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Mirabegron (Myrbetriq) is a β3-adrenoreceptor agonist approved
for treating overactive bladder syndrome in human patients. This
drug can activate brown adipose tissue (BAT) in adult humans and
rodents through the β3-adrenoreceptor-mediated sympathetic ac-
tivation. However, the effect of the mirabegron, approved by the
US Food and Drug Administration, on atherosclerosis-related car-
diovascular disease is unknown. Here, we show that the clinical
dose of mirabegron-induced BAT activation and browning of
white adipose tissue (WAT) exacerbate atherosclerotic plaque de-
velopment. In apolipoprotein E−/− (ApoE−/−) and low-density lipo-
protein (LDL) receptor−/− (Ldlr−/−) mice, oral administration of
clinically relevant doses of mirabegron markedly accelerates ath-
erosclerotic plaque growth and instability by a mechanism of increas-
ing plasma levels of both LDL-cholesterol and very LDL-cholesterol
remnants. Stimulation of atherosclerotic plaque development by mir-
abegron is dependent on thermogenesis-triggered lipolysis. Genetic
deletion of the critical thermogenesis-dependent protein, uncoupling
protein 1, completely abrogates the mirabegron-induced atheroscle-
rosis. Together, our findings suggest that mirabegron may trigger
cardiovascular and cerebrovascular diseases in patients who suffer
from atherosclerosis.

mirabegron | atherosclerosis | plaque instability | lipolysis | adipose tissue

Atherosclerosis, the thickening, hardening, and loss of elas-
ticity of the arterial vessel wall, is the major cause of morbidity

and mortality worldwide (1–4). Atherosclerotic lesions containing
fatty plaques, cholesterol, and inflammatory cells are the primary
causes of cardiovascular disease and stroke (5, 6). Atherosclerosis
as a chronic and progressive disease usually starts with damage of
the endothelial layer of an artery. Hypertension, hyperglycemia,
hyperlipidemia especially hypercholesterolemia, smoking, obesity
and diabetes, certain inflammatory disorders such as arthritis, in-
fections, and drugs are the common risk factors of atherosclerotic
plaque formation (7, 8). Of interest, high incidences of myocardial
infarction and stroke have been associated with colder ambient
temperature and cold seasons (9, 10). Although the exact mecha-
nism underlying low ambient temperature has not been elucidated,
our recent findings show that cold-induced lipolysis in brown adi-
pose tissue (BAT) and browning of white adipose tissue (WAT)
may partly explain the high incidences of cardiovascular disease and
stroke (11).
The balance between energy deposition and dissipation is

regulated by multiple factors, including the central nervous sys-
tem, the endocrine system, food intake, physical exercise, path-
ological disease, and medications (12, 13). Although WAT stores
excessive energy in its lipid form, activated BAT specializes

energy consumption by producing heat (14, 15). Under certain
conditions such as cold exposure, WAT, especially that located
in the s.c. region, undergoes the brown-like transition, a process
named browning WAT (16, 17). Instead of storing energy, adi-
pocytes of browning WAT consume energy by thermogenesis.
Breakdown of lipids in adipocytes (i.e., lipolysis) is achieved by
hydrolysis of triglycerides into glycerol and free fatty acid (FFA).
Lipoproteins are particles consisting of triacylglycerol, choles-
terol, phospholipids, and amphipathic proteins called apolipo-
proteins (18, 19). On the basis of the ratio between lipids and
amphipathic proteins, lipoproteins can be divided into four
major types: chylomicrons; very low density lipoprotein (VLDL),
LDL, and high-density lipoprotein (HDL) (20). VLDL is syn-
thesized in the liver and delivers energy-rich triacylglycerol to
cells in the body (21). Triacylglycerol is stripped from chylomi-
crons and VLDL through the action of lipoprotein lipase, an
enzyme that is found on the surface of endothelial cells and di-
gests the triacylglycerol into fatty acids and monoglycerides.
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After VLDL particles are stripped of triacylglycerol, they be-
come denser particles, which are remodeled in the liver and
transformed into LDL. The function of LDL is to deliver cho-
lesterol to cells, where it is used in membranes, or for the syn-
thesis of steroid hormones. Cells take up cholesterol by receptor-
mediated endocytosis. LDL binds to a specific LDL receptor
(LDLR) and is internalized in an endocytic vesicle (22). Re-
ceptors are recycled to the cell surface, whereas hydrolysis in an
endolysosome releases cholesterol for the lipid composition in
cells (22). The serum levels of VLDL-C and LDL-C have been
directly associated with risk for atherosclerotic cardiovascular
disease (23).
Mirabegron (Myrbetriq) is an orally active β3-adrenergic re-

ceptor agonist approved for treating the symptoms of overactive
bladder (24). Many patients stop anticholinergic medication
because of the adverse effects (25). About 50% of patients with
overactive bladder discontinue treatment in 3 mo because of
adverse effects, including dry eyes, dry mouth, blurred vision, and
constipation (26, 27). More recently, a causal link between an-
ticholinergic burden and the development of dementia has been
established (28–30), raising further concerns about the safety
issue in human patients. Activation of the β3-adrenergic receptor
also induces BAT activation and browning of WAT (31, 32). In a
recent pilot human study, it has been shown that a clinical dose
of mirabegron can activate BAT and browning WAT in human
subjects (32).
In this study, we investigate the mirabegron-induced BAT acti-

vation and WAT browning in relation to atherosclerotic plaque
development in preclinical animal models. In ApoE−/− and
Ldlr−/− mice, we show that a clinically equivalent dose of mirabe-
gron accelerates atherosclerotic plaque development through a
thermogenesis-dependent mechanism of lipolysis. These findings
demonstrate a causal link of mirabegron to atherosclerosis-related
cardiovascular disorder and perhaps stroke. These preclinical
findings warrant future validation in human patients.

Materials and Methods
Animals. Male 8-wk-old C57BL/6 mice were purchased from the Beijing SPF
Bioscience Co. Male 8-wk-old ApoE−/− and Ldlr−/− mice were purchased from
the Nanjing BioMedical Research Institute of Nanjing University (Nanjing,
China). Mice were kept at room temperature (22 °C) before random
grouping. All animal studies complied with the Management Rules of the
Chinese Ministry of Health and were approved by the Local Ethical Com-
mittee of Qilu Hospital, Shandong University.

Mirabegron.Mirabegron was purchased form BOC sciences (223673-61-8) and
was dissolved in polyethylene glycol (91893; Sigma-Aldrich) as a stock, which
was further diluted in PBS upon use. Detailed information was described in
the SI Appendix.

Antibodies, histology and immunohistochemistry, blood sample collection,
real-time PCR, Western blot analysis, indirect calorimetry, serum lipid analysis
and FPLC chromatography, blood glucose, insulin, insulin tolerance test, and
glucose tolerance test were described in the SI Appendix.

Statistics. All data were presented as the mean ± SEM. Data for insulin and
glucose tolerance tests were analyzed by two-way ANOVA. Data analysis
involved unpaired Student’s t-test for two groups and one-way ANOVA for
more than two groups. P < 0.05 was considered statistically significant.

Results
A Clinical Dose of Mirabegron Induces BAT Activation and WAT
Browning. To study the effect of mirabegron on adipose tissues,
a clinical dose of 0.8 mg/kg, equivalent to 50 mg/person used for
treating human patients with overactive bladder, and a high dose
of 8 mg/kg was administrated once daily in wt, ApoE−/−, and
Ldlr−/− adult mice. Interestingly, both a low and a high dose of
mirabegron significantly increased food intake (Fig. 1A). Despite
the increase of food intake, mirabegron, especially at the high dose,
reduced the body weight and body mass index (SI Appendix, Fig.

S1A). The mirabegron-treated interscapular BAT (iBAT), inguinal
WAT (iWAT), and epididymal WAT (eWAT) exhibited more
brownish color relative to their respective controls (Fig. 1B), sug-
gesting activation of these adipose depots. In support of this notion,
position emission tomography-computed tomography examination
showed marked increases of 18F-fluorodeoxyglucose uptake in BAT
and browning WAT of the mirabegron-treated mice (Fig. 1C). In
addition, the weights of mirabegron-treated adipose depots were
also markedly decreased (SI Appendix, Fig. S1B).
Histological analysis of various adipose depots supported an

activated phenotype in mirabegron-treated BAT and WATs, which
comprised smaller adipocytes relative to their vehicle-treated con-
trols (Fig. 1D). Quantitative analysis showed that the average adi-
pocyte sizes were significantly smaller in mirabegron-treated adipose
tissues compared with their controls (SI Appendix, Fig. S1C). Par-
ticularly, adipocytes in visceral WAT (visWAT) appeared as high-
density multilocular structures, a characteristic for browning WAT.
Mirabegron markedly increased the mitochondrial contents and
UCP1 expression in BAT, s.c. WAT (subWAT), and visWAT (Fig. 2
and SI Appendix, Fig. S1 D and E). These findings show that both
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Fig. 1. The effect of mirabegron on food intake, body weight, adipose
deposition, and browning of WAT and BAT. (A) The effect of 6 wk of
treatment with mirabegron at low and high doses on food intake (n = 5
animals per group) and body weight (n = 15 animals per group). NS, not
significant; **P < 0.01; ***P < 0.001. (B) Adipose tissue morphology of 6-wk
mirabegron-treated iBAT, iWAT, and eWAT. (C) Representative position
emission tomography-computed tomography images of mirabegron-treated
mice at day 4. Red arrows indicate the position of iBAT. (D) H&E and perilipin
A staining of 6-wk mirabegron-treated eWAT, iWAT, and iBAT. (Scale bar,
50 μm.)
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low and high doses of mirabegron augment BAT activation and
browning of WAT.

Modulation of the Cellular and Molecular Compositions in the
Adipose Microenvironment. Along activation of BAT and brown-
ing of WAT, nonadipocyte stromal cellular contents increased. The
number of endomucin+ and CD31+ microvessels in mirabegron-
treated adipose depots was significantly increased (Fig. 2 and SI
Appendix, Fig. S1 F and G). In addition, PDGFRα+ stromal cell
components markedly increased in browning WAT. As PDGFRα+
stromal cells serve as adipocyte stem cells (33), expansion of the
PDGFRα+ population suggests that differentiation of stem cells
and preadipocytes is a crucial process of WAT browning. Similarly,
the PDGFRα+ cellular population in BAT was also expanded (Fig.
2 and SI Appendix, Fig. S1H). In contrast, the number of F4/80+

macrophages remained unchanged in the vehicle- and mirabegron-
treated adipose tissues (Fig. 2 and SI Appendix, Fig. S1I).
To explore molecular mechanisms, whole-genome expression

profiling in subWAT was analyzed. Treatment with mirabegron
resulted in noticeable alterations of gene expression patterns with
up- and down-regulations of numerous genes (Fig. 3 A and B and
SI Appendix, Figs. S2A and S3). Among them, a nearly 50-fold in-
crease of UCP1 expression was detected in mirabegron-treated
subWAT compared with the nontreated sample (SI Appendix,
Fig. S2B). Dose escalation of mirabegron further boosted the
UCP1 expression level. Interestingly, leptin, the crucial feeding
hormone derived from adipocytes, was markedly down-regulated,
partly explaining the increase of food intake in mirabegron-treated
mice (SI Appendix, Fig. S2C). Adiponectin as an adipose tissue-
specific adipokine was also significantly down-regulated on mir-
abegron treatment (SI Appendix, Fig. S2C). Expectedly, expression
levels of WAT browning-related genes including Cox7a1, Dio2,
Pgc1α, and Cidea were significantly up-regulated (SI Appendix, Fig.
S2D). Conversely, Ebf2 and Prdm16 expression levels were down-
regulated in mirabegron-treated subWAT (SI Appendix, Fig. S2B).
Consistent with alteration of the mRNA expression levels, protein
expression levels of UCP1, COX4, and PDGFRα were significantly
increased in the mirabegron-treated subWAT (Fig. 3C). These data
show that mirabegron treatment significantly modulate the cellular
and molecular components in the adipose microenvironment.

Mirabegron Accelerates Atherosclerotic Plaque Growth and Instability in
ApoE-Deficient Mice. We next investigated the effect of mirabegron
on atherosclerotic plaque formation in ApoE−/− mice. Oil red O
staining showed that mirabegron markedly increased the athero-
sclerotic plaque formation in the aorta (Fig. 4A). Histologic

examination validated the existence of larger plaques in the
mirabegron-treated mice (Fig. 4B and SI Appendix, Fig. S4A). A
significant increase of infiltration of inflammatory macrophages in
the atherosclerotic plaques was found in the mirabegron-treated
mice compared with controls (Fig. 4B and SI Appendix, Fig. S4A).
In contrast, the α-smooth muscle actin (α-SMA+) and collagen+

components within plaques were markedly decreased in the
mirabegron-treated animals (Fig. 4B and SI Appendix, Fig. S4A).
As a consequence, the plaque instability index {calculated
according to the following formula: [oil red O+ area + macro-
phages/monocytes monoclonal antibody-2 (MOMA-2+) area]/
[α-SMA+ area + collagen I+ area]} significantly increased in
mirabegron-treated groups compared with controls (SI Appendix,
Fig. S4A).
The necrotic core size of plaques was markedly enlarged in

mirabegron-treated mice, further supporting the instability of
atherosclerotic plaques (SI Appendix, Fig. S4 B and C). Additional
evidence of plaque instability was obtained by analyzing the fibrous
caps, which was markedly decreased in the mirabegron-treated
animals. Together, infiltration of an increased number of inflam-
matory cells, reduction of the α-SMA+ component, decrease of
collagen+ component, increase of necrotic area, and decrease of
fibrous caps all destabilize the plaques and likely cause rupture.

Mirabegron Accelerates Atherosclerotic Plaque Growth and Instability in
Ldlr-Deficient Mice. To relate our findings to clinical relevance, we
employed a Ldlr−/− mouse strain in our study. In humans, LDL
receptor mutations are frequently occurring (1 in 300–500 people)
and cause familial hypercholesterolemia, manifesting high levels of
blood cholesterol and LDL and an early onset of cardiovascular
disease (34, 35). The underlying mechanism of familial hypercho-
lesterolemia is the defective clearance of cholesterol and LDL.
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Similar to ApoE−/− mice, Ldlr-deficient mice developed similar,
albeit more severe, atherosclerosis disorders in response to
mirabegron treatment (SI Appendix, Fig. S5). Atherosclerotic
plaque growth and instability were overwhelmingly increased in
Ldlr−/− mice (SI Appendix, Fig. S5 A–C). It should be emphasized
that the mirabegron-treated mice exhibited a high degree of
plaque instability, which might cause plaque rupture after pro-
longed experimental duration. In addition, larger areas of the
necrotic core within plaques were identified in mirabegron-
treated Ldlr−/− mice (SI Appendix, Fig. S5 D and E). These results
validated the phenotypic changes in mirabegron-treated ApoE-
deficient mice and may recapitulate clinical settings by which
patients with LDLRmutations might receive mirabegron treatment.

Elevated Levels of Serum LDL-C, Total Cholesterol, and Metabolism.
Because atherosclerotic plaque growth is associated with hy-
percholesterolemia, and in particular increased serum levels of
LDL-cholesterol (LDL-C) and VLDL-C, we measured blood
lipid and glucose levels. In ApoE−/− and Ldlr−/− mice, treatment
with mirabegron elevated serum levels of total cholesterol and
LDL-C (Fig. 5A and SI Appendix, Fig. S7A). Serum levels of
triglyceride were significantly decreased because of an active
phenotype of lipolysis (Fig. 5A and SI Appendix, Fig. S7A).
Levels of FFA remained unchanged between the mirabegron-
and vehicle-treated groups (Fig. 5A and SI Appendix, Fig. S7A).
Quantitative analysis of cholesterol synthesis-related genes, in-
cluding Hmgcr, Scap, Srebp1, and Srebp2, showed elevated ex-
pression levels in low- and high-dose mirabegron-treated liver
tissues relative to their controls (Fig. 5B and SI Appendix, Fig.
S7B). These results show that mirabegron induced hypercho-
lesterolemia and elevated LDL-C in ApoE- and Ldlr-deficient
mice through a possible mechanism of increasing cholesterol
synthesis. Despite the changes of blood lipid profiling, glucose

tolerance test and insulin tolerance test showed significantly
lower blood glucose levels and increased insulin sensitivity (SI
Appendix, Fig. S8 A and B).
Mirabegron significantly increased oxygen consumption and

release of carbon dioxide, indicating an elevated rate of metab-
olism in the treated animals (SI Appendix, Fig. S8C). These
findings demonstrate that mirabegron improves global metabo-
lism of the norepinephrine-triggered nonshivering thermogenesis
in ApoE-deficient mice.

UCP1-Dependent Atherosclerotic Plaque Growth and Instability.
Next, we studied the causational mechanisms underlying the
browning adipose tissues in development of atherosclerotic pla-
ques. Because UCP1 is the crucial mitochondrial membrane
protein for nonshivering thermogenesis, blocking UCP1 might
impair the thermogenesis-dependent metabolism. To test this
hypothesis, we generated a double-knockout mouse strain that
lacked ApoE and Ucp1 (ApoE−/−:Ucp1−/−). ApoE−/−:Ucp1−/− were
fed with a high-fat diet to induce the formation of atherosclerotic
plaques. Notably, mirabegron-induced accelerated plaque growth
was completely abrogated in ApoE−/−:Ucp1−/−, which was indistin-
guishable from the vehicle-treated animals (Fig. 6). The plaque
formation and sizes were similar in the vehicle- and mirabegron-
treated groups (Fig. 6). Inflammatory cell infiltration, α-SMA+ and
collagen+ components, and plaque instability indexes remain in-
distinguishable in mirabegron-treated and control groups (SI Ap-
pendix, Fig. S6A). Similarly, the necrotic core, necrotic area, and
fibrous caps are virtually identical in mirabegron- and vehicle-
treated plaques (SI Appendix, Fig. S6 B and C). Genetic deletion
of Ucp1 gene also normalized blood lipids profile and cholesterol
synthesis (SI Appendix, Fig. S9). These findings provide compelling
evidence that UCP1-mediated lipolysis is a causative factor for in-
tensifying atherosclerotic plaque growth and instability.

FPLC Analysis of Blood Lipid Components and Lipoproteins. To fur-
ther analyze lipoproteins in different fractions of chylomicrons,
FPLC was applied for fractionation. As shown in Fig. 7 A and
B, in mirabegron-treatedApoE−/−mice, the cholesterol-chylomicrons
contained significantly higher LDL and VLDL. In contrast, HDL-C
levels were insignificantly altered in these particles. The high levels of
LDL and VLDL contents were specific to cholesterol-chylomicrons
because the triglyceride-containing particles did not exhibit the ele-
vated LDL and VLDL remnants. Similarly, Ldlr−/−mice also showed
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high levels of serum LDL-C and VLDL-C remnants (SI Appendix,
Fig. S10 A and B). These results further validate the high circulating
levels of LDL-C and VLDL-C in mirabegron-treated ApoE−/− and
Ldlr−/−mice.

Discussion
Numerous risk factors have been associated with high incidence
of atherosclerotic cardiovascular and cerebrovascular diseases,
including hypertension, high-fat and high-calorie diet, hyperlip-
idemia, lack of exercise, overweight and obesity, smoking, over-
dose of alcohol, stress, genetic factors, low temperature
exposure, and suffering from other diseases such as diabetes,
infections, and inflammation. However, little is known about the
effect of drugs on cardiovascular events. Our study provides an
example that drugs used for treating noncardiovascular and
noncerebrovascular diseases have a profound effect on the de-
velopment of atherosclerosis. The clinical risk of mirabegron-
triggered atherosclerotic plaque growth and instability has been
overlooked, and the underlying mechanism is obscure.
Dietary restriction of fat intake, increasing physical exercise,

and reducing body weight prevent the cardiovascular and cere-
brovascular events (36, 37). Lipolysis is often triggered by fasting,
exercise, and cold exposure, which mobilize the stored excessive
energy for coping with increased metabolic rates. As a β3-
adrenoreceptor agonist, mirabegron has been shown in humans
to be able to activate BAT and thermogenesis (31, 32). In this
work, we show that a clinical relevant dose of mirabegron can
activate BAT and induce a browning phenotype in subWAT and
visWAT in mice. In both ApoE- and Ldlr-deficient mice, mir-
abegron accelerates atherosclerotic plaque growth and instabil-
ity through elevating serum levels of LDL-C and VLDL-C
remnants, plaque inflammation, and reduction of fibrous

components. Although the detailed molecular mechanism needs
to be elucidated, multifaceted mechanisms might be involved
(Fig. 7C), including lipolysis, which triggers increased bio-
synthesis of cholesterol and mobilization of LDL-C, manifesting
the high levels of blood LDL-C and VLDL-C. In both ApoE- and
Ldlr-deficient mice, we provide evidence that the elevation of
LDL-C and VLDL-C is dependent on lipolysis. Genetic deletion
of UCP1 in ApoE−/− mice completely ablates the elevated levels
of LDL and atherosclerotic plaque growth. As UCP1 is essen-
tially required for nonshivering thermogenesis, these findings
indicate that the mirabegron-triggered atherosclerotic plaque
growth is dependent on thermogenic metabolism in adipose
tissues. Lipolysis also triggered plaque inflammation. Treatment
with mirabegron significantly augments infiltration inflammatory
cells in both ApoE- and Ldlr-deficient mice. Browning of adipose
tissues releases an array of adipokines and adipocytokines that
might contribute to plaque instability. Finally, the increases of
lipid and inflammatory components within the plaque reduced
the ratio of fibrous and smooth muscle cell contents, leading to
increased plaque instability.
Impairment of LDL-C clearance is commonly seen in patients

with cardiovascular disease. In addition to dietary factors, ge-
netic mutations of LDLR frequently occur in human populations
(34, 38). In fact, more than 1,700 mutations have been identified
in the Ldlr gene for causing familial hypercholesterolemia, and 1
in 300 humans carries LDLR mutations (39, 40). Assuming this
population of people receives mirabegron treatment because of
their bladder disorder, mirabegron might increase their cardio-
vascular and cerebrovascular risks as a result of lipolysis in browning
WAT and BAT. In particular, it is known that mirabegron can
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induce a browning phenotype of adipose tissues in human subjects.
In this regard, our findings obtained from the Ldlr-deficient mice
are highly relevant to clinical situations. Similar to this study, our
recent work shows that exposure of experimental animals to low
ambient temperature accelerates atherosclerotic plaque growth
and instability. Again, cold-triggered lipolysis is responsible for
accelerated atherosclerosis (11), which further supports the
general conclusion of lipolysis-triggered high risks of cardiovas-
cular and cerebrovascular diseases. For those who do not carry
LDLR mutations, perhaps the elevated levels of LDL-C and
VLDL-C will be cleared. The effect of mirabegron on athero-
sclerotic plaque development warrants further investigation.
Some studies show that activation of β3-adrenoreceptor signifi-
cantly increases apoA-1, a major protein component of HDL in
plasma (41). HDL promotes cholesterol efflux from tissues to
the liver for excretion. In our study, we did not observe sig-
nificant differences of HDL in mirabegron-treated and control
mice.
Together, our findings raise a concern of clinically ap-

proved mirabegron that might increase the cardiovascular and

cerebrovascular diseases through a mechanism of the lipolysis-
triggered atherosclerotic plaque growth and instability. This issue
warrants a clinical study to validate the preclinical findings.
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