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mitochondrial numbers, we measured oxygen consumption 
in an equal number of mitochondria from Crt+/y and Crt−/y 
mice. There were no changes in mitochondrial respiration 
when normalized to mitochondrial number, suggesting 
that the increase in respiration observed could be to higher 
mitochondrial content in Crt−/y mice.
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Introduction

The creatine transporter (CrT; SLC6A8) is a member of the 
solute carrier six family of sodium- and chloride-dependent 
transporters and is required for cellular uptake of creatine 
(Cr). Mutations in the CrT lead to Creatine Transporter 
Deficiency (CTD), which is characterized by moderate 
to severe intellectual disability, aphasia, and controlla-
ble epilepsy (deGrauw et al. 2003; DeGrauw et al. 2002). 
SLC6A8 is located on the X-chromosome with CTD show-
ing an X-linked pattern of inheritance (Gregor et al. 1995; 
deGrauw et al. 2003). CTD is a leading cause of X-linked 
intellectual disability (XLID), responsible for 1–3 % of all 
XLID (Rosenberg et al. 2004; Clark et al. 2006). To date, 
no treatment is available for CTD.

There are three known types of Cr deficiency syndromes 
(CDS) characterized by diminished Cr levels in the brain 
and periphery, and, additionally, decreased bioavailability 
of ATP to maintain normal cellular function. Cr deficiency 
syndromes (CDS) are a result of errors of Cr biosynthesis 
(AGAT and GAMT deficiency) or a global lack of Cr trans-
porter (CTD) (Alcaide et  al. 2011; Braissant et  al. 2011; 
Schulze 2003; Stockler et  al. 2007). Regardless of origin, 
CDS leads to severe developmental delay, epilepsy, and an 

Abstract  Creatine (Cr) is a guanidino compound required 
for rapid replenishment of ATP in cells with a high-energy 
demand. In humans, mutations in the Cr transporter 
(CRT;SLC6A8) prevent Cr entry into tissue and result in a 
significant intellectual impairment, epilepsy, and aphasia. 
The lack of Cr on both the whole body and cellular metab-
olism was evaluated in Crt knockout (Crt−/y) mice, a high-
fidelity model of human CRT deficiency. Crt−/y mice have 
reduced body mass and, however, show a twofold increase 
in body fat. There was increased energy expenditure in a 
home cage environment and during treadmill running in 
Crt−/y mice. Consistent with the increases in the whole-
body metabolic function, Crt−/y mice show increased cellu-
lar metabolism as well. Mitochondrial respiration increased 
in skeletal muscle fibers and hippocampal lysates from 
Crt−/y mice. In addition, Crt−/y mice had increased citrate 
synthase activity, suggesting a higher number of mitochon-
dria instead of an increase in mitochondrial activity. To 
determine if the increase in respiration was due to increased 
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overall diminished quality of life. Oral Cr supplementation 
has been shown to ameliorate motor deficits in CDS result-
ing from defective biosynthesis (Morris et  al. 2007); how-
ever, Cr supplementation has been ineffective in the treat-
ment of CTD (van de Kamp et al. 2012). Of specific interest 
to the current study is the latter form of CDS, and in particu-
lar how a lack of CrT affects the overall metabolic function.

The primary role of creatine (Cr) is buffering ATP levels in 
high-energy tissues, such as brain and muscle. Cr kinase (CK) 
phosphorylates Cr to form readily available phosphate pools. 
Upon consumption of ATP, CK takes the phosphate group 
from phosphor-Cr and donates it to ADP. It has been estimated 
that in many high-energy cells, the majority of ATP generated 
by the mitochondria is used to make P-Cr that then diffuses 
into the cytoplasm (Wallimann et al. 2011). Acute loss of Cr 
using pharmacological agents that block the CrT in the heart 
leads to mitochondrial impairment and, ultimately, insuffi-
cient ATP to carry out normal cellular processes, suggesting 
perturbed energy metabolism in CTD (O’Gorman et al. 1996). 
Interestingly, GPA administration increased mitochondrial 
density in the striatum of mice (Horvath et al. 2011).

Evidence of mitochondrial dysfunction in other models of 
Cr deficiency suggests that mitochondrial function may also 
be abnormal in CTD. Neurons lacking creatine kinase have 
increased mitochondrial motility as compared to normal neu-
rons (Kuiper et  al. 2008). While the overall mitochondrial 
number was similar in CK-deficient neurons, there was an 
increase in motile mitochondria compared with neurons from 
wild-type animals. In an attempt to replenish ATP to areas 
with high-energy demands, CK-deficient cells may need to 
distribute mitochondria differently than normal cells. This 
increase in motility may reflect a compensatory response to 
energy shortages in CK-deficient neurons. In addition, in a 
mouse model of deficient Cr biosynthesis, an increased ATP 
synthase activity in brain and muscle points to adaptive mech-
anisms in response to ATP shortages (Schmidt et al. 2004), 
further supporting a role for metabolic dysfunction in CDS.

To better understand and to develop treatments for CTD, 
we have developed the CrT knockout (Crt−/y) mouse that 
shows significant impairments in a battery of cognitive 
tests, suggesting that this mouse is a high-fidelity model of 
CTD (Skelton et al. 2011). The purpose of this study was 
to characterize the metabolic phenotype of Crt−/y mice by 
examining the whole-body metabolism, ATP levels, and 
mitochondrial respiration.

Methods

Subjects

Crt+/y and Crt−/y mice were derived from breeding CrT+/− 
females to Crt+/y males (Skelton et  al. 2011). To control 

for litter effects, each experiment only used one Crt+/y 
and Crt−/y mouse from each litter. Mice were kept on a 
14:10 light:dark cycle in the CCRF vivarium which is fully 
accredited by AAALAC and all experiments were approved 
by CCRF IACUC prior to the beginning of the experiment.

Whole‑body calorimetry

Calorimetry was performed using the Oxymax system 
from Columbus Instruments (Columbus, OH) as previously 
described (Powers et  al. 2013). Calorimetry was evaluated 
for 9 h during the initial light phase, 10 h for the dark phase, 
and 4  h during the morning light phase. Resting oxygen 
consumption and carbon dioxide production rates (VO2 and 
VCO2, respectively) were measured every 10 min and nor-
malized to body weight. Animals were given free access to 
water and food during testing. Food was weighed following 
testing. A total of 8 Crt+/y and 10 Crt−/y mice were used.

The following day, mice were exercised on a motorized 
treadmill placed inside a sealed chamber. The initial speed 
of the treadmill was 5  m/min and was increased stepwise 
by 5 m/min every 5 min until a final speed of 25 m/min was 
reached. VO2 and VCO2 were sampled every 30 s and normal-
ized to the body weight of the animal. Respiratory exchange 
ratio (RER), a measure that determines if carbohydrates, fatty 
acids, or protein are being utilized for energy (Simonson and 
DeFronzo 1990), and energy expenditure were calculated 
using the CLAX software from Columbus Instruments.

Body composition analysis

Body composition was determined using EchoMRI (Hou-
ston, TX). Briefly, animals were placed into the EchoMRI 
and total body fat, lean body mass, and water content that 
were derived for each animal. Body fat percentage was cal-
culated by dividing body fat by mass.

ATP assay

Crt+/y and Crt−/y mice were decapitated following brief iso-
fluorane anesthesia. The brain, heart, and gastrocnemius mus-
cle were dissected and rapidly frozen in dry ice-cooled iso-
pentane. Samples were weighed and homogenized in an equal 
volume of perchloric acid. ATP levels were analyzed using a 
commercially available fluorescence kit (Abcam Cambridge, 
MA). ATP levels were normalized to tissue weight. Percent 
control levels were determined by dividing all samples by the 
mean of the Crt+/y mice for the specific tissue studied.

High‑resolution respirometry

Mitochondrial respiration was analyzed using the Oroboros 
Oxygraph-2K (Oroboros Instruments, Innsbruck, Austria). 
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Muscle fibers from the quadriceps and hippocampal lysates 
from Crt+/y and Crt−/y mice were prepared in MiR05 buffer 
(Gnaiger et al. 2000). Approximately 2 mg of wet-weight 
tissue was used in each preparation. Samples from Crt+/y 
and Crt−/y mice were run in the side-by-side chambers to 
minimize any ambient effects on mitochondrial respiration. 
Oxygen consumption and oxygen flux were monitored in 
real time using the DatLab4.3 software from Oroboros.

For hippocampal lysates, a substrate/uncoupler/inhibi-
tor titration (SUIT) protocol was performed to assess mito-
chondrial respiration (Karlsson et  al. 2013). Tissue was 
allowed to stabilize for approximately 15 min prior to the 
addition of substrates. Malate (5 mM) and pyruvate (5 mM) 
were added followed by ADP (1  mM) and glutamate 
(5  mM) to assess the NADH-related oxidative phospho-
rylation (OXPHOS) capacity of CI (OXPHOS CI). Maxi-
mal OXPHOS was stimulated by the addition of 10  mM 
succinate (OXPHOS CI + CII). Oligomycin was added to 
determine mitochondrial respiration independent of ATP 
production (LEAK CI + CII). A titration of carbonyl cya-
nide p-(trifluoromethoxy) phenylhydrazone (FCCP) was 
added until no further increase in OXPHOS capacity was 
observed (ETC CI + CII). Rotenone was added to assess 
ETC capacity through CII (ETC CII). Antimycin-A was 
added to inhibit electron flow through the ETC. Control 
ratios for OXPHOS CI  +  CII and ETC CI  +  CII were 
derived by dividing the respective rates by the LEAK respi-
ration rate. Data were normalized to total protein levels as 
determined by the Bradford protein assay.

Muscle fibers were excised from Crt+/y and Crt−/y mice, 
permeabilized with 50 μg/ml of saponin, and placed into 
the Oxygraph in a similar manner as the hippocampi. To 
assess OXPHOS CI, 2.5  mM ADP and 5  mM glutamate 
were added sequentially. OXPHOS CI + CII was assessed 
by adding succinate and 5 mM ADP followed by the addi-
tion of cytochrome c (CytC) to assess the integrity of the 
outer membrane of the mitochondria. ETS CI +  CII was 
determined using FCCP, and rotenone was added to evalu-
ate ETS CII. Data were normalized to the wet weight of the 
fibers.

Seahorse XF24 assay

To assess the individual contribution of Complex I and 
Complex II in the respiratory increases in Crt−/y mice, 
mitochondrial function was assessed using equivalent 
amounts of mitochondrial protein in a Seahorse XF24e 
analyzer. Hippocampi from Crt+/y and Crt−/y mice (n = 4) 
were dissected on ice and homogenized in mitochondrial 
isolation buffer (320 mM sucrose, 10 mM Tris, 1 mM K+ 
EDTA, and 2.5  g/l BSA, pH =  7.4) using a Teflon-glass 
homogenizer. Samples were centrifuged for 10 min at 1000 
g to remove cellular debris. The lysate was collected and 

centrifuged for 10 min at 6400 g. The lysate was removed, 
and the pellet containing the crude mitochondrial prepara-
tion was resuspended in mitochondrial activation solution 
(MAS) without BSA (70 mM sucrose, 210 mM mannitol, 
and 1 mM EGTA, pH 7.2). An aliquot was removed from 
the sample for protein level determination, and BSA was 
added to the remaining sample for a final concentration of 
0.5 % (w/V). Mitochondria were kept on ice, while protein 
levels were determined using a Bradford assay according 
to the manufacturers suggestion. Samples were adjusted for 
mitochondrial protein levels, and 10  µg of mitochondrial 
protein in 50  µl of MAS solution from each subject was 
loaded onto the XF24 plate. The plate was centrifuged for 
20 min at 2000 g using a swinging bucket rotor. The total 
volume in each well was then raised to 500 µl by adding 
warmed (37°) MAS solution containing either (a) malate 
(2 mM) and pyruvate (10 mM) or (b) rotenone (2 µM) and 
succinate (10  mM). The plate was then transferred to the 
XF24 analyzer, and the experiment was initiated. The XF24 
samples oxygen consumption every 10 min and compounds 
were injected from the pre-loaded ports every 30  min. 
Injections were as follows (final concentration): (A) ADP 
(4 mM); (B) Oligiomycin (2.5 µg/mL); (C) FCCP (4 µM); 
and (D) antimycin-A (4 µM). Following the completion of 
the assay, protein levels were re-determined by Bradford 
assay and the data were normalized to protein levels. Sam-
ples were run in duplicate for each combination of sample 
and substrate.

Western blotting

Mitochondria from the hippocampus of Crt−/y and Crt+/y 
mice were isolated as described above and separated on 
12 % Mini-PROTEAN® TGX pre-cast gels. Proteins were 
transferred to PVDF membranes and blocked using Odys-
sey blocking buffer (Li-Cor, Lincoln, Nebraska). Mem-
branes were incubated with a Total OXPHOS Rodent WB 
Antibody Cocktail (Abcam, Cambridge, MA) at a 1:1000 
dilution for 18 h at 4 °C. This cocktail contains five anti-
bodies, each directed at a specific protein in the OXPHOS 
complex. Complex 1 is probed using NDUF88, Complex II 
is represented by SDHB, Complex III by UQCRC2, Com-
plex IV by MTCO1, and Complex V by ATP5A. The blot 
was concurrently probed with an Actin antibody (Abcam) 
at a concentration of 1:500 as a loading control. Following 
washing of the primary antibody, the blot was incubated 
with 1:10,000 dilution of IRDye 680RD Donkey anti-
mouse secondary antibody (Li-Cor, Lincoln Nebraska) for 
the OXPHOS proteins and a IRDye 800CW Donkey anti-
goat antibody for actin (Li-Cor). Fluorescent images were 
acquired on an Odyssey CLx (Li-Cor) imager, and fluores-
cence was quantified using the software from the manufac-
turer. OXPHOS signals were normalized to the actin signal.
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Statistical analysis

Mitochondrial respiration and whole-body calorimetry data 
were analyzed using two-way repeated measures ANOVA 
with gene and time as factors (Graphpad Prism, La Jolla, 
CA). Significant interactions were examined using Sidak 
correction, and data were considered significant if p < 0.05. 
ATP, weight, food consumption, and body composition 
were analyzed by two-tailed t test. Data are presented as 
mean ± SEM.

Results

Body composition

In agreement with the previous data, Crt−/y mice weighed 
less than their Crt+/y counterparts did (t10  =  21.7, 
p < 0.001; Fig. 1a). Body composition analysis showed that 
Crt−/y mice have an increase in body fat percentage when 
compared with Crt+/y mice (t10 = 2.23, p < 0.05; Fig. 1b). 
Over 23  h, Crt−/y mice consumed less food than Crt+/y 
mice (t10 =  3.90, p  <  0.05; Fig.  1c); however, no differ-
ences were observed when adjusted for the body weight of 
the animal.

ATP levels

CrT−/y mice showed ATP reductions in the brain (t10 = 2.3, 
p < 0.05), heart (t10 = 2.91, p < 0.05), and gastrocnemius 
muscle (t9 =  6.7, p < 0.001) compared with CrT+/y mice 
(Fig. 2).

Whole‑body calorimetry‑home cage

Crt−/y mice had increased oxygen consumption (VO2) 
(gene: (F(1,16) = 18.6, p < 0.001; Fig. 3a) at rest compared 
with Crt+/y mice. Interactions between time and gene were 
observed; however, there were no consistent differences 
between individual time points. Crt−/y mice had increased 
CO2 production (F(1,16) = 16.91, p < 0.001; Fig. 3b) com-
pared with Crt+/y mice. When looking at energy expendi-
ture, Crt−/y mice consumed more calories per body weight 
when compared with Crt+/y mice (F(1,16)  =  17.32, 
p < 0.001; Fig. 3c). No significant difference in RER was 
observed (Fig. 3d).

Whole‑body calorimetry‑forced exercise

During treadmill running, Crt−/y mice consumed more 
oxygen (F(1,10) =  7.74, p  <  0.05), produced more CO2 
(F(1,10)  =  8.79, p  <  0.05), and utilized more energy 
(F(1,10)  =  8.16, p  <  0.05) compared with Crt+/y mice 
(Fig. 4). There were no differences in RER.

Mitochondrial function

Increased mitochondrial respiration was observed in the 
hippocampus of Crt−/y mice compared with Crt+/y (main 
effect of gene: F(1,11)  =  290.4; p  <  0.001; Fig.  5a). 
A gene by substrate interaction was also observed 
(F(5,55)  =  1601, p  <  0.001). Increased respiration in 
response to stimulation of OXPHOS CI, OXPHOS 
CI  +  CII, LEAK CI  +  CII, ETC CI  +  CII, and ETC 
CII was observed in Crt−/y mice compared with controls 
(p  <  0.001 for all measures). Respiratory control ratios 
for OXPHOS and the ETC were calculated based on this 
data with Crt−/y mice showing decreases in both measures 
(p < 0.001 for each measure; Fig. 5b).
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Similar to the hippocampus, an overall increase 
in respiration was observed in the muscle of Crt−/y 
mice (F(1,32) =  394.9; p  <  0.001; Fig.  5c). Increased 

oxygen consumption was observed following adminis-
tration of all compounds except FCCP (p < 0.01 for all 
measures).

Fig. 3   Crt−/y mice show 
increased oxygen consumpion 
(a) and carbon dioxide release 
(b) compared with Crt+/y. 
Crt−/y mice also burned more 
calories than Crt+/y mice (c) 
while no changes were observed 
in RER (d). Line above x-axis 
denotes dark cycle of testing. 
N = 8–10 per group. Values are 
mean ± SEM
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Citrate synthase activity was increased in all tissue 
regions examined (p < 0.05; Fig. 5d). The increase in CS 
activity is indicative of increased mitochondria. To deter-
mine if the changes observed were due to increases in mito-
chondrial number, equal amounts of mitochondria from the 
hippocampus of Crt+/y and Crt−/y mice were analyzed using 
the Seahorse XF24e. To elucidate possible mechanisms, a 
subset of mitochondria was given malate and pyruvate as 
substrates, while a second subset was provided with rote-
none and succinate to assess complex I function. Oxygen 
consumption was evaluated following serial administration 
of ADP, oligomycin, FCCP, and antimycin-A. No changes 
in oxygen consumption were observed between genotypes 
(Fig. 6).

No differences were observed in relative levels of repre-
sentative Complex I–Complex V proteins when examined 
by Western blotting (Fig. 7).

Discussion

It has been proposed that the Cr:P-Cr shuttle is the primary 
mechanism in which mitochondria-derived ATP is trans-
ported and utilized at cellular sites of high-energy demand 

(Wallimann et  al. 2011). In addition, it is thought that Cr 
is important for compartmentalizing changes in ATP:ADP 
ratios that could lead to changes in mitochondrial output. 
In this study, we show that the loss of Cr in mice via dele-
tion of the CrT leads to an overall increase in mitochondrial 
respiration in the brain and muscle as well as reduced ATP 
levels. Increased CS activity suggests that the changes in 
mitochondrial respiration could be due to increased mito-
chondria in Crt−/y mice. When controlled for mitochondrial 
number, there are no differences in oxygen consumption 
between Crt+/y and Crt−/y mice. There were no changes 
in mitochondrial subunit protein levels when adjusted for 
the total mitochondrial protein level, further supporting the 
hypothesis that Crt−/y mice have more mitochondria than 
Crt+/y mice. Finally, Crt−/y mice show increased whole-
body respiration and calorie consumption, again suggesting 
an increase in metabolism to compensate for a lack of the 
Cr-P-Cr buffer. Taken together, it appears that the loss of Cr 
leads to an increase in metabolic function.

Crt−/y mice have reduced ATP content and increased 
mitochondrial respiration: to our knowledge, this is the 
first study that comprehensively evaluates mitochon-
drial respiration in the brain of Cr-deficient animals. Cr 
stimulates mitochondrial respiration in the presence and 
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absence of adenosine compounds (Saks et  al. 2007). The 
data presented here are in agreement with studies that have 
depleted Cr using the Crt antagonist ß-guanidinopropionic 
acid (BPA; for meta-analysis, see Oudman et al. 2013). In 
this meta-analysis, chronic BPA administration reduces 
muscle Cr levels by 66 % and ATP levels by 39 %. Mito-
chondrial enzyme activity is elevated in the muscle, sug-
gesting increased OXPHOS or increased mitochondrial 
content, consistent with our findings. In the brain, chronic 
GPA administration leads to a 26 % reduction in Cr and a 
25 % reduction in ATP. An increase in mitochondrial mark-
ers was observed, again suggesting that there is an increase 
in mitochondria in the brain of Cr-depleted animals. The 
authors posited that there is a shift towards oxidative phos-
phorylation in GPA fed animals; our findings are consistent 
with this hypothesis.

Of the genetic Cr-deficient models, the CK-deficient 
mice are the most extensively studied (Kay et  al. 2000). 
Similar to the Crt−/y mice, mice deficient in both iso-
forms of CK showed non-significant reductions in stimu-
lated respiration in cardiac fibers while showing increased 

respiration in muscle fibers (ter Veld et  al. 2005). Mice 
deficient in the Cr-synthesizing enzyme arginine:gylcine 
amidinotransferase (AGAT−/−) shows increased mito-
chondrial enzyme activity in the muscle. Citrate synthase 
activity is increased in the AGAT−/− mice as well (Nabu-
urs et  al. 2013). The increase in mitochondrial activity 
and citrate synthase supports the findings in this study 
that Cr deficiency increases the number of mitochondria. 
The mitochondrial increases in Cr-deficient muscle likely 
compensates for reduced ATP or disrupted ATP:ADP or 
AMP:ATP ratios in the tissue. Crt−/y mice show signifi-
cant reductions in ATP both in this study and as shown 
previously (Russell et al. 2014). AGAT-deficient mice have 
reduced muscular ATP (Nabuurs et  al. 2013). CK knock-
out mice have ATP reductions during seizures and hypoxia 
(Kekelidze et al. 2001); paradoxically double CK knockout 
(CK−/−) mice do not have ATP reductions (in ‘t Zandt et al. 
2004). The discrepancy in ATP levels between the CK−/− 
and Crt−/y mice could provide valuable information on the 
mechanisms underlying the learning deficits observed in 
both models (Skelton et al. 2011; Streijger et al. 2005). In 

Fig. 6   Isolated mitochondria from the hippocampus of Cr+/y and 
Crt−/y mice show similar oxygen consumption when equal numbers 
of mitochondria are examined. a Oxygen consumption was examined 
in isolated mitochondria the presence of malate and pyruvate. No dif-
ferences were observed between groups. b Complex II activity was 
assessed by incubating mitochondria with rotenone and succinate 
prior to respirometry. Values are mean ± SEM, n = 4, with each sam-
ple run in duplicate
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trol. *p < 0.05; n = 4 per group
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addition, future studies on the maintenance of ATP levels 
CK-deficient mice could prove interesting.

Crt−/y mice show increased calorie consumption: Crt−/y 
mice have increased oxygen and CO2 consumption at rest 
as well as during exercise. This further supports the hypoth-
esis that Crt−/y mice increase metabolic output to compen-
sate for the loss of tissue Cr. As Crt−/y mice do not appear 
to be hyperactive (Skelton et al. 2011), it is unlikely that the 
increases in gas exchange are due to increased activity by 
the Crt−/y mice. Cr is important in thermoregulation (Kazak 
et  al. 2015), and it is possible that this plays a role in the 
metabolic increases seen in Crt−/y mice. Future studies will 
be designed to investigate the ability of the Crt−/y mouse 
to maintain body temperature in response to cold stress. 
Interestingly, there were no overall changes in RER which 
is known to correlate to the type of fuel (carbohydrate, fat 
or protein) being used for energy (Simonson and DeFronzo 
1990). This suggests that Crt−/y mice do not differentially 
switch to alternate fuel sources when subjected to exercise.

Crt−/y mice have reduced stature and increased body 
fat: Crt−/y mice show reductions in body weight, similar to 
our previous study (Skelton et al. 2011). Crt−/y mice have 
increased body fat when compared with Cr+/y mice, sug-
gesting that the weight differences seen are likely due to 
a loss in muscle mass. The reduction in lean body mass 
could be considered at odds with human data showing nor-
mal levels of Cr in the muscle of two CTD patients (Pyne-
Geithman et al. 2004; deGrauw et al. 2003). There are now 
over 150 CTD patients; however, there have been no new 
reports on muscle Cr levels using either MRS or biochemi-
cal methods. Hypotonia is the second most common co-
morbidity in CTD patients (Dunbar et al. 2014), suggesting 
that muscle is sensitive to the loss of Cr. A more compre-
hensive examination of muscle Cr levels in CTD patients is 
required prior to dismissing the muscle phenotype of Crt−/y 
mice as inconsistent with the human data.

In conclusion, CrT deficiency results in increased energy 
expenditure likely to compensate for reductions in ATP. 
The increased energy expenditure accompanies an increase 
in mitochondria in the muscle and brain of Crt−/y mice. The 
mechanism underlies these changes in currently unknown. 
Cr and CrT expressions have been linked to several meta-
bolic signaling molecules, such as mTOR (Shojaiefard 
et al. 2006), PI3 kinase/AKT (Cunha et al. 2015), and AMP 
activated kinase (Nabuurs et  al. 2013). Thus, studies to 
investigate the role of these kinases and signaling pathways 
in the CrT mediated changes in both mitochondrial func-
tion and the overall phenotype of these mice should be con-
sidered in future studies.
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