary bladder, with a subcutane-
ous WAT:urinary bladder 1:78, a range of three orders of
magnitude (Fig. 2E and F). UCP1, while generally higher in
the human supraclavicular adipose depot compared with
WAT, was not as distinctly “brown” as mouse interscapular
BAT (29). Of note, the data shown are from tissue that was
obtained from humans who lived at thermoneutrality
(22°C), though the mice raised at this temperature expe-
rienced cold stress. We compared the mRNA levels of the
B3-AR in the WAT and BAT in a separate set of mice
raised at 22°C and mouse thermoneutrality (30°C), and
they were not different (all P > 0.05). Nevertheless, the
difference in housing temperatures may limit the inter-
pretation of the mouse-human comparisons.

More-Than-Dose-Proportional Pharmacokinetics

Mirabegron plasma exposure (Fig. 3A) increased in a
more-than-dose-proportional manner as previously re-
ported (17) (Supplementary Table 2). There was a robust
positive dose-response relationship between mirabegron
and BAT activity (Supplementary Tables 3 and 4). Of note,
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Figure 2—Mirabegron activation of BAT and tissue B3-AR expression. A: PET images demonstrating the dose-dependent pattern of BAT
activation in a representative subject. The supraclavicular BAT depot is identified by the white arrowhead. B: Mirabegron-induced BAT
metabolic activity in the 12 subjects who had detectable cold-activated BAT after a single dose of placebo, 50 mg mirabegron, and 200 mg
mirabegron. For the 50-mg and 200-mg doses, the wider lines are the group medians and the narrower upper and lower lines show the
interquartile ranges. The P values for the nonparametric Wilcoxon signed rank tests are shown. mRNA expression of the B3-AR (Adrb3) (C)
and Ucp? (D) in mouse iWAT, epididymal WAT (eWAT), interscapular BAT (iBAT), skeletal muscle (SkMs), heart myocardium (Heart),
gallbladder (GBdr), and urinary bladder (UBdr). Expression was normalized to the iWAT depot geometric mean; n = 4 for each of the sites.
mRNA expression of the 33-AR (ADRB3) (E) and UCP1 (F) in human subcutaneous WAT (Scu), visceral WAT (Vis), supraclavicular BAT (Scl),
skeletal muscle, heart myocardium, gallbladder, and urinary bladder. Expression was normalized to the human subcutaneous WAT depot
geometric mean. n = 3-12 postmortem subjects. Black bars are the geometric means. #P values <0.05 compared with other depots for all
paired comparisons using Tukey-Kramer honest significant difference tests.
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Figure 3—Mirabegron pharmacokinetic and pharmacodynamic profiles. A: Mean plasma concentrations of mirabegron in the 12 subjects

who had detectable cold-activated BAT after taking a single dose of pla
glucose (n = 11) (B) and insulin (n = 6) (C) after oral administration of

cebo, 50 mg mirabegron, and 200 mg mirabegron. Changes in plasma
placebo and 50 and 200 mg of the B3-AR agonist mirabegron. The

baseline (BSL) levels are shown in the inset table on the left and the changes in area under the curve (AUC) in the inset table on the right.

Values are mean = SEM. For individual time points, * indicates paire

d t tests with P < 0.05.

the BAT response to the 50 mg dose was quite variable,
including three subjects who had detectable BAT with
200 mg but not with 50 mg mirabegron. These data suggest
that in contrast to the equivalent effects on the bladder
with both doses, even higher exposures to mirabegron
might lead to greater increases in BAT metabolic activity
in many subjects.

Limited Metabolic, Hormonal, and Cardiovascular
Response to Mirabegron

We assessed the effects of mirabegron on metabolites and
hormones by comparing levels before and after drug
administration (Supplementary Table 5). Baseline values
across study days were not different for any hormone.

Levels of thyrotropin, cortisol, ACTH, FGF21, leptin, and
glucagon-like peptide 1 decreased during the study days for
all treatments, which is consistent with diurnal rhythms
and/or a physiological response to fasting (30-35). NEFAs
and BHB increased with increasing doses of mirabegron,
reflecting B3-AR-mediated lipolysis in WAT and subse-
quent hepatic ketogenesis. Total bile acids and FGF19 were
decreased with all treatments. However, there was no
change in C4, a plasma biomarker that reflects the activity
of CYP7A1, the hepatocellular enzyme that is the rate-
determining step for bile acid synthesis from cholesterol.
Glucose and insulin were also measured serially, and both
did not substantially change from their baselines. One pat-
tern of potential physiological significance was that the
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200-mg dose of mirabegron led to higher insulin levels
compared with placebo: the change in area under the curve
was 7.4 = 3.4 mU - h/L, P = 0.07 (Fig. 3B and C). These
small changes contrast with the marked hyperinsulinemia
seen after 33-AR agonist treatment in rodents (36).
There were dose-dependent increases from pretreatment
measurements in heart rate (5.1 = 2.1 bpm for 200 mg,
P = 0.03), systolic blood pressure (6.8 = 2.4 mmHg for
200 mg, P = 0.02), diastolic blood pressure (1.4 = 1.4 mmHg
for 200 mg, P = 0.34), and rate pressure product, a correlate
of myocardial oxygen consumption (1,095 304 bpm - mmHg
for 200 mg, P = 0.004) (Supplementary Fig. 2 and Supple-
mentary Table 6) (37,38). This cardiovascular stimulation is
consistent with our previous study of mirabegron (15) and
demonstrates why the 200-mg dose is not used clinically.
Per self-administered questionnaires, subjects did not report
any treatment-emergent adverse effects for either dose.
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Changes in REE Limited to 200 mg

Pretreatment REE values measured prior to placebo,
50-mg, and 200-mg days were not different (P = 0.99),
and REE did not increase in response to either placebo or
50 mg (Fig. 4A and B). In contrast, the 200-mg dose in-
creased REE by 5.8% (4.5 = 5.5 kcal/h, P = 0.02) (Fig. 40).
There was a positive relationship between mirabegron
dose (P = 0.01) and other pharmacokinetic parameters
and the average change in REE (Supplementary Table 6). In
addition to mirabegron dose, we found a significant re-
lationship between BAT metabolic activity and the change
in REE (P = 0.002) (Fig. 4D). Multiple linear regression
showed that the change in REE was predicted by both
change in rate pressure product (P = 0.003) and BAT
activity (P = 0.014) (Supplementary Table 7). These data
indicate that mirabegron increases energy expenditure via
both cardiovascular stimulation and BAT thermogenesis.
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Figure 4 —Effects of mirabegron and BAT activity on REE. Change in REE as measured in a metabolic chamber during 20-min still periods as
described in RESEARCH DESIGN AND METHODS after dosing with placebo (triangles) (A), 50 mg mirabegron (squares) (B), and 200 mg mirabegron
(circles) (C). P values shown are for the paired Student t tests comparing pretreatment (Pre) (0800 h) with posttreatment (Post) (1300 h, the
time of '®F-FDG injection). D: Relationship between the change in REE and BAT metabolic activity. P values were determined using a linear
mixed-effects model to account for each subject taking three different doses of medication. n = 34.
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Drug-Induced Changes in Gallbladder Size and
Conjugated Plasma Bile Acids

We next performed a metabolomic analysis of the response
to mirabegron using 443 different plasma metabolites
(Supplementary Data). Since 200 mg produced the most
pronounced physiological effects, we focused first on that
dose. There was an increase in long-chain fatty acids and
3-hydroxybutyrate (Fig. 54), which is consistent with the
dose-dependent increases in total serum NEFA and ketones
induced by mirabegron. A second, more prominent pat-
tern was a reduction in bile acids (Fig. 5A). The changes in
individual metabolites were also seen in quantitative en-
richment analysis of metabolic pathways (Fig. 5B), which
showed that bile acid metabolism was the pathway most
significantly affected by 200 mg mirabegron. This effect on
bile acids, combined with our human tissue profiling show-
ing elevated B3-AR mRNA expression in gallbladder
(Fig. 2E), led us to measure gallbladder volume. Using the
PET and CT images acquired as part of BAT imaging,
we found that the volumes were higher after higher doses
of mirabegron: 20.6 = 8.0, 23.8 = 9.8, and 27.8 = 9.0 mL,
respectively, for placebo, 50 mg, and 200 mg (compared
with placebo, P = 0.37 for 50 mg and P = 0.04 for 200 mg).
The 35% increase in gallbladder volume was dose de-
pendent (P = 0.03) (Fig. 5C).

The reduction in plasma bile acids had two contributors:
the first was due to fasting over time, and the second was
from mirabegron itself. We distinguished these two effects
by looking at the changes from baseline (0800-1300 h)
during the placebo days. For all six bile acids measured,
there was a decrease (P < 0.05 for each) (Supplementary
Table 8). We measured the effect of mirabegron through
a bivariate fit of bile acid level by mirabegron dose and then
did paired means comparisons. There were mirabegron-
induced reductions in all four conjugated plasma bile acids
tested: glycochenodeoxycholate, glycocholic acid, glyco-
deoxycholate, and taurodeoxycholic acid (Fig. 5D-G and
Supplementary Table 8).

DISCUSSION

After decades of clinical trials with B3-AR agonists designed
to treat obesity (13,14,39,40), there is still no $3-AR agonist
approved for that indication. However, recent progress
indicates that the landscape is not so bleak. Evidence for
this optimism is that the more selective 33-AR agonist
mirabegron has been approved for the safe treatment of
OAB (41). The current study shows it is worth reconsidering
the feasibility of stimulating BAT thermogenesis and WAT
lipolysis—and possibly regulating bile acid metabolism as
well. Our primary end point addressed a fundamental ques-
tion: why is weight loss not reported in clinical trials using
an FDA-approved 50-mg dose of mirabegron (42)? The
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results here show that in a substantial proportion of the
subjects, 50 mg is not a high enough dose to consistently
increase REE or BAT activation. Only the 200-mg dose is
effective, but it comes with undesirable activation of the
cardiovascular system, likely from off-target binding to the
B1-AR (17). Mechanistically, reasons for the difference in
BAT and bladder outcomes derive from the lower B3-AR
mRNA expression in human adipose tissues and the lower
plasma exposure with 50 mg mirabegron.

Even with a more selective 33-AR agonist, the activa-
tion of human BAT thermogenesis for inducing long-term
weight loss may not be successful given that increasing
energy expenditure could induce compensatory increases
in energy intake. However, it is not clear whether this
compensation will be complete and might be significantly
less. In addition, even with no weight reduction, success-
ful chronic activation of human BAT could affect general
metabolism in a positive way. Rodent studies show that
chronic stimulation of BAT leads to improved glucose
homeostasis and insulin sensitivity (7) and that BAT can
act as an endocrine organ to regulate whole-body metabo-
lism (6,8,10,11,43). Given the substantial similarities be-
tween rodent and human brown adipocytes at the level of
cellular physiology (44,45), it is reasonable to think that
B3-AR agonist-mediated activation of human BAT could
treat obesity-related pathophysiology.

Beyond the expected effects on adipose tissues, mirabe-
gron also impacts the hepatobiliary axis. The increase in
gallbladder size is consistent with 33-AR binding and likely
derives from cAMP-mediated relaxation of its smooth mus-
cle (46). The reduction in plasma conjugated bile acids has
not been reported previously in either rodents or humans.
The mechanism does not appear to involve a change in
hepatic bile acid synthesis, as there was no difference in
plasma C4. Although the reduction in FGF19 levels indi-
cates lower delivery of bile acids to the ileum, the decline
appeared to be a result of fasting, as we did not identify
a dose-dependent mirabegron effect. Rather, the mecha-
nism could be through the B3-ARs expressed by hepatic
stellate cells (47). When stimulated by a 33-AR agonist,
these cells increase intrahepatic blood flow and could lead to
a higher rate of conjugated bile acid uptake by the liver and
deposition into a larger gallbladder. Consistent with this
model, the plasma bile acids that declined dose depen-
dently were conjugated species that undergo ileal transport
from the small intestine into the portal circulation (Fig. 6).
In contrast, deoxycholic acid, which did not change as
consistently, is generated in and absorbed from the colon
and reaches the liver at more variable rates (48). Alternative
mechanisms may include altered bile acid transport (49),
increased fecal excretion (50), and increased hepatic clearance
with reduced production regulated by farnesoid X receptor

the posttreatment levels of the three different treatment days, shown individually. n = 11-13. In the box plots, the middle lines are the group
medians and the upper and lower lines show the interquartile ranges. a.u., arbitrary units; FSH/LH, follicle-stimulating hormone/leutinizing

hormone; PGD2, prostaglandin D,.
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(EXR) (51,52). More studies are needed, such as calculating
gallbladder volume before and after treatment and directly
measuring enterohepatic bile acids at different sites, to refine
the kinetics and mechanisms underlying these processes.

The ability of the 3-AR agonist mirabegron to affect
the hepatobiliary axis may have clinical implications. Gall-
bladder relaxation may be useful in the management of
cholelithiasis (53). Bile acids also have endocrine roles via
the TGRS and FXR that have multiple effects, including
increasing energy expenditure and beneficially modifying
the gut microbiome (54-56). These novel discoveries must
be considered in the context of the limitations of this study:
it comprised a small group of young, lean, healthy men with
detectable BAT, so future studies need to determine the
magnitude by which a B3-AR agonist activates BAT and
regulates bile acid levels in women, older adults, obese
subjects, and patients with other metabolic stresses.

In summary, we demonstrate that the 33-AR agonist
mirabegron causes multiple dose-dependent effects in
humans: increases in WAT lipolysis, BAT metabolic activ-
ity, REE, and gallbladder volume and a reduction in plasma
conjugated bile acids. All of these effects were far more
pronounced at the 200-mg dose, which is higher than what
is approved to treat OAB. For this reason, it is likely that
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many of the physiological responses to 33-AR agonists in
humans have not yet been reported. These findings support
the development of more selective human (3-AR agonists,
since activation of BAT has other beneficial effects, including
protection from atherosderosis (57), reduction in fatty liver
(58), and improved glucose tolerance (7) and bile acids are
emerging as pleiotropic modulators of metabolism (59). The
potential for activation of the 33-AR to improve metabolic
health highlights the need to further probe its physiological
impacts with the goal of developing novel treatments for
obesity-related metabolic disease.
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