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Abstract

Uncoupling protein-3 (UCP3) is a mitochondrial transmembrane protein highly expressed in muscle that has
been implicated in regulating the efficiency of mitochondrial oxidative phosphorylation. Increasing UCP3
expression in skeletal muscle enhances proton leak across the inner mitochondrial membrane and increases
oxygen consumption in isolated mitochondria, but its precise function in vivo has yet to be fully elucidated. To
examine whether muscle-specific overexpression of UCP3 modulates muscle mitochondrial oxidation in vivo,
rates of ATP synthesis were assessed by 3'P magnetic resonance spectroscopy (MRS) and rates of
mitochondrial oxidative metabolism were measured by assessing the rate of [2-13CJacetate incorporation into
muscle [4-13C]-, [3-13C]-glutamate and [4-!3C]-glutamine by high resolution '3C/'HMRS. Using this approach
we found that overexpression of UCP3 in skeletal muscle was accompanied by increased muscle mitochondrial

mefficiency in vivo as reflected by a 42% reduction i the ratio of ATP synthesis to mitochondrial oxidation.
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mitochondrial uncoupling



Introduction

Uncoupling protein-3 (UCP3) is a member of the mitochondrial carrier protein superfamily predominantly
expressed in skeletal muscle and localized to the inner mitochondrial membrane (IMM)[1]. Although
discovered in 1997, the biochemical and physiological functions of UCP3 remain unclear [2,3]. UCP3 was
mitially thought to be involved in non-shivering thermogenesis because of its high degree of homology to
UCPI1[4,5]. However, UCP3 is expressed at a very low level in brown adipose tissue compared to UCP1 and its
putative role in thermogenesis remains a matter of debate. UCP3 activity may contribute to an array of
metabolic disorders ranging from type 2 diabetes [6] to mitochondrial dysfunction and aging [7,8]. Almost two
decades ago Gong et al. showed that UCP3 overexpression lowered the proton gradient across the (IMM) [5]
indicating that it may modulate mitochondrial oxidative phosphorylation. In support of this interpretation,
mitochondria isolated from skeletal muscle of mice overexpressing UCP3 had increased state 4 of respiration,
iLe. increased proton leak across the IMM [9]. Similarly, skeletal muscle mitochondria n mice lacking UCP3
(UCP3-KO) exhibited decreased state 4 respiration and decreased concentrations of ADP, a key regulator of
ATP production [10]. Furthermore, the ratio of Pi— ATP flux / TCA cycle activity determined in the hindlimb
muscles of these UCP3-KO mice was found to be 2-4-fold higher than in wild-type (WT) mice, suggesting that
UCP3 may also uncouple mitochondrial oxidative phosphorylation in vivo [11]. However, conflicting results
from other studies [12] raise the question of whether this protein possesses an uncoupling activity that is
physiologically relevant [13]. The majority of efforts to define the function of UCP3 have been conducted in
isolated mitochondria [14]; in this study we sought to examine its role in vivo by exploiting non-invasive
magnetic resonance spectroscopy (MRS) techniques. We performed an in situ infusion of [2-13C]-acetate
combined with ex vivo MRS analysis of muscle biopsies to determine rates of substrate oxidation via the

tricarboxylic acid cycle (Vrca) and utilized in vivo 3!P saturation transfer MRS to assess the unidirectional P; —

ATP flux (Vatp)[15]. VaTp/V1ca represents an index of the efficiency of mitochondrial oxidative



phosphorylation and we determined whether this was modulated by the overexpression of UCP3 in transgenic

mice.



Material and M ethods

Animals

Details concerning the generation of mice overexpressing human UCP3 in skeletal muscle have been described
previously [11]. Homozygous male transgenic mice showed 2-to-3-fold higher UCP3 protein content (UCP3-
TG) in skeletal muscle than wild-type C57BL/6J controls (WT) [16]. Mice were fed regular chow (14% of
calories from fat, 60% from carbohydrate, 26% from protein; Prolab RMH 3000; Purina Mills Inc.) ad libitum.
They were housed under controlled temperature (23 °C) and lighting (12-hour light / 12-hour dark) with free

access to water at NIH-Yale Mouse Metabolic Phenotyping Center. Mice were studied at 15-16 weeks old.

Basal metabolic studies

Fat and lean body masses (expressed as percentages of total body mass) in UCP3-TG and WT mice were
assessed by 'H-NMR using a Minispec system (Bruker BioSpin, Billerica, MA, USA). A comprehensive animal
metabolic monitoring system (CLAMS; Columbus Instruments, Columbus, OH, USA) was also used to

evaluate activity, food consumption, and energy expenditure for 10 days.

In vivo skeletal muscle TCA cycle flux (VTc4)

Substrate oxidation via the TCA cycle was assessed using a biopsy-based technique. Mice were infused with
exogenous '3C-labelled acetate ([2-'3C]), TCA cycle flux in muscle was estimated by metabolic modelling of
the rate of enrichment of tissue glutamate determined by high-resolution '3C-NMR of an extract of the muscle
biopsy.

General procedure: Mice were implanted with a jugular vein catheter 8-10 days before the experimental
procedure. After an overnight fast, mice were placed on a plexiglass platform in prone position and anesthetized
with ~1% isoflurane in a 20:80 Oz:air mixture via a nose-cone. Physiological parameters (body temperature,
ECG, respiration rate,) were monitored contnuously to ensure an appropriate depth of anesthesia. Following a

60 min equilibration period, each mouse received a constant infusion of [2-13C]-acetate (10.2 g pg/g/min) and



was sacrificed at specific time points for tissue collection. Plasma samples were obtained by tail-tip bleeds att =
-30,1,3,5,9, 15, 20, 30, 45, 60 and 90 min after the beginning of the infusion. Plasma acetate concentration
and '3C-enrichment were determined by GC-MS [17]. The skeletal muscle complex (soleus-gastrocnemius-
tibialis anterior) was obtained at different intervals (0, 2, 4, 6.5, 10, 16, 30, 45, 65, 90 min) during the infusion
from each alive, anesthetized, mouse. An average of 6 distinct hindlimbs per each data pomnt (one hindlimb =
one mouse) were used to generate complete timecourses of [2-!3C]J-acetate. Muscles were collected and freeze-
clamped in 8 seconds (maximum), in situ (Fig. 1A) and then stored in -80 °C refrigerator for further analysis.
Metabolite extraction Muscle extracts for high-field NMR analysis were created using a perchloric acid-based
extraction procedure as described previously [11]. The lyophilized supernatant was re-suspended in 500 pl of
50 mM KH2POg4 buffer (pH 7.1, 50% D20) containing 10mM formate as an internal standard.

POCE-analysis of '3 C-enrichments Muscle glitamate and glutamine concentrations and !3C-enrichments were
determined by high-resolution Proton-Observe Carbon-Edited (POCE) NMR on a 500MHz Bruker AVANCE
system (Bruker Biospin, Billerica, MA, USA). The POCE technique acquires paired 'H spectra: an initial
spectrum detects signal from all metabolite protons present in the sample (Supplemental Figure 1A), and in the
second spectrum the signal of protons bound to '3C is selectively inverted or ‘edited’. The difference in signal
between the two spectra corresponds to protons bound to '3C only (Supplemental Figure 1B). Metabolite
concentrations can be determined from the initial 'H spectrum with reference to the internal standard. Isotopic
13C-enrichments are calculated from the ratio of the appropriate metabolite signal in the difference spectrum
versus the itial spectrum. A full description of this MR method can be found in the book by de Graaf [18];
detailed acquisition conditions have been described previously [19].

Metabolic Modelling Analysis Time courses of muscle [4-'3C]- and [3-'3C]-glutamate and [4-'3C]-glutamine
were fitted to a metabolic model of the TCA cycle, as depicted in Fig. 1B. The model describes the flow of 13C-
label from plasma [2-13C]-acetate (input function) to gluitamate and glutamine (target functions) through two
consecutive turns of the TCA cycle. The model also incorporates plasma acetate concentrations and tissue
concentrations of glutamate, glitamine and acetate determined experimentally, as described above. The TCA

cycle ntermediates (TCAI) citrate, a-ketoglutarate (aKG), oxaloacetate (OAA) and acetyl-CoA were below the



threshold of detection using these NMR methods. However, the individual content of the TCAI is extremely
low and each was therefore assigned a concentration of 0.05 pmol-g'!. Collectively, a small pool approximation
with respect glutamate and glutamine can be assumed and the assigned concentrations therefore have no impact
on the modelled rates. The set of differential equations that fully characterize this metabolic scheme are shown
below. Metabolic modelling to establish Vrca and other rates of substrate utilization was performed using
CWave software (version 3.5.5) [20], running in MatLab (R2016b).

Metabolic modelling of the TCA cycle in skeletal muscle (Figure 1B). Differential equations describing the
flow of 13C label

d [2— B3C]AcetylCoA _y [2 — 3C]Acetate N v [2 — 13C]AcetylCoA
dt oA Acetate bil rea AcetylCoA
d [4— BC]Citrate [2 — 3C]AcetylCoA [4 — C]Citrate
dt - Tea AcetylCoA - Tea Citrate
d [4— 3C]aKG [4— “Clcitrate . [4— "ClGlutamate [4 = "ClaKG
dt ~ VT4 Citrate X Glutamate = (rea +Vx)  aKG
d [4— C]Glutamate _ [4— *C]aKG [4 — *C]Glutamine [4 — PC]Glutamate
dt =V aKG Gs Glutamine ~ e +Ves) Glutamate
d[3— 13C]0AA: 0.5, [4—13C]aKG+05V [3—13C]aKG_ [3—13C]0AA
dt TUTeA aKG TUTCA aKG TeA 044
d [3— 3C]Citrate [3—13C]0A4A [3— 3C]Citrate
dt T AT 044 T4 Citrate
d [3— BClaKG [3 — BC]Citrate [3 — ¥*C]Glutamate 3~ PClakG
dt — 'rea Citrate Vx Glutamate = Vrea +Vx) aKG
d [3— C]Glutamate _ _ [3— 3C]aKG [3 — 3C]Glutamine [3 — PC]Glutamate
dt =V aKG GS Glutamine ~ O +Ves) Glutamate
d [4 — 3C]Glutamine [4 — C]Glutamate [4 — ®C]Glutamine
dt = Vgs Glutamate pit—gin — Vs + Vexic—gin) Glutamate
d [3 — 3C]Glutamine [3 — BC]Glutamate [3 — ®C]Glutamine
dt = Vgs Glutamate pit-gin — Vs + Vexic—gin) Glutamate

Mass Balance equations
Vica = Vou +Vac

Vpir—in = Vexit-Gin

In vivo skeletal muscle Pi = ATP flux (Varp)




31P saturation-transfer MRS experiments were performed to measure the rate of phosphate transfer
between inorganic phosphate (Pi) and ATP (P;i — ATP flux, Vatp)in skeletal muscle [15]. A full description of
the theory behind this technique has been published previously [21,22]. Briefly, Vatp was calculated as the
product of the pseudo-first-order rate constant for phosphate transfer from Pito ATP (kf) and the intramuscular
concentration of Pi (Eq. 1). The rate constant kr was calculated according to Eq. 2, where Mo and M’ represent

the Pisignal during control and y-ATP saturation conditions, respectively, and Ti is the longitudinal relaxation

time of Pi[21,22].

Varp =kt [P (Eq. 1)

ke=[1-M’/Mo]/ T’ (Eq. 2)

General Procedure After an overnight fast, mice were placed prone on a plexiglass platform and anesthetized
via a nose-cone with ~1% isoflurane in a 20:80 Oz:air mixture. Physiological parameters (body temperature,
ECG, respiration rate) were monitored continuously to ensure the depth of anaesthesia and a heated water pad
was used to maintain body temperature at ~37 °C. The mouse was positioned in an MR probe with the left
hindlimb was secured under a 15 mm double-turn 3'P surface coil and within twin, orthogonal 25 mm diameter
'H surface coils arrayed in quadrature. Mouse and probe were then placed in the isocenter of a 9.4 Tesla
superconducting magnet (Magnex Scientific, Oxford, UK) mnterfaced to a Bruker Biospec console (Bruker
BioSpin, Billerica, MA, USA). To maximize Bo field homogeneity, the system was shimmed using the
FASTMAP procedure.

Non-localized 3!'P-MR spectra were acquired with frequency-selective saturation of the y-ATP peak or
with saturation at a downfield frequency equidistant from Pi(Fig. 3A), using the following parameters: 1ms
adiabatic half passage (AHP excitation pulse centered between Pj and y-ATP), 10s soft saturation pulse, sweep
width = 8kHz, 1024 points, effective Tr = 10s, 64 transients. M’/Mo was calculated by measuring the P; peak

integrals under y-ATP and control symmetrical saturation. Ti was measured for each animal using an 8-point



mversion-recovery sequence with y-ATP saturation applied during the Tr and throughout inversion delay.
Fully-relaxed 3'P spectra (Tr = 25s, 32 transients) without frequency-selective saturation were obtained to
determine metabolite concentrations in vivo.

3IP FIDs were processed using XWINNMR version 6.5 (Bruker Biospin, Germany); FIDs were zero-
filled to 32k points and multiplied by a mixed Lorentzian/Gaussian function (Ib -20/ gb 0.04), prior to Fourier
Transformation (FT). Spectra were manually phased (0 and 1% order) and baseline corrected by fitting the
region of 3'P metabolites to a 5t order polynomial.
Ex vivo determination of 3! P metabolite concentrations in skeletal muscle Following the 3'P MR experiment,
the skeletal muscles of each hindlimb were freeze-clamped in sifu and extracted as reported elsewhere [23,24].
The lyophilized extracts were then re-suspended in 500 pl of buffer (20mM HEPES, 20mM EDTA, 0.5M KC],
10% D20, pH ~5.5-6) containing 1mM phenylphosphonic acid (PPA) as an internal standard. Tissue 3!P-
metabolite content of each extract was determined using high-resolution 3!'P-NMR at 500MHz (Bruker Biospin,
Billerica, MA). 3!P-Spectra were acquired with following parameters: 7.75us square excitation pulse, sweep
width = 50 ppm; 32k points; Tr = Is; 8 dummy scans; 4096 transients, and analysed using XWINNMR. FIDs
were apodized using a mixed lorentzian/gaussian function (Ib =2/ gb = 0.05) prior to FT, then zero / 1% order
phased and baseline corrected. Absolute concentrations were calculated from the metabolite peak integral
relative to that of the PPA standard, with appropriate corrections for Ti relaxation determmned from phantom

calibrations.

Statistical Analysis: Values are presented as mean + SEM except for the metabolic modelling (means + SD).

Statistical analyses were performed by using Graphpad Prism 5 software (San Diego, CA, USA). Data from
matched WT and UCP3-TG mice were compared using an unpaired 2-tailed Student’s t test. The precision of
the metabolic modelling analysis was determined by performing 100 Monte-Carlo simulations of the raw data
with the addition of random Gaussian noise within the CWave package to generate probability distributions for

each modelled rate. Statistical significance was considered for P<0.05.



Study Approval: All procedures were approved by the Yale University Animal Care and Use Committee.




Results

Body composition and energy balance

UCP3-TG mice had significantly lower body fat and increased lean mass than WT mice fed the same, regular-
chow diet (Table 1). Onthe day of the [2-!3C]-acetate infusion, UCP3-TG mice (n = 26) were 24.4+0.69 g
whereas WT mice (n = 16) were 26.5 £ 0.61 g (P <0.02). These mice were 16-17 weeks old. On the day of the
in vivo 3'P-MRS experiment, the body weights of the UCP3-TG mice were 24.9 + 1.08 g whereas WT mice
were 29.7 £0.99 g (n = 6 per group; P <0.01). These latter mice were 15-16 weeks old. There was no body
weight difference between group animals tested for Vrca and Varp.

Locomotor activity was similar in both WT and UCP3-TG mice (Table 1). However, total energy expenditure
and food intake were 20-30% higher in UCP3-TG than in age- and fat content-matched WT mice (Table 1).
While resting oxygen consumption was significantly higher m UCP3-TG than in WT mice, there were no

differences in the respiratory exchange ratio between the two groups (Table 1).

In vivo skeletal muscle TCA cycle flux (Vrca)

The appearance of [2-!3C]-acetate in plasma was identical between the UCP3-TG and WT groups (Figures 2A
and 2E). Time courses of '3C-label incorporation into muscle gluitamate and glutamine are shown in Figure 2B -
fitting of this data to a mathematical model of the TCA cycle was able to distinguish a significant increase in
TCA cycle flux in UCP3-TG mice. Muscle concentrations of glutamate and glitamine were lower in the UCP3-
TG with respect to WT mice (Figure 2D), and these differences were incorporated into the modelling analysis.
Monte-Carlo analysis of the modelling data revealed a 38% increase in Vrca in UCP3-TG mice relative to the
control (0.1208 £0.0083 vs 0.0874 £ 0.0062 umol/g/min, P <0.0005, Figure 2C). There were no differences in
Vac/Vrcea (or VpiL/Vrca) between groups indicating an identical substrate preference (acetate vs pyruvate/free
fatty acids) during these experiments (Table 2). For previous in vivo studies in human muscle (where [2-13C]- or

[3-13C]-glutamate turnover cannot be reliably detected) the rate of a K G-glutamate exchange (Vx) was assumed



to be faster than the TCA cycle and non-limiting [25]. Interestingly, m this study, Vx was found to be
comparable to Vrca (Table 2), but this lower relative rate had no impact on the estimation of Vrca

(Supplemental Figure 2).

In vivo skeletal muscle Pi = ATP flux (V arp)

We found no difference in the concentration of ATP — calculated from high resolution 3'P-NMR of hindlimb
muscle extracts — between the UCP3-TG and WT groups (Table 3). Representative MR spectra acquired during
the 3'P-saturation-transfer experiment are shown in Fig 3A. Muscle P;i — ATP flux is directly dependent on the
unidirectional rate constant (kf) for phosphate transfer from Pito ATP and the P; concentration [Pi]. Although
not significant, there were trends for a lower kr and decreased [Pi] in the UCP3-TG mice (Table 3). This resulted
m a significant, 19% reduction in Vatp in UCP3-TG versus WT mice (5.655 +£0.272 vs 4.555+0.290
umol/g/min, P =0.02, Fig. 3B). Additional parameters derived during the 3!'P-saturation-transfer experiment
(M’/Mo and T1') are shown in Table 3. The concentration of phosphocreatne (PCr), as well as the ratios of
[PCr]/[ATP] and [ATP]/[ADP] — determined from the fully-relaxed in-vivo 3'P MR spectra — were not

significantly different in UCP3-TG mice compared to their WT littermates (Table 3).

Mitochondrial Efficiency in UCP3-TG vs WT mice

Our data indicates that, under resting conditions, the overexpression of UCP3 resulted in a decrease in
mitochondrial ATP production in muscle accompanied by an increase in substrate oxidation via the TCA cycle.
Overall, this corresponds to a ~42% reduction in the efficiency of mitochondrial oxidative phosphorylation

(64.7 WT vs 37.7 UCP3-TG, Fig. 4).



Discussion

The aim of these experiments was to study whether UCP3 modulates mitochondrial efliciency in mouse
skeletal muscle in vivo. We used a combination of in vivo 3'P-MRS and isotopic labelling methods with ex vivo
analysis to measure P;i — ATP flux (Varp)and the rate of substrate oxidation via the TCA cycle (Vrca). We
found that the overexpression of UCP3 in mice significantly increased Vrca and decreased Varp in hindlimb
skeletal muscle leading to a reduction in mitochondrial efficiency, measured as Varp/Vrca.

The high homology of UCP3 with other proteins in the UCP superfamily [1] suggested that it may also
uncouple mitochondrial oxidative phosphorylation. Since UCP3 is preferentially expressed in skeletal muscle
[2], it could potentially play a crucial role in the regulation of energy balance both at the tissue and whole-body
level [26-28].

Evidence supporting a role for UCP3 in energy balance comes primarily from whole-body studies
conducted using the CLAMS metabolic cage system. Mice overexpressing UCP3 had significantly lower body
weight than WT mice. The phenotype of the UCP3 transgenic mice is consistent with the higher energy
expenditure observed in lower fat pads with respect to WT mice [16]. In our study, UCP3-TG mice had higher
energy expenditure, lower body weight and lower body fat despite the higher food intake than controls.

Previously, Cadenas et al. suggested that increased metabolism and weight loss in overexpressing-UCP3
mice are the result of an overexpression artifact rather than an in vivo physiological uncoupling effect or a
native activity of UCP3 [29]. Furthermore, uncoupling in mitochondria of mice overexpressing UCP3 was not
inhibited by guanosine diphosphate (GDP), indicating that UCP3 was constitutively active. The same authors
argued that UCP3 can catalyse an inducible proton conductance when activated by superoxide, therefore
defending muscle mitochondria from reactive oxygen species (ROS). Superoxide, as a physiological activator
of UCPs, increased proton conductance in rat skeletal muscle, which correlated with doubling of native UCP3
protein[14,30]. Yet, muscle-specific overexpression promoted muscle fatty acid oxidation (FAO), either in a
complete or incomplete fashion, and protected mice from oxidative stress [31]. Choi et al. found that high-fat-

fed UCP3-TG mice were protected against fat induced defects m msulin-stimulated muscle glicose metabolism



[16]. In fact, body fat-matched UCP3 mice showed normal whole body and muscle msulin sensitivity.
Altogether these findings indicate that UCP3 may influence metabolic rate and the whole-body glucose
homeostasis of the animals. Uncoupling slightly accelerates respiration and hence upstream metabolism, being
beneficial for several physiological processes. In fact, UCP3 protein content in vastus lateralis muscle of
middle-age individuals with type 2 diabetes was determined to be 50% of that n healthy subjects [6]. These
UCP3 mice were hyperphagic but lean, and not obese, as shown elsewhere [32].

A more direct assessment of the UCP3 role in the regulation of energy metabolism comes from studies,
in which, for example, weight reduction leads to a reduction m UCP3 mRNA expression and protein content
along with reduction of resting metabolic rate [26,27].

It is mteresting to note that skeletal muscle, which on demand undergoes extremely large increases in
ATP utilization, expresses UCP3. We observed decreased rates of ATP phosphorylation as well as increased
rates of mitochondrial oxidation in resting skeletal muscle in mice overexpressing UCP3 in muscle. UCP3 may
allow rapid switching between proton leak and ATP synthesis in response to changes in ATP turnover and thus
maintaining fluxes through metabolic pathways of substrate oxidation [33]. In our study, the decreased
efficiency of muscle energy production caused a concomitant rise in basal TCA cycle flux and resting oxygen
consumption. The increased rates of resting muscle TCA cycle fix may provide an advantage by permitting a
more rapid response to an increased demand for ATP. UCP3 might therefore be playing an important role as
energy regulator. Whether this is determmed by specific modality of activation, either transport of fatty acid
anions or ROS production, remains to be ascertained.

There has been a great deal of interest in UCP3 as a potential target for treating alterations of
metabolism. In this perspective, it is being more and more encouraged as a long-term strategy that may involve
increasing patients’ metabolic rates by decreasing their metabolic efficiency. Obviously, it must be understood
firstly how this protein is linked to the pathophysiology of several diseases, and whether UCP3-mediated
mitochondrial dysfunctions lead to obesity, diabetes, ages-related changes et cetera.

In the past, some methods for ATP assays erroneously show major non-physiological differences n

cellular and tissue ATP concentrations. Here we used in vivo MRS to assess muscle mitochondrial coupling.



The flux through the tricarboxylic acid cycle may be used as an index of oxygen consumption under resting
conditions. Consistently with earlier studies, an increased overexpression of UCP3 was associated with
uncoupling activity under certain conditions, like T3 treatment [34] or fasting [35]. To date, only a few studies
have assessed in vivo energy mitochondrial coupling using MRS [11,34,35]. Cline et al. achieved a 2-4 fold
higher coupling of oxidative phosphorylation n mice lacking UCP3 [11], only relying on the increased TCA
cycle flux.

These data are consistent with UCP3 mediating the uncoupling of oxidative phosphorylation in vivo. We
have demonstrated that combining in vivo 3'P-MRS to determine P; — ATP flux with an ex-vivo, serial biopsy,
method to estimate TCA cycle flux from '3C-labelled glutamate turnover allowed us to effectively assess
muscle mitochondrial function in mice. Muscle specific rates of unidirectional P;i — ATP flux were 19% lower
and muscle specific rates of TCA cycle flux were increased by 38% n UCP3-TG compared to WT mice.
Together, these indices of mitochondrial function indicate that UCP3-TG mice exhibit reduced efficiency of
muscle mitochondrial oxidative phosphorylation by approximately 42%. This study supports the hypothesis that
UCP3 may function as a true uncoupler of mitochondrial oxidative phosphorylation in vivo. Further studies are
necessary for exploring the regulation of uncoupling protein activity in mice, either within a physiological or

pathophysiological context.
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Tables

Table 1. Body composition and energy balance data WT and UCP3-TG mice fed regular chow.

Table 2. Muscle metabolic fluxes obtained from CWave simulation and Monte-Carlo analysis of '3C-labelled

glutamate and glutamine turnover during an infusion of [2-13C]-acetate. Data is shown as the least-square fit +

standard deviation of the distribution obtained from the Monte-Carlo simulations.

Table 3. Phosphate metabolite concentrations, P; — ATP flux and 3!P saturation-transfer parameters NMR-

obtained (500MHz) from the hind-limb muscles of WT and UCP3-TG mice.



Figure legends

Figure 1. Estimating skeletal muscle TCA cycle flux (Vrca) using a serial biopsy-based technique

(A) Experimental protocol for the serial biopsy procedure. Animals were anesthetized using 1% isoflurane in
air/O2 delivered via nose-cone; physiological parameters were continuously monitored. Following a 60min
stabilization period, [2-'3C]-acetate was infused (10.2 pg/g/min) via ajugular vein catheter. Plasma samples were
obtained by tail-tip bleed at regular intervals throughout the nfusion (black arrows). Grey arrows indicate the
times at which hindlimb skeletal muscle tissue was excised. (B) Metabolic model describing the entry of plasma
[2-13C]acetate into the TCA cycle and '3C-label flow during consecutive turns of the cycle in the skeletal muscle.
The Cxprefix before each metabolite denotes the position of '3C-labelling during the infusion experiment. AcCoA
= acetyl CoA; a KG = alpha-ketoglutarate; OAA = oxaloacetate. Vrca= TCA cycle flux; Vac = rate of acetate
entry into the acetyl CoA pool; VpiL = rate of entry of unlabelled precursors (pyruvate, free fatty acids) into the
acetyl CoA pool; Vx =rate of a KG-glutamate exchange; Vgs = rate of glutamate- glutamine exchange; VbpirGin =

dilution of the glutamine pool

Figure 2. (A) Time courses of [2-13C]-acetate enrichment for WT and UCP3 TG mice. (B) Muscle [4-13C]-, [3-
13C]-glutamate and [4-'3C]-glutamine enrichments during the [2-'3C]-acetate infusion for the WT and UCP3-TG
groups; fits of the enrichment data modelled using CWave are superimposed. (C) Estimates of muscle Vrca
obtained from the metabolic modelling analysis. (D) Concentrations of gluitamate, glutamine and acetate in the
muscle of wild type and UCP3-TG mice. (E) Time courses of plasma acetate concentrations. In (C) data are

shown as least-square fit + standard deviation of the distribution obtained from the Monte-Carlo distributions.

Figure 3. In vivo skeletal muscle P; — ATP flux (V.arp) determined using 3! P-saturation-transfer MRS

(A) Representative 3'P-MR spectra acquired during a saturation transfer experiment. Frequency-selective
saturation of the y-ATP peak (red spectrum) leads to a reduction in the magnitude of the Pi peak (at ~5.1ppm) due
to Pi > ATP flux. The control spectrum (in blue) is acquired with the saturation pulse applied at a frequency
downfield of Pjequidistant from y-ATP. The difference between the magnitude ofthe Pipeak (APi)is proportional
to the rate constant for unidirectional P;i — ATP flux (kf); Vare = k¢ -[Pi]. (B) Varp in wild type (WT) and

transgenic mice (UCP3-TG). Data are expressed as mean = SEM.

Figure 4. The efficiency of muscle mitochondrial oxidative phosphorylation n WT and UCP3-TG mice
estimated as the ratio of Pi — ATP flux over TCA cycle flux. Data are expressed as mean + SD.



Table 1. Body composition and energy balance data WT and UCP3-TG mice fed regular chow.

WT UCP3-TG

p-value
Fat mass (% body mass) l6.1+1.2 12.8+ 0.7 <0.05
Lean mass (% body mass) 68.1+1.5 729+ 1.7 <0.05
RER (respiratory exchange ratio) 0.91 +0.01 0.92+0.02 0.33
Energy Expenditure (kcal’kg/h) 18.7+0.4 24.0+0.6 <0.001
VO2 (Vkg/h) 3781.3+73.8 4895.2+93.5 <0.001
Food Intake (g/kg/h) 1.2+0.1 1.8+0.1 0.016
Locomotor Activity (count/h) 101.0 £14.7 101.9+£17.7 0.96

Data are expressed as mean + SEM.

Table 2. Muscle metabolic fluxes obtained from CWave simulation and Monte-Carlo analysis of 13C-
labelled glutamate and glutamine turnover during an infusion of [2-13C]-acetate. Data is shown as the least-

square fit £ standard deviation of the distribution obtained from the Monte-Carlo simulations.



WT UCP3-TG

(n=16) (n = 26)
Vrca (umol/g/min) 0.0874 £ 0.0062 0.1208 £ 0.0083 **
Vac (imol/g/min) 0.0818 £ 0.0055 0.1114 £ 0.0083 *
VpiL (umol/g/min) 0.0056 + 0.0092 0.0094 + 0.0115
Vac/Vtca 0.94 +0.09 0.92 £0.09
VbiL/Vrca 0.06 £0.09 0.08 £0.09
Vas (umol/g/min) 0.0526 + 0.0055 0.1044 £ 0.0101 **
VbiL-Gin (mol/g/min) 0.1535+£0.0186 0.2457 £ 0.0253 *
Vx (umol/g/min) 0.0825 £ 0.0277 0.1471 £ 0.0484

* P <0.005, ** P <0.0005

Data are expressed as mean + SD

Table 3. Phosphate metabolite concentrations, P; — ATP flux and 3!P saturation-transfer parameters

NMR-obtained (500MHz) from the hind-limb muscles of WT and UCP3-TG mice.

WT UCP3-TG
p-value

(n=06) (n=16)




[ATP ] (umol.g™")

[Pi] (umolg?)

[PCr] (umolg™)

[v-ATP ] /[ B-ADP ]

[PCr]/[y-ATP ]

ke (sec!)

M'/ Mo

Ti'(Pi) (sec)

Vatp (umol/g/min)

3.36 £0.34

1.37£0.07

9.25+£0.87

5.73+£0.13

2.75+£0.26

0.069 +£0.01

0.768 £ 0.02

3.34+0.14

5.655+£0.272

3.41+0.53

1.30 £ 0.07

9.98 £0.49

5.84+£0.21

2.92+0.07

0.060 +£0.01

0.771 £0.01

3.94+0.26

4.555£0.290

0.93

0.48

0.48

0.69

0.58

0.21

0.88

0.08

0.02

Data are expressed as mean = SEM.
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