
ARTICLE

Pioglitazone reduces cold-induced brown fat glucose
uptake despite induction of browning in cultured human adipocytes:
a randomised, controlled trial in humans

Rebecca K. C. Loh1
& Melissa F. Formosa1

& Nina Eikelis2,3 & David A. Bertovic1 &

Mitchell J. Anderson1,4
& Shane A. Barwood4

& Shane Nanayakkara5 & Neale D. Cohen6
&

Andre La Gerche7 & Anne T. Reutens6 & Kenneth S. Yap8,9
& Thomas W. Barber8,9 &

Gavin W. Lambert2,3 & Martin H. Cherk8,9
& Stephen J. Duffy5 & Bronwyn A. Kingwell1 &

Andrew L. Carey1

Received: 21 May 2017 /Accepted: 21 September 2017 /Published online: 18 October 2017
# Springer-Verlag GmbH Germany 2017

Abstract
Aims/hypothesis Increasing brown adipose tissue (BAT) activity
is a possible therapeutic strategy to increase energy expenditure
and glucose and lipid clearance to ameliorate obesity and asso-
ciated comorbidities. The thiazolidinedione (TZD) class of
glucose-lowering drugs increase BAT browning in preclinical
experimental models but whether these actions extend to humans
in vivo is unknown. The aim of this study was to determine the
effect of pioglitazone treatment on adipocyte browning and adap-
tive thermogenesis in humans.
Methods We first examined whether pioglitazone treatment of
cultured human primary subacromioclavicular-derived adipo-
cytes induced browning. Then, in a blinded, placebo-con-
trolled, parallel trial, conducted within the Baker Institute
clinical research laboratories, 14 lean male participants who
were free of cardiometabolic disease were randomised to

receive either placebo (lactose; n = 7, age 22 ± 1 years) or
pioglitazone (45 mg/day, n = 7, age 21 ± 1 years) for 28 days.
Participants were allocated to treatments by Alfred Hospital
staff independent from the study via electronic generation of a
random number sequence. Researchers conducting trials and
analysing data were blind to treatment allocation. The change
in cold-stimulated BAT activity, assessed before and after the
intervention by [18F]fluorodeoxyglucose uptake via positron
emission tomography/computed tomography in upper
thoracic and cervical adipose tissue, was the primary outcome
measure. Energy expenditure, cardiovascular responses, core
temperature, blood metabolites and hormones were measured
in response to acute cold exposure along with body composi-
tion before and after the intervention.
Results Pioglitazone significantly increased in vitro browning
and adipogenesis of adipocytes. In the clinical trial, cold-
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induced BAT maximum standardised uptake value was signifi-
cantly reduced after pioglitazone compared with placebo
(−57 ± 6% vs −12 ± 18%, respectively; p < 0.05). BAT total
glucose uptake followed a similar but non-significant trend
(−50 ± 10% vs −6 ± 24%, respectively; p = 0.097).
Pioglitazone increased total and lean body mass compared with
placebo (p < 0.05). No other changes between groups were
detected.
Conclusions/interpretation The disparity in the actions of pio-
glitazone on BAT between preclinical experimental models and
our in vivo human trial highlight the imperative to conduct hu-
man proof-of-concept studies as early as possible in BAT
research programmes aimed at therapeutic development. Our
clinical trial findings suggest that reduced BATactivity may con-
tribute to weight gain associated with pioglitazone and other
TZDs.
Trial registration ClinicalTrials.gov NCT02236962
Funding This work was supported by the Diabetes Australia
Research Program and OIS scheme from the Victorian State
Government.
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Abbreviations
BAT Brown adipose tissue
BAT TGU BAT total glucose uptake
[18F]FDG [18F]Fluorodeoxyglucose
PET/CT Positron emission tomography/computed

tomography
PPARγ Peroxisome proliferator-activated receptor γ
RER Respiratory exchange ratio
SUV Standardised uptake value
TSH Thyroid-stimulating hormone
TZD Thiazolidinedione
UCP-1 Uncoupling protein-1

Introduction

Brown adipose tissue (BAT) is well recognised for its thermo-
genic (heat-producing) capacity and associated energy expen-
diture, which distinguish it as a potential anti-obesity thera-
peutic target [1]. Current research is predicated on BAT’s key
function of heat production, which is invoked primarily in
response to acute cold exposure through sympathetic nerve
pathways. Integral to BAT’s role in thermogenesis is its ability
to adapt to chronic cold exposure over weeks and months in a
process called adaptive thermogenesis. During this process
BAT’s thermogenic capacity increases such that energy

expenditure in response to an equivalent stimulus is increased
[1]. A recent series of studies demonstrated cold-induced
adaptive BAT thermogenesis in humans [2–5]. Chronic cold
exposure is not, however, likely to be tolerated in humans and
is associated with increased food intake, therefore is unlikely
to be successful as an anti-obesity strategy. A critical step in
the development of BAT’s therapeutic potential is identifying
a means to pharmacologically induce BAT adaptive thermo-
genesis in humans. To this end, most investigations in humans
have examined the uptake of glucose into BAT using
[18F]fluorodeoxyglucose ([18F]FDG) uptake via positron
emission tomography/computed tomography (PET/CT) as a
surrogate for BAT thermogenesis.

Numerous studies have explored the concept of
mimicking the sympathetic nervous system to drive BAT
recruitment and activation. In mice, chronic administra-
tion of the sympathomimetic ephedrine increased
uncoupling protein-1 (UCP-1) content and BAT activity
[6]. However, when the pan-β-adrenergic receptor ago-
nist, ephedrine, was administered for 4 weeks to humans,
BAT glucose uptake decreased [7]. This effect, likely due
to downregulation of β1/2-adrenergic receptor signalling,
highlighted distinct species differences between humans
and rodents and the necessity to identify alternate ap-
proaches. Numerous mechanisms that putatively induce
adipose tissue browning have been identified in preclini-
cal research [8], yet none have been investigated in
humans.

By activating peroxisome proliferator-activated receptor γ
(PPARγ) in adipocytes, thiazolidinediones (TZDs) promote
adipocyte differentiation, adipogenesis and browning [9].
TZDs are also putatively the only exogenous agents that have
been conclusively demonstrated to induce browning of adi-
pose tissue, although this has yet to be determined in humans
in vivo [10]. TZDs are not activators of thermogenesis per se,
but can induce browning and therefore potentially permit
greater responsiveness to an activating stimulus (i.e. adrener-
gic activation).

Mouse models with adipose-specific PPARγ ablation
demonstrate impaired BAT development [11] and mice treated
with PPARγ agonists have profound expansion of BAT mass
[12]. TZDs also induce browning in human adipocyte culture
models [13] and rosiglitazone is used almost universally to
promote differentiation and browning of human cultured
brown adipocytes [13–17]. Rosiglitazone and, to a lesser
extent, pioglitazone were widely prescribed for type 2 diabe-
tes until safety concerns were raised (primarily with
rosiglitazone [18]), leaving pioglitazone as the predominantly
prescribed TZD worldwide [19]. The aim of this study was
therefore to investigate the effect of pioglitazone on browning
and adaptive thermogenesis in human brown/beige adipose
tissue through both a novel cell culture model and a human
clinical trial.
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Methods

Overview

This study consisted of two parts: (1) a human primary cell
culture study to determine whether pioglitazone could induce
adipogenesis and browning of primary adipocytes derived
from subacromioclavicular adipose biopsies and (2) upon de-
termination that pioglitazone induced browning in vitro, a
clinical trial to examine whether prolonged (4 weeks) treat-
ment of humans with pioglitazone would increase cold-
stimulated BAT activity, assessed by glucose uptake using
[18F]FDG–PET/CT. Both studies were approved by the
Alfred Health Ethics Committee and the cell culture study
was also approved by Ramsay Health Human Research
Ethics Committee and performed in accordance with the
Declaration of Helsinki, Seventh Revision, 2013. All partici-
pants provided written, informed consent.

Human cell culture study

Participants Twenty-six individuals (14 women, 12 men;
54 ± 2 years) admitted for shoulder reconstructive surgery
donated subacromial adipose tissue. This region corresponds
with [18F]FDG uptake during cold exposure [20, 21] and
would therefore be expected to contain a mixture of adipocyte
and pre-adipocyte subtypes, including brown/beige adipo-
cytes, and is directly relevant to informing our subsequent
clinical trial in which upper thoracic and cervical adipose tis-
sue is the primary region of interest.

Tissue isolation, culture and experimental procedures
Tissue was placed in ice-cold sterile DMEM and transported
to the laboratory. Within 60 min, the tissue was dissected free
from connective tissue, minced into ~1 mm pieces and then
cells were extracted and cultured as described [15].

Cells derived from 10–15 individuals were combined to
create aggregate lines to produce sufficient material for repeated
experiments. Cells were plated into 12 or 24 well assay plates
and assayed to determine the effect of the TZDs pioglitazone
and rosiglitazone on markers of browning. After 2 weeks of
differentiation, cells were fixed in 10% (wt/vol.) neutral-
buffered formalin and then stained with Oil Red O (surrogate
indicator of general adipogenesis). The cells were assessed for
lipolytic rate (basal and stimulated with 1 μmol/l isoprenaline
[known as isoproterenol in the USA] for 2 h to assess general
adipose function) or UCP-1 protein content was determined
(indicator of cell browning) as described [15]. Treatments in-
cluded vehicle (DMSO), 1 μmol/l rosiglitazone or 1 μmol/l
pioglitazone. TZD concentrations were selected based on stud-
ies of single clinical doses of these drugs (15–45 mg) which
resulted in comparable plasma concentrations (0.5 μmol, l–
2 μmol/l) [22, 23], and previous human primary adipocyte

experiments [15]. Individual experiments were conducted with
three or more technical replicates/treatment condition. The
mean of technical replicates within experiments was considered
n = 1. Within each experiment, the fold change for TZDs rela-
tive to vehicle was determined and these values presented and
used for statistical comparisons. Individual experiments were
repeated four or five times. Treatment conditions and samples
were not randomised or blinded during these experiments. Any
experiments excluded from final data analyses were done on
the basis of poor quality cultures (overt cell death on visual
inspection or lack of differentiation due to mistreatment or
infection) and/or experimental procedures and data analysis
(errors evident from internal controls, poor quality western
blotting, sample contamination).

Clinical study

Participants Seeking proof-of-concept, and as the first study
of its type in humans, we examined lean, healthy participants.
Fifteen male participants (aged 19–30 years, BMI ≤ 25 kg/m2,
free from cardiovascular disease and diabetes, unmedicated,
sedentary, non-smokers) participated in this study, conducted
between June 2015 and July 2016. One participant withdrew
from the trial prior to completion due to non-compliance with
the protocol. Therefore, 14 participants completed the study
and were included in data analyses described.

Study designThe trial was of a randomised, blinded, placebo-
controlled and parallel-study design. Participants received
either pioglitazone (45 mg/day, n = 7) or placebo (lactose,
n = 7) for 28 days. The pioglitazone dose is the highest dose
regularly prescribed to lower blood glucose in the treatment of
type 2 diabetes and was chosen to maximise treatment effects.
Randomisation was conducted using Microsoft Excel (v2013,
Southbank, VIC, Australia) to generate a random order
sequence.

Participants visited the research facilities on three occasions.
During their first visit, a general medical screen was conducted
and baseline physical (height, weight, waist:hip ratio, BP,
body composition via dual-energy x-ray absorptiometry) and
biochemical (glucose, insulin, HbA1c, lipids) characteristics
were measured. The second and third visits were scheduled
before and after the intervention and included assessment of
cold-stimulated BAT glucose uptake via [18F]FDG–PET/CT
imaging, whole-body energy expenditure (indirect calorime-
try) and blood metabolites and hormones (glucose, NEFA,
noradrenaline, thyroid hormones [T3, T4, thyroid-stimulating
hormone (TSH)]). HOMA-IR was calculated as [insulin
(pmol/l) × glucose (mmol/l)]/22.5. Upon completion of visit
2, dosing commenced with participants taking oral pioglita-
zone (45 mg) or placebo daily for 28 days. Participants then
returned to the laboratory (visit 3) the following day to repeat
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the protocol conducted at visit 2, including body composition
reassessment.

Experimental protocol for BAT activation trial Initial
screening involved clinical history and examination by a phy-
sician [7].

Before and after the 28 days of intervention on the evening
prior to both experimental days (visits 2 and 3), participants
consumed a standardised meal (3180 kJ; 84% carbohydrate,
13% protein, 3% fat) between 18:00 and 22:00 h. Upon arrival
(07:30–08:00 h) after an overnight fast and abstention from
vigorous exercise, caffeine, smoking and alcohol consump-
tion for ≥2 days prior, participants voided and changed into
hospital scrubs and socks. They consumed a telemetric pill for
recording core temperature (HQ, Palmetto, FL, USA) and an
antecubital venous cannula was inserted. Brachial BP (Philips
Suresigns VS3; Philips Medical Systems, Andover, MA,
USA) was measured every 15 min and heart rate (Cortemp;
HQ) was continuously recorded. Participants then rested in a
supine position for 2 h while covered with two blankets to
ensure thermoneutrality. Laboratory temperature was main-
tained at 22–24°C.

After the participants had rested for 2 h, energy expenditure
was measured via indirect calorimetry (TrueOne 2400; Parvo-
Medics, East Sandy, UT, USA) and a blood sample was taken.
Participants then underwent standardised cold exposure via a
temperature-controlled, water-perfused vest and a similarly
perfused blanket placed under the exposed feet and legs
(Polar Products, Stow, OH, USA). The initial water tempera-
ture was 14°C and the temperature was then lowered by 1°C
every 5 min until participants reported signs of shivering. The
temperature was then raised by 1–2°C until shivering ceased
and was maintained thereafter. For each participant, garment
water temperature was recorded during visit 2 and repeated at
visit 3. Final perfusate temperatures were not different
between groups (10.8 ± 0.8°C, placebo; 11.8 ± 0.8°C, pioglit-
azone). Blood samples were taken at 30, 60 and 90 min after
cold exposure for subsequent analyses (described below).
Participants were injected with [18F]FDG for BAT glucose
uptake assessment via PET/CT 60 min after induction of
cooling. Energy expenditure was measured 60–90 min after
cold exposure. Finally, participants were taken to the Alfred
Hospital Department of Nuclear Medicine and PET, where
PET/CT imaging was completed 60 min after injection of
[18F]FDG.

Indirect calorimetry Energy expenditure was measured as
previously described [7, 24].

PET/CT imaging PET/CT imaging and analyses were con-
ducted as previously described [7, 24], except PET/CT image
acquisition and reconstruction was carried out using a GE
Discovery 710 PET/CT scanner (GE, Fairfield, CT, USA)

and analysis was performed using MIM software v6.6 (MIM
Software, Cleveland, OH, USA).

Image analysis focused on the region defined from the
base of the fourth cervical vertebra to the top of the third
thoracic vertebra. Adipose tissue was identified in this region
by CT radiodensity ranging from −190 to −10 Hounsfield
units [25]. Within these regions, a range of predetermined
standardised uptake values (SUVs) on PET images was used
to define BAT glucose uptake. The primary results described
are based on an SUV threshold of >1.5. Additionally, since
the literature on measurement of BAT activity in humans via
[18F]FDG–PET/CT has included a range of SUV thresholds,
we also conducted the same analyses with thresholds of 0 (no
threshold), >1.0 and >2.0.

BAT glucose uptake was reported within the regions
described above as the maximum SUV (SUVmax) and BAT
total glucose uptake (BAT TGU; SUVmean multiplied by total
volume of voxels registering above the designated SUV
threshold). SUVmax was defined as the highest registered
SUV of any voxel within the defined regions and SUVmean

as the mean SUV of all voxels within a defined area. Both
SUVmax and SUVmean were corrected for lean body mass
according to recent recommendations [25].

Biochemical analyses Where indicated, plasma was centri-
fuged and frozen for analyses or whole blood was collected
in an appropriate preservative and measured immediately as
described [7, 24].

Outcome measures The primary outcome measure was
change in BAT glucose uptake between groups. Secondary
outcome measures comprised changes in basal and cold-
stimulated energy expenditure, body composition, circulating
hormones, lipids and metabolites.

Power calculations The sample sizewas based onminimising
the number of healthy volunteers exposed to ionising radia-
tion. Assuming a standard deviation for change in BAT glu-
cose uptake of 18%, the sample size of seven per group
powered the study to detect a minimum difference between
groups for a change of 30% (power 80%, α = 0.05). Given the
actual difference in SUVmax of 45% (pioglitazone −57% vs
placebo −12%), the study was adequately powered.

Statistical analyses

All data were tested for normality. Data from cell experiments
were not normally distributed, therefore treatments compared
using a non-parametric Kruskal–Wallis ANOVA and Conover–
Iman test. For the clinical trial, physical characteristics were
normally distributed and compared between pioglitazone and
placebo groups using an unpaired two-tailed Student’s t test.
The change (post-intervention − pre-intervention) between the
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pioglitazone and placebo groups (BAT SUVmax and BATTGU,
indirect calorimetry, cardiovascular and metabolite data) were
normally distributed and therefore compared using ANCOVA.
Covariates included baseline values for each variable and the
change in maximum daily temperature was averaged over
4 weeks prior to each experimental visit. The effect of cold on
energy expenditure was assessed by repeated measures
ANOVA. Analyses were conducted using SPSS (v22; IBM,
St Leonards, NSW, Australia), Microsoft Excel (v2013) and
Stata (v14; StataCorp, College Station, TX, USA). Data are
expressed as mean ± SEMwith p < 0.05 considered significant.

Results

Human cell culture study

Compared with vehicle treatment, rosiglitazone and pioglita-
zone significantly increased adipogenesis, lipolysis and UCP-
1 protein in human primary subacromioclavicular pre-
adipocytes (p < 0.05, Fig. 1). The effects of rosiglitazone
and pioglitazone were similar for all measurements (p > 0.99).

Clinical trial

Table 1 shows baseline participant characteristics. Groups
were similar for all variables.

BAT glucose uptake Cold-induced BAT SUVmax was signifi-
cantly reduced (−57 ± 6%) after pioglitazone compared with

placebo treatment (−12 ± 18%) (Fig. 2a; placebo, pre-
intervention 22.2 ± 6.5, post-intervention 18.4 ± 6.0; pioglita-
zone, pre-intervention 21.5 ± 3.1, post-intervention 9.4 ± 0.6;
p<0.05). BATTGUdisplayed a similar but non-significant trend
(Fig. 2b; placebo, pre-intervention 520 ± 167, post-intervention
412 ± 162; pioglitazone, pre-intervention 496 ± 105, post-
intervention 217 ± 39; p = 0.097).

Past studies examining BAT activity/glucose uptake in
humans using [18F]FDG–PET/CT have employed variable
SUV thresholds to determine BAT glucose uptake, therefore
we also quantified BAT TGU based on no SUV threshold
and thresholds of >1.0 and >2.0. These calculations, together
with the above data using an SUV threshold of >1.5, are pre-
sented in electronic supplementary material (ESM) Table 1 and
corresponding CT radiodensity data are shown in ESMTable 2.
Of note, while none of the differences achieved significance, for
BAT TGU, as threshold values increased the difference
between pioglitazone and placebo groups increased such that
it approached significance, suggesting a trend towards
decreased BAT glucose uptake in the pioglitazone group
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Fig. 1 The adipogenic, lipolytic and browning effects of rosiglitazone
(Rosi) and pioglitazone (Pio) were compared with those of vehicle (Veh)
in human primary subacromioclavicular pre-adipocytes. (a) Oil Red O
imaging and quantification (n = 4) (light microscopy, magnification ×4).
(b) Isoprenaline-stimulated lipolysis (n = 5). (c) UCP-1 protein (n = 4).
Data are expressed as the fold change vs vehicle-treated cells (Veh = 1)
and are presented as mean ± SEM. *p < 0.05 vs Veh

Table 1 Participant baseline characteristics

Characteristic Placebo Pioglitazone p value

N 7 7

Physical characteristics

Age (years) 22 ± 1 21 ± 1 0.26

Height (cm) 176 ± 3 176 ± 4 0.94

Weight (kg) 67 ± 5 65 ± 3 0.67

BMI (kg/m2) 22 ± 1 21 ± 1 0.54

Waist:hip ratio 0.80 ± 0.02 0.81 ± 0.02 0.70

Resting cardiovascular variables

Systolic BP (mmHg) 115 ± 3 116 ± 2 0.80

Diastolic BP (mmHg) 63 ± 2 64 ± 2 0.56

Heart rate (bpm) 64 ± 2 66 ± 4 0.61

Fasting plasma hormones, metabolites and lipids

Noradrenaline (pmol/l) 1322 ± 186 1449 ± 219 0.67

Insulin (pmol/l) 51 ± 10 36 ± 4 0.21

Glucose (mmol/l) 4.9 ± 0.1 4.9 ± 0.1 0.92

HbA1c (%) 5.3 ± 0.1 5.3 ± 0.1 0.60

HbA1c (mmol/mol) 34 ± 1 35 ± 1 0.64

HOMA-IR 1.5 ± 0.3 1.1 ± 0.2 0.30

Total cholesterol (mmol/l) 3.8 ± 0.1 4.2 ± 0.2 0.18

HDL-cholesterol (mmol/l) 1.3 ± 0.1 1.3 ± 0.1 0.58

LDL-cholesterol (mmol/l) 2.2 ± 0.1 2.5 ± 0.2 0.25

Triacylglycerol (mmol/l) 0.59 ± 0.04 0.73 ± 0.06 0.06

NEFA (μmol/l) 484 ± 75 452 ± 81 0.74

TSH (mU/l) 1.2 ± 0.3 1.4 ± 0.2 0.61

T4 (pmol/l) 13.6 ± 0.4 13.1 ± 0.7 0.54

T3 (pmol/l) 4.9 ± 0.1 4.6 ± 0.2 0.26

Data are means ± SEM
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(SUV >2.0, p = 0.075). Interestingly, albeit to a lesser degree,
differences in CT radiodensity for pioglitazone vs placebo also
approached statistical significance, but in the direction of ‘total’
adipose tissue (no SUV thresholding, p = 0.091) rather than
‘BAT’ (thresholding for SUV of >1.0, 1.5 or 2.0), indicative
of increased total adipose lipid content in the pioglitazone
group.

There was no difference in the average maximum daily
temperature for the 4 week period preceding measurement
of BAT glucose uptake either within or between groups (pla-
cebo, pre-intervention 18.2 ± 1.6°C and post-intervention
19.8 ± 2.1°C; pioglitazone, pre-intervention 18.4 ± 1.6°C
and post-intervention 21.2 ± 1.7°C).

Cold-stimulated [18F]FDG uptake for several tissues are
shown in ESM Table 3. Pioglitazone treatment did not alter
[18F]FDG uptake in any of the tissues examined.

Body composition Body composition at baseline and in
response to the intervention is presented in Table 2. The
change in total mass (placebo, −0.03 ± 0.5 kg; pioglitazone,
1.34 ± 0.4 kg; p = 0.03) and lean mass (placebo,
−0.19 ± 0.3 kg; pioglitazone, 1.04 ± 0.3 kg; p = 0.02) were
significantly greater after pioglitazone than after placebo
(Table 2; p < 0.05). Fat mass, visceral adipose tissue and bone
mineral content were unchanged.

Energy expenditure Basal and cold-stimulated energy ex-
penditure and respiratory exchange ratio (RER) remained un-
changed after chronic pioglitazone treatment (Table 3).

Cardiovascular responses, core temperature and blood
metabolites The changes in systolic BP, heart rate, core tem-
perature, blood glucose, plasma noradrenaline and plasma
NEFA in response to acute cold exposure are shown in Fig.
3 before and after the intervention for both groups. There was
no difference in the response to cold exposure between
groups. Additionally, basal concentrations of circulating hor-
mones, metabolites and lipids were not different between

groups (Table 1) and were not affected by pioglitazone treat-
ment (Table 4).

Discussion

This study is the first to investigate the effect of chronic TZD
treatment on human BATactivity, assessed by cold-stimulated
glucose ([18F]FDG) uptake in vivo. Contrary to our hypothe-
sis, previous preclinical evidence and data from our in vitro
experiments in human primary adipocytes, cold-induced BAT
glucose uptake decreased in response to pioglitazone treat-
ment. This suggests that reduced BAT activity may contribute
to the weight gain associated with pioglitazone and other
TZDs [26] previously attributed to proliferation and
differentiation of subcutaneous white adipocytes, increased
insulin sensitivity and fluid retention [9, 27]. In this context,
pioglitazone-induced BAT dysregulation could be counterac-
tive and potentially worsen obesity-related comorbidities.

A large body of work supports the notion that TZD treat-
ment recruits BAT. Previous TZD studies in patients with type
2 diabetes [14], obese rats and mice [28] and cultured human
subcutaneous adipocytes [13, 15] showed that chronic treat-
ment with a TZD increases browning in brown and/or white
adipose tissues. Our human cell culture experiments involving
pre-adipocytes derived from a region known to contain
brown/beige adipocyte precursors corroborated this.We there-
fore hypothesised that pioglitazone treatment in vivo would
increase cold-induced BAT glucose uptake.

While TZDs induce adipogenesis and browning [29], the
increase in browningmay not directly translate to an enhanced
response to thermogenic stimuli. Adaptive thermogenesis
elicited by chronic cold not only involves increased BAT
browning, but also development of the BAT neurovascular
network via sympathetic nerve branching and angiogenesis
which increases nutrient delivery and heat dissipation [30].
These processes, which are essential for maximal BAT adrener-
gic responsiveness, may not be stimulated by pioglitazone. This
is, however, speculative and ideally adipose biopsies from rele-
vant depots would be taken to examine molecular changes. This
was not possible here, but will inform future in vivo human
studies.

While several lines of evidence suggest that TZDs promote
BAT thermogenic adaptation, one laboratory demonstrated
that rosiglitazone reduced sympathetic activation of BAT in
rodents [31, 32]. BAT was found to be recruited by
rosiglitazone independently of sympathetic tone, but maximal
UCP-1 expression required adrenergic ‘priming’ [33]. In their
studies, the adrenergic ‘prime’ was reduced by lowered sym-
pathetic drive linked to chronic reduction in thyroid signalling
within BAT [31]. Although it was not possible to measure
global or BAT-specific sympathetic tone in this study, we
did not observe changes in either circulating catecholamines

Fig. 2 Individual cold-induced SUVmax (n = 7/group) (a) and BAT
TGU (n = 7/group) (b) in supraclavicular brown/beige adipose tissue
before (Pre) and after (Post) 28 days of treatment with placebo or pioglit-
azone (45 mg/day). Data are presented as mean ± SEM. *p < 0.05 for
change (Post – Pre) in BAT SUVmax between groups
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or T3, T4 and TSH in response to pioglitazone. This does not
rule out TZD-induced reduction in sympathetic outflow to BAT
but suggests that amechanism alternative to sympathetic–thyroid
axis downregulation may be responsible for our observation.
Pioglitazone reportedly inhibits β3-adrenergic receptor mRNA
transcription in brown adipocytes [34]; the effect of TZDs on
thermogenic potential is therefore complex and may depend on
a balance between sympathetic outflow, catecholamine turnover,
thyroid hormone production, expression of β3-adrenergic recep-
tors and UCP-1, and other thermogenic regulatory factors.
Further studies are required to elucidate the mechanisms in-
volved in TZD-induced regulation of BAT recruitment and
activity.

Despite reduction in cold-stimulated BAT glucose uptake
in response to pioglitazone, neither energy expenditure (basal
and cold-stimulated) nor RER were altered by pioglitazone.
This was not unexpected because potential alterations in BAT
energy expenditure and fuel selection would be small and
masked by tissues that make larger contributions towards

whole-body energy expenditure. This result is consistent with
human BAT (in contrast to observations in rodent models)
making a relatively minor contribution towards total energy
expenditure.More direct and sensitive methods are required to
assess any contribution of human BAT to substrate utilisation.

Several clinical studies have reported body weight increases
after chronic TZD treatment (>12 weeks) and that this increase
in mass corresponds to increased fat and lean mass [26]. The
relatively short duration of the present study and participant
characteristics likely explain the lack of increased fat mass.
Given the trend towards increased total adipose lipid content,
based on decreased radiodensity in the pioglitazone group
(ESM Table 2), it is likely that longer treatment in these healthy
individuals would result in a measurable increase in fat mass.
The observed increase in lean mass is likely attributable to fluid
retention, a well-known side-effect of TZD treatment associated
with water retention in the kidneys that, in comparison with
other mechanisms of increased mass, occurs rapidly, indepen-
dent of disease status [27]. Increasedmuscle glycogen synthesis

Table 2 Body composition

Characteristic Placebo (n = 7) Pioglitazone (n = 7)

Pre-intervention Post-intervention Change Pre-intervention Post-intervention Change

Total mass (kg) 67.4 ± 4.2 67.4 ± 4.1 −0.03 ± 0.5 65.8 ± 2.4 67.1 ± 2.6 1.34 ± 0.4*

Lean mass (kg) 51.9 ± 3.0 51.7 ± 2.8 −0.19 ± 0.3 50.5 ± 1.8 51.6 ± 1.9 1.04 ± 0.3*

Fat mass (kg) 12.7 ± 1.8 12.9 ± 1.8 0.16 ± 0.4 12.4 ± 1.4 12.7 ± 1.3 0.29 ± 0.3

Fat mass (% total mass) 19.5 ± 1.9 19.6 ± 1.9 0.2 ± 0.4 19.6 ± 1.7 19.6 ± 1.5 0.1 ± 0.4

eVAT (g) 194 ± 50 188 ± 57 −5.6 ± 20 179 ± 47 179 ± 37 0.7 ± 16

Bone mineral content (g) 2830 ± 173 2834 ± 179 3.6 ± 10 2794 ± 145 2797 ± 138 3.4 ± 11

Data are means ± SEM

Change represents the difference between pre- and post-intervention (Post – Pre) for each group. n = 7 for all variables, except n = 6 for eVAT for the
pioglitazone group

*p < 0.05 comparing the change between pioglitazone and placebo groups

eVAT, estimated visceral adipose tissue

Table 3 Indirect calorimetry

Variable Placebo (n = 7) Pioglitazone (n = 7)

Pre-intervention Post-intervention Change Pre-intervention Post-intervention Change

Basal EE (kJ [kg FFM]−1 h−1) 5.33 ± 0.14 5.17 ± 0.10 −0.17 ± 0.14 4.88 ± 0.22 4.75 ± 0.10 −0.13 ± 0.16

Cold-stimulated EE (kJ [kg FFM]−1 h−1) 5.68 ± 0.13* 5.64 ± 0.26* −0.05 ± 0.16 5.72 ± 0.19* 5.45 ± 0.20* −0.26 ± 0.11

Basal RER 0.84 ± 0.02 0.86 ± 0.02 0.02 ± 0.01 0.82 ± 0.01 0.84 ± 0.02 0.02 ± 0.02

Cold-stimulated RER 0.82 ± 0.02 0.85 ± 0.02 0.03 ± 0.02 0.83 ± 0.01 0.84 ± 0.01 0.01 ± 0.01

Data are means ± SEM

Whole-body EE and RER were measured under basal conditions and after cold stimulation (70–90 min after acute cold exposure) before and after
28 days of treatment with either placebo or pioglitazone (45mg/day). Change represents the difference between pre- and post-intervention for each group
(Post – Pre)

*p < 0.05 indicates an increase (main effect of cold exposure) in EE from basal to cold-stimulated in both groups before and after the intervention

EE, energy expenditure; FFM, fat free mass
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and its associated water content may increase lean mass. This,
however, has only been reported in insulin-resistant animals
and humans [35]. In the current study, whole-body insulin sen-
sitivity (HOMA-IR and muscle [18F]FDG uptake) was

unchanged by pioglitazone. Nevertheless, like fat mass, it re-
mains unknown whether this mechanism would become
apparent after several months of TZD treatment in insulin-
sensitive lean individuals.

Fig. 3 Change (Δ, Post − Pre)
in systolic blood pressure (SBP)
(a), heart rate (HR) (b), core
temperature (c), blood glucose
(d), plasma noradrenaline (NA)
(e) and plasma NEFA (f) from
prior to cold exposure (0 min) to
the mean of values taken between
60 and 90 min after cold
exposure, before (Pre) and after
(Post) 28 days of treatment with
placebo or pioglitazone
(45 mg/day). Data are presented
as mean ± SEM. Placebo: n = 7
for all variables, except Post
NEFA (n = 5); pioglitazone: n = 7
for all variables. White bars,
placebo; black bars, pioglitazone

Table 4 Basal, fasting hormones, metabolites and lipids before and after the intervention

Variable Placebo (n = 7) Pioglitazone (n = 7)

Pre-intervention Post-intervention Change Pre-intervention Post-intervention Change

Noradrenaline (pmol/l) 1322 ± 186 1325 ± 355 4 ± 374 1449 ± 219 1293 ± 418 1156 ± 391

Insulin (pmol/l) 51 ± 10 46 ± 2 −4.9 ± 8.7 36 ± 4 38 ± 6 1.3 ± 3.9

Glucose (mmol/l) 4.9 ± 0.1 4.8 ± 0.1 −0.13 ± 0.13 4.9 ± 0.1 4.9 ± 0.2 −0.01 ± 0.07

HbA1c (%) 5.3 ± 0.1 5.3 ± 0.1 0.29 ± 0.57 5.3 ± 0.1 5.4 ± 0.1 0.06 ± 0.06

HbA1c (mmol/mol) 34 ± 1 35 ± 1 0.3 ± 0.6 35 ± 1 36 ± 1 1 ± 0.5

HOMA-IR 1.5 ± 0.3 1.3 ± 0.1 −0.18 ± 0.29 1.1 ± 0.2 1.2 ± 0.2 0.05 ± 0.13

Total cholesterol (mmol/l) 3.8 ± 0.1 3.5 ± 0.2 −0.29 ± 0.18 4.2 ± 1 4.0 ± 0.3 −0.27 ± 0.19

HDL-cholesterol (mmol/l) 1.3 ± 0.1 1.2 ± 0.1 −0.04 ± 0.07 1.3 ± 0.1 1.3 ± 0.1 −0.04 ± 0.07

LDL-cholesterol (mmol/l) 2.2 ± 0.1 2.0 ± 0.2 −0.24 ± 0.14 2.5 ± 0.2 2.3 ± 0.2 −0.21 ± 0.15

Triacylglycerol (mmol/l) 0.59 ± 0.04 0.64 ± 0.06 0.06 ± 0.05 0.73 ± 0.06 0.87 ± 0.13 0.14 ± 0.14

NEFA (μmol/l) 484 ± 75 485 ± 79 1 ± 28 452 ± 81 410 ± 77 42 ± 28

TSH (mU/l) 1.2 ± 0.3 1.4 ± 0.3 0.17 ± 0.09 1.4 ± 0.2 1.6 ± 0.3 0.18 ± 0.24

T4 (pmol/l) 13.6 ± 0.4 14.3 ± 1.0 0.73 ± 0.99 13.1 ± 0.7 13.0 ± 0.7 −0.09 ± 0.57

T3 (pmol/l) 4.9 ± 0.12 4.8 ± 0.17 −0.04 ± 0.21 4.6 ± 0.2 4.5 ± 0.2 −0.09 ± 0.13

Data are means ± SEM

Change represents the difference between pre- and post-intervention for each group (Post − Pre)
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Clinical implications

Prior to 2008, rosiglitazone and pioglitazone were widely
prescribed. Data from The Health Improvement Network
(THIN) primary care database in the UK suggest that these
drugs accounted for over 3 prescriptions per 1000 person-
years, with rosiglitazone making more than double the contri-
bution of pioglitazone [36]. Within 18 months of publication
of the meta-analysis questioning the cardiovascular safety of
rosiglitazone [18], the number of rosiglitazone prescriptions
halved and the number of pioglitazone prescriptions doubled
[36]. Overall, while the TZD prescription rate is lower now
than in 2007, currently, 10% of all prescriptions for patients
with type 2 diabetes in the THIN cohort are prescribed a TZD
[37] and pioglitazone retains its position at the frontline of
diabetes management [19, 37].

Obesity, type 2 diabetes and BAT dysfunction are all linked
[24, 38, 39]. While evidence supporting the association with
BAT dysfunction in humans is associative only, the possibility
that BAT dysfunction contributes to obesity and metabolic
dysregulation cannot be dismissed. Accordingly, based on
the evidence presented here, it cannot be excluded that TZD
treatment promotes weight gain through inhibition of BAT
thermogenesis. On balance, the weight of evidence from
clinical trials suggests that TZD treatment improves metabolic
control in patients with type 2 diabetes. Nevertheless, in indi-
viduals with adequate BAT function, inhibition by TZD treat-
ment may exacerbate obesity and impair metabolic homeosta-
sis. Alternatively, because the patients for whom TZDs are
prescribed are known to exhibit poor BAT function and are
rarely exposed to BAT-activating stimuli, it could be argued
that TZDs cannot contribute to further disease progression
through this mechanism.

Methodological strengths and limitations

Our in vitro study methodology provided a robust system by
which to validate the cell autonomous browning capability of
pioglitazone in a model closely representing the in vivo target
tissue. Nevertheless, this highlights the difficulty in interrogating
the in vivo response to TZDs and translating the effects of any
drug from basic to clinical science. Several central and peripheral
mechanisms are likely to be involved, which, despite presumably
driving brown/beige adipocyte browning, integrate to decrease
thermogenic responsiveness of these cells. Of note, because we
were not able to biopsy the relevant tissue depots, we cannot
confirm whether pioglitazone induced browning of fat cells in
the supraclavicular and cervical depots.

It is possible that the increase in body mass (attributable
entirely to lean mass) confounded the observation of reduced
BAT glucose uptake in the pioglitazone group. However, the
increase in tracer volume of distribution because of the very
small (~2%) increase in lean mass is accounted for by lean

mass correction in the calculation of SUV. Furthermore, the
>50% decrease in BAT SUVmax and BAT TGU occurred in
conjunction with no change in SUVmax in any other tissues
and was of far greater magnitude than the change in leanmass.
This evidence supports our contention that pioglitazone de-
creased cold-stimulated BAT glucose uptake.

Although [18F]FDG–PET/CT is informative with respect to
BAT activity, it does not provide a comprehensive assessment
of BAT distribution and metabolic activity [40]. During BAT
activation in response to cold exposure, the primary substrates
utilised for BAT thermogenesis are intracellular lipids [40, 41].
Secondary fuels are extracted from the circulation by BAT,
most likely in preferential order of NEFA followed by glucose
[1]. Because glucose is not the primary substrate, BAT activity
based on [18F]FDG uptake may underestimate and potentially
miss components of BAT energy metabolism under certain
physiological conditions. While [18F]FDG–PET-based assess-
ments of human BAT activity in response to acute [20, 21, 38,
42] and chronic [2, 4] cold exposure have reflected the expected
outcomes based on rodent experiments, this study indicates that
there are species differences for other adaptive stimuli.
Although we have shown that pioglitazone reduced cold-
stimulated BAT glucose uptake, we cannot definitively claim
that fat oxidative capacity also decreased. Nevertheless,
previous acute cold interventions in similar participants resulted
in parallel kinetics between fatty acid and glucose PET tracers
[42], thus it is likely that our findings are relevant for BAT
thermogenic activity. Our study design minimised the impact
of individual and non-BAT [18F]FDG uptake variability by
conducting pre- and post-imaging on all participants, tightly
controlling laboratory conditions and maximising statistical
and experimental rigor by including a placebo-treated group.
Nevertheless, further studies are warranted to interrogate the
impact of TZDs on human BAT function.

Conclusion

For the first time, we examined BAT glucose uptake in
response to chronic TZD treatment in humans in vivo.
Contrary to our hypothesis, cold-induced BAT glucose uptake
was reduced. The mechanisms explaining this are currently
unknown but are likely to be complex, involving a combina-
tion of peripheral organs and altered regulation of sympathetic
output. These data may have implications for the use of TZDs
in certain individuals with diabetes and highlight the impor-
tance of conducting human in vivo studies in parallel with
preclinical investigations.
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