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Fatty acids (FA) are an important energy source
during exercise. In addition to its role as an energy
supply for skeletal muscle, FA may activate signaling
pathways that regulate gene expression. FA
translocase/cluster of differentiation 36 (CD36) and
G protein-coupled receptor GPR120 are long-chain
FA receptors. In this study, we investigated the
impact of CD36 or GPR120 deletion on energy
metabolism during exercise. CD36 has been reported
to facilitate cellular transport and oxidation of FA
during endurance exercise. We show that CD36
deletion decreased exogenous FA oxidation during
exercise, using a combination of BC-labeled FA
oxidation measurement and indirect calorimetry. In
contrast, GPR120 deletion had no observable effect
on energy metabolism during exercise. Our results
further substantiate that CD36-mediated FA trans-
port plays an essential role in efficient FA oxidation
during exercise.

Key words: CD36; GPR120; endurance exercise;
13C-labeled fatty acid oxidation measure-
ment; indirect calorimetry

Energy substrates during exercise are determined by
the intensity and duration of the exercise. The main
fuel sources for endurance exercise are carbohydrates
and fat. Prior fat utilization will spare glycogen stores
and prevent hypoglycemia, and thus may be advanta-
geous for endurance exercise. Non-esterified fatty acids
(NEFAs) supplied via the bloodstream to contracting
muscles are an important energy substrate for endur-
ance exercise. ™ Furthermore, the concentration of
NEFA in the blood increases during low—moderate
exercise intensity and has also been suggested to be
involved in activating signaling pathways that regulate
gene expression in fat and carbohydrate metabolism.®™®

Fatty acid (FA) translocase, also known as cluster of
differentiation 36 (CD36), is a multifunctional trans-
membrane glycoprotein that binds long-chain fatty
acids (LCFAs) and facilitates their uptake into cells.”
Recently, McFarlan et al. showed higher respiratory
exchange ratio (RER) and lower FA transport in iso-
lated skeletal muscle in CD36 knockout (CD36KO)
mice than in wild-type (WT) mice during exercise, con-
cluding that CD36 is a key component of the molecular
machinery required for regulating skeletal muscle
energy substrate utilization during exercise.'” However,
their data of respiratory gas analysis was just an aver-
age of exercise session and the time-course data of
real-time changes in the whole animal with regard to
carbohydrate, and fat oxidation of CD36KO mice has
never been presented. Indirect calorimetry measure-
ments may not provide an accurate measure of sub-
strate oxidation under conditions when rates of
gluconeogenesis, ketogenesis, or lipogenesis are ele-
vated.'” In actual exercise (under the changing circum-
stances depending on exercise duration), further
detailed studies of the role of CD36 in NEFA uptake
and utilization was required.

LCFA has been shown to activate the G protein-
coupled receptor GPR120.' 1In recent years, the
involvement of GPR120 in regulation of whole-body
energy metabolism has been increasingly demonstrated.
Deficiency of GPR120 alters the expression of genes
regulating carbohydrate and fat metabolism, such as
Scdl, Cd36, and insulin-signaling components, in adi-
pose tissue and liver."> In addition, previous studies
have reported that stimulation of GPR120 in 3T3-L1
adipocytes increased glucose transporter 4 (GLUT4)
translocation to the cell surface,'® and that GPR120
mRNA in skeletal and cardiac muscle was elevated in
rats that fed a high-fat diet.'® Thus, GPRI20 is
hypothesized to detect and respond to not only dietary
FAs, but also to those increased by lipolysis during
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exercise, thereby participating in the regulation of
carbohydrate and fat metabolism.

CD36 is associated with LCFA-induced signal trans-
duction in various cells as well as facilitation of LCFA
uptake. Both CD36 and GPR120 can bind LCFA and
function in the same direction via a distinct mecha-
nism, as evidenced in studies reporting increases in
free intracellular calcium concentrations in taste bud
cells,'® secretion of gut peptides from intestinal
endocrine cells,'”'® and adipocyte differentiation and
lipogenesis,'”? whereas they exert opposite effects in
other instances, such as pro-inflammatory CD36 effects
in adipocytes and macrophages®” and anti-inflamma-
tory GPR120 effects in macrophages.'® Accordingly,
the present study aims to investigate the impact of
CD36 and GPR120 deficiency in the regulation of
whole-body energy metabolism during endurance exer-
cise via comparison of CD36KO, GPR120 knockout
(GPR120KO), and their corresponding WT littermates.
In addition, the role of CD36 as a LCFA transporter in
endurance exercise was further studied by estimating
exogenous FA utilization in combination with measure-
ment of *C-labeled substrate oxidation and indirect
calorimetry in CD36KO and WT littermates. As °C is
a stable isotope that makes up 1.115% of the carbon
found in nature, the metabolic rate of '3C-labeled
substrates can be determined by measurement of the
expiratory 13 COy/*2CO, ratio. This method allows for
the noninvasive monitoring of real-time changes in
substrate oxidation in freely moving animals.*>*>

Materials and methods

Animals.  This study was approved by and con-
ducted in accordance with the ethics guidelines of the
Kyoto University Animal Experimentation Committee
and in complete compliance with the National Institutes
of Health Guide for the Care and Use of Laboratory
Animals. CD36KO mice were maintained on a
CS7BL6/J background, kindly provided by Mason W.
Freeman, MD, PhD, from Harvard Medical School.??
GPR120KO mice on a BALB/c background were
kindly provided by Dr Eguchi Ai of Kyoto University
Graduate School of Agriculture. Mice were bred and
housed under controlled temperature (22 °C) and light-
ing (12:12h light-dark cycle) with free access to
standard mouse chow (MF, Oriental Yeast, Tokyo,
Japan) and water. Male KO mice and WT littermates
(11-14 weeks old) were used throughout this study. All
experiments were carried out during the daytime
(8:00-18:00h). To habituate mice to running on the
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Fig. 1. Genotyping of mouse tail DNA by PCR.
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treadmill, mice were run at 5-8 m/min (incline of 0°)
for 10 min on the day before the experiment.

Genotyping. Genomic tail DNA samples were
extracted using a nucleic acid extraction kit (Kurashiki
Boseki, Kurashiki-shi, Japan). Genotyping was per-
formed by PCR (GoTaq® Hot Start green Master Mix:
Promega Corp., Madison, WI, USA) with cycle condi-
tions of 94 °C for 30s, 58 °C for 30s, and 72 °C for
1 min for 38 cycles with a final extension of 5min at
72 °C. PCR products were separated on a 2% agarose
gel and visualized by SYBR Gold staining (SYBR®
Gold Nucleic Acid Gel Stain, Invitrogen™, Life
Technologies Corp., Carlsbad, CA, USA). PCR
primers used to genotype CD36KO mice were as fol-
lows: 5-AGCTCCAGCAATGAGCCCAC-3' (forward,
WT), 5-TGGAAGGATTGGAGCTACGG-3' (forward,
KO), and 5-CATACATTGCTGTTTATGCATGA-3'
(reverse, KO or WT) (Fig. 1(A)). PCR primers used to
genotype GPR120KO mice were as follows: 5'-GCTC-
TTCTACGTGATGACAATGAG-3" (forward, WT), 5'-
GAAGGGTGAGAACAGAGTACCTACA-3" (forward,
KO), and 5-CCACCCACGACCTATTATTGTTAC-3’
(reverse, KO or WT) (Fig. 1(B)).

Respiratory gas analysis.  Respiratory gas analysis
was performed using an open-circuit metabolic gas
analysis system connected directly to a mass spectrom-
eter (Arco2000; ArcoSystem, Chiba, Japan). Each
mouse was placed in a metabolic chamber designed to
measure respiratory gas, and measurements were
recorded as described previously.”” The running sys-
tem was a modular enclosed metabolic treadmill appa-
ratus for mice (Columbus Instruments, Columbus, OH)
consisting of four running lanes of equal dimensions
(305 x 51 x 44 mm), with each lane encased in a meta-
bolic chamber with an inside volume of approximately
2000 cm®. An electric fan was used to mix the air. The
mice were allowed to remain sedentary in the treadmill
chamber for 45 min before being subjected to running
at 10m/min (incline of 3°) for 30 min. A sedentary
state analysis was carried out with metabolic chamber
having an inside volume of approximately 1280 cm®.
To investigate the effect of fasting and of a novel envi-
ronment, analyses began immediately after mice were
held in a chamber without food and water.

Oxidation of exogenous lipid and glucose during
exercise.  Oxidation of exogenous FA and glucose were
assessed based on '*CO, expiration in respiratory gas
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Notes: (A) Agarose gel electrophoresis of SYBR gold-stained PCR products from CD36 knockout (370 bp band), WT (600 bp band), and hetero-
zygous (2 bands; 370 and 600 bp) mice. (B) Agarose gel electrophoresis of SYBR gold-stained PCR products from GPR120 knockout (362 bp

band), WT (576 bp band), and heterozygous (2 bands; 362 and 576 bp) mice.
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after intragastric administration of '*C-labeled palmitic
acid or glucose.???» '3C-labeled palmitic acid (Isotec,
Tokyo, Japan) solution containing 0.5% methylcellulose
was intragastrically administered to mice 30 and 15 min
before exercise at a concentration of 10 mM. *C-labeled
glucose (Isotec, Tokyo, Japan) solution was intragastri-
cally administered to mice 5min before exercise at a
concentration of 20 mM. The total amount of '*C-labeled
palmitic acid or glucose administered was 0.2 mmol/kg
body weight, respectively.

Endurance test. ~ Mice were exercised on a motor-
ized treadmill (MK-680, Muromachi Kikai, Tokyo,
Japan). An incremental protocol with increasing work-
loads was used (Fig. 3A). Four CD36KO mice and
four WT mice were placed in individual treadmill lanes
and ran in parallel. During the first 30 min, the speed
was 10m/min and increased 2m/min every 30 min
thereafter (incline of 3°). Exhaustion was defined as
remaining on the shock electrode for more than 30 s.

Analysis of serum energy substrates.  Blood sam-
ples were collected by decapitation. Mice were
deprived of food for 60-90 min, and samples were col-
lected at a sedentary state and just after treadmill run-
ning at 10 m/min (incline of 3°) for 30 min. Serum
samples were isolated by centrifugation and stored at
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—70°C until analysis. Serum glucose, lactate, NEFA,
glycerol, beta-hydroxybutyric acid, and triglyceride
(TG) levels were measured using appropriate assay Kkits
(Glucose AR2: Wako Pure Chemical Industries, Ltd.,
Osaka, Japan; determiner LA: Kyowa Medex, Tokyo,
Japan; NEFA C Test Wako: Wako Pure Chemical
Industries; Glycerol Assay Kit: Funakoshi Co. Ltd.,
Tokyo, Japan; Ketone Test: Sanwa Chemical Institute,
Nagoya, Japan; and TG E Test Wako: Wako Pure
Chemical Industries).

Statistics.  Data are expressed as the mean+SEM.
Data from respiratory gas analyses during exercise were
analyzed by two-way repeated measures ANOVA and
Student’s #-test with Bonferroni corrections. Data from
serum samples and endurance capacity were analyzed
using an unpaired t-test. p values of 5% or less were
considered statistically significant. Statistical analysis
was conducted using the GraphPad Prism 5 software
package (GraphPad, San Diego, CA, USA).

Results

RER and oxygen consumption during treadmill
running and exercise performance

Respiratory exchange ratio (RER; Fig. 2(A) and (C))
and oxygen consumption (VO,; Fig. 2(B) and (D))
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Fig. 2. Energy expenditure and substrate oxidation in CD36 and GPR120 knockout mice during exercise.

Notes: Time-course changes during treadmill running in respiratory exchange ratio (RER, A and C) and oxygen consumption (VO,, B and D)
were determined by respiratory gas analysis, and expressed as the means+ SEM at each time point. A and B, CD36 knockout (CD36KO) mice
and WT littermates were forced to run on a treadmill at 10 m/min (incline of 3°) for 30 min (n=8 for CD36KO; n=8 for WT). p values were
obtained by comparison of CD36KO and WT mice using two-way repeated measures ANOVA followed by Student’s #-test with Bonferroni correc-
tions. * p<0.05 for CD36KO represents a significant difference versus WT littermates at each time point. C and D, GPR120 knockout
(GPR120KO) mice and WT littermates were forced to run on a treadmill at 10 m/min (incline of 3°) for 30 min (2=6 for GPR120KO; n=6 for
WT). p values were obtained by comparison of GPR120KO and WT mice using two-way repeated measures ANOVA followed by Student’s #-test

with Bonferroni corrections.
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Fig. 3. Endurance capacity of CD36 knockout mice.

Notes: (A) Schematic representation of the treadmill protocol used for endurance exercise. (B) Running distance to fatigue of CD36 knockout
(CD36KO0) mice and WT littermates. Each value is the mean+SEM (n=4 for CD36KO; n=4 for WT). p values were obtained by comparison of
CD36KO and WT mice by Student’s #test. **p<0.01 for CD36KO represents a significant decrease versus WT littermates.

during treadmill running at 10 m/min (incline of 3°) for significantly shorter than that of WT mice (p<0.01,
30 min are shown in Fig. 2. Before running (from —15 Student’s #-test; Fig. 3(B)). There were no differences
to 0 min), RER tended to be higher in CD36KO mice in RER and VO, between GPR120KO and WT mice
than in WT mice but did not reach significance (p>0.05, two-way repeated measures ANOVA before

(p=0.0554, 2-way repeated measures ANOVA). RER and during exercise; Fig. 2(C) and (D)).
was higher in CD36KO mice compared with WT mice
during exercise (p <0.01, two-way repeated measures

ANOVA during exercise; Fig. 2(A)). There was no Exogenous FA and glucose as energy substrates
difference in VO, between CD36KO and WT mice during exercise

(p>0.05, two-way repeated measures ANOVA before Exogenous FA oxidation during exercise was
and during exercise; Fig. 2(B)). To investigate the assessed through '*C-labeled carbon dioxide excretion
running endurance capacity, an incremental protocol in respiratory gas after administration of C-palmitic
with increasing workloads was used (Fig. 3(A)), Run- acids by stomach tube. '*C/'’C (Fig. 4(A)), RER

ning distance until exhaustion of CD36KO mice was (Fig. 4(B)), and VO, (Fig. 4(C)) during treadmill
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Fig. 4. Exogenous substrate oxidation in CD36 knockout mice during exercise.

Notes: Time-course changes during treadmill running in 3¢/2C (A and D), respiratory exchange ratio (RER, B and E), and oxygen consumption
(VO,, C and F) were determined by respiratory gas analysis and '>C-labeled fatty acid (FA) and glucose breath tests, and expressed as the means
+SEM at each time point. A, B, and C, Mice were administrated intragastrically with '*C-labeled palmitic acid solution (**C-PA) 30 and 15 min
before forced treadmill running at 10 m/min (incline of 3°) for 30 min. The total amount of *C-labeled palmitic acid was 0.2 mmol/kg body weight
([((n=7 for CD36 knockout (CD36KO); n=6 for WT]). D, E, and F, Mice were intragastrically administrated 13C-labeled glucose solution
(**C-Glu) 5 min before forced treadmill running at 10 m/min (incline of 3°) for 30 min. The total amount of glucose administered was 0.2 mmol/kg
body weight (n=8 for CD36KO; n="7 for WT). p values were obtained by comparison of CD36KO and WT mice using two-way repeated mea-
sures ANOVA followed by Student’s #-test with Bonferroni corrections. *p <0.05 and **p <0.01 for CD36KO represents a significant difference
versus WT littermates at each time point.
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running at 10 m/min (incline of 3°) for 30 min are
shown. During exercise, “C/'’C was significantly
lower in CD36KO mice than in WT mice (p <0.05,
two-way repeated measures ANOVA during exercise;
9 min: p <0.05, Student’s ¢-test with Bonferroni correc-
tions; Fig. 2(A)). RER was significantly higher in
CD36KO mice than in WT mice (p<0.05, two-way
repeated measures ANOVA during exercise; 3 min:
p<0.01, Student’s r-test with Bonferroni corrections;
Fig. 4(B)), consistent with the changing patterns of

B3C/"2C during exercise. There was no difference in
VO, between WT and CD36KO mice (p =0.3989, two-
way repeated measures ANOVA during exercise;
Fig. 4(C)).

Exogenous glucose oxidation was also assessed dur-
ing exercise. °C/'*C (Fig. 4(D)), RER (Fig. 4(E)), and
VO, (Fig. 4(F)) during treadmill running at 10 m/min
(incline of 3°) for 30 min are shown. During exercise,
3C/*C was significantly higher in CD36KO mice than
in WT mice (p<0.05, two-way repeated measures

Table 1. Serum energy substrates at sedentary state and during treadmill running.

Sedentary Exercise 2 way ANOVA

WT CD36KO WT CD36KO Interaction Genotype Exercise
Glucose (mg/dL) 178+2 162+3 168+10 132+7" ns p<0.05 p<0.05
LA® (mM) 0.82+0.13 0.99+0.15 0.53+0.06 0.73+0.19 ns ns ns
NEFA® (mEq/L) 0.61+0.02 0.87+0.05" 0.90£0.04 1.25+0.08™" ns p<0.001 p<0.001
Glycerol (uM) 261 £25 25425 340=9 360+35 ns ns p<0.01
BHBA® (mM) 134+46 320+67 382+73 751+£94"" ns p<0.01 p<0.001
TG* (mg/dL) 58.4+9.9 65.5+4.5 59.0£5.6 55.4+2.6 ns ns ns

Notes: Serum concentrations of glucose, lactic acid (LA), nonesterified fatty acid (NEFA), glycerol, beta-hydroxybutyric acid (BHBA), and triglyceride (TG) at seden-
tary state and immediately after treadmill running (10 m/min, incline 3°, 30 min) are shown. Blood samples were collected by decapitation. Mice were deprived of
food for 60-90 min (n=>5 for CD36 knockout (CD36KO) at sedentary; n=35 for CD36KO after exercise; n=4 for WT at sedentary; n=6 for WT after exercise).
p values were obtained by comparison of CD36KO and WT mice using 2-way ANOVA followed by Student’s r-test with Bonferroni corrections. “p<0.05,
“p<0.01, and *up <0.001 for CD36KO represents significant differences versus WT littermates.

*lactic acid.

®nonesterified fatty acid.
“beta-hyderoxydutyric acid.
diriglyceride.
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Fig. 5 Energy expenditure and substrate oxidation in CD36 knockout mice at rest.

Notes: (A) and (B), Diurnal changes in respiratory exchange ratio (RER, A) and oxygen consumption (VO,, B) were determined by respiratory
gas analysis and expressed as the means = SEM at each time point. Mice were given food and water ad libitum and held individually in a chamber
for 20 h before the expired air was analyzed (n=4 for CD36 knockout (CD36KO); n=6 for WT). C and D, RER (C) and VO, (D) were deter-
mined by respiratory gas analysis and expressed as the means = SEM at each time point. The analyses began immediately after mice were held in a
chamber without food and water (n=4 for CD36KO; n=4 for WT). p values were obtained by comparison of CD36KO and WT mice using two-
way repeated measures ANOVA followed by Student’s z-test with Bonferroni corrections.
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ANOVA during exercise; 6 and 15min: p<0.05;
9-12 min: p<0.01, Student’s #-test with Bonferroni cor-
rections; Fig. 4(D)). RER was significantly higher in
CD36KO mice compared with WT mice (p<0.05,
two-way repeated measures ANOVA during exercise;
6 min: p <0.05, by Student’s #-test with Bonferroni cor-
rections; Fig. 4(E)). There was no difference in VO,
between WT and CD36KO mice (p=0.8202, two-way
repeated measures ANOVA during exercise; Fig. 4(F)).

Serum energy substrates before and during treadmill
running

Serum concentrations of glucose, lactate, NEFA,
glycerol, beta-hydroxybutyric acid, and TG before and
after treadmill running (10 m/min, incline 3°, 30 min)
are shown in Table 1. Serum glucose levels decreased,
while NEFA, glycerol, and beta-hydroxybutyric acid
levels increased after running compared with before
running (glucose: p <0.05; NEFA: p<0.001; glycerol:
p<0.01; beta-hydroxybutyric acid: p<0.001, two-way
ANOVA; Table 1). Serum glucose levels after running
were lower in CD36KO mice compared with WT mice
(p<0.05, by Student’s t-test with Bonferroni correc-
tions). The concentration of NEFA before and after
running was higher in CD36KO mice compared with
WT mice (p<0.001, by Student’s z-test with Bonfer-
roni corrections). In contrast, there were no significant
differences in glycerol levels before or after running
between CD36KO and WT mice. Beta-hydroxybutyric
acid levels after running were higher in CD36KO mice
compared with WT mice (p<0.01, by Student’s #test
with Bonferroni corrections). There were no significant
differences in the concentrations of lactate or TG
before or after running between CD36KO and WT
mice (two-way ANOVA; Table 1).

RER and oxygen consumption at a sedentary state

RER (Fig. 5(A)) and VO, (Fig. 5(B)) at sedentary
state were not affected in CD36KO mice compared
with WT mice over a 24h time period (RER:
p=0.6877; VO,: p=0.9784, two-way repeated mea-
sures ANOVA). In a fasted state in a novel environ-
ment, RER tended to be higher in CD36KO mice than
in WT mice but did not reach significance (p =0.1238,
two-way repeated measures ANOVA; Fig. 5(C)). There
was no difference in VO, between WT and CD36KO
mice (p=0.2909, two-way repeated measures ANOVA;
Fig. 5(D)).

Discussion

During endurance exercise, NEFA derived from
lipolysis of adipose tissue triglyceride, intramuscular
triglyceride (IMTQ), triglyceride in the blood from chy-
lomicrons, or from very low-density lipoprotein, is an
important source of energy. A central role for CD36-
mediated NEFA transport in regulating skeletal muscle
FA oxidation during exercise and influencing aerobic
exercise performance has been previously demonstrated
by higher RER and lower FA transport in isolated
skeletal muscle in CD36KO mice than in WT mice.'”

384

Further, in the present study, we provide more direct
evidence in the whole animal that deficiency of CD36
leads to attenuated uptake and oxidation of NEFA and
compensational strengthening of glucose utilization dur-
ing actual exercise by directly evaluating the real-time
changes of '’C-labeled FA and glucose oxidation
(Fig. 4(A) and (D)).***® Primary energy sources uti-
lized during exercise include skeletal muscle glycogen,
IMTG, and extramuscular (blood-derived) glucose and
NEFA." CD36KO mice fed a chow diet had lower
glycogen levels in the liver, heart, and muscle, lower
TG levels in muscle and heart, and twofold higher TG
levels in the liver compared with WT mice.'%*> The
current study further substantiates that deletion of
CD36 affects whole-body fat utilization by not only
changing the amount and distribution of energy sources
but also by decreasing blood-derived NEFA uptake and
oxidation during exercise. Correspondingly, McFarlan
et al. reported that the increased NEFA transport rate in
giant sarcolemmal vesicles derived from CD36KO
mice was 1.7-fold lower than from WT mice after exer-
cise.'” However, the decreased exogenous FA
oxidation observed in CD36KO mice could also be
attributable to decreased intestinal FA absorption. When
FA and TG were administered in the gastrointestinal
tract, the rates of appearance in blood were similar
between CD36KO and WT mice%’m; thus, we intra-
gastrically administered >C-labeled FA to mice in this
study. It has also been suggested that CD36 deficiency
affects intestinal absorption of FA and chylomicron
production,”® and results were conflicting regarding
secretion of intestine-derived lipoproteins into the
mesenteric lymph.>*>? Although the kinetics of intes-
tine-derived FA in CD36-deficient animals are not yet
completely understood, the above changes might con-
tribute to the decreased exogenous FA oxidation during
endurance exercise, though this possibility requires
further investigation.

Our results showed that the increase in exogenous
glucose oxidation in CD36KO mice was greater than in
WT mice during exercise. The rate of muscle glycogen
utilization and depletion of hepatic glycogen in
CD36KO mice was reported to be higher than in WT
mice.'” These results demonstrate that CD36-mediated
NEFA transport plays an essential role in efficient
NEFA oxidation during endurance exercise, leading to
sparing of carbohydrates that can be advantageous for
prolonged endurance exercise.

Though CD36KO had no significant effect on seden-
tary energy metabolism, during ad libitum feeding, or
in a habituated environment, it did result in a tendency
towards higher RER than WT mice during food and
water deprivation and in a novel environment. NEFA
could be incorporated into cells by transporters other
than CD36 (i.e. plasma membrane-associated fatty
acid-binding protein or fatty acid transport proteins 1
and 4) or via passive difﬁlSiOn;9’31’32> however, during
NEFA consumption conditions such as physical exer-
cise, fasting, and in a novel environment, the effect of
CD36 deficiency is likely not fully compensated by the
other pathways.

Higher serum concentrations of NEFA and ketones
(beta-hydroxybutyric acid) were observed after running
in CD36KO mice, though glycerol concentration was
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not different from WT mice (Table 1), and CD36KO
lipolysis during treadmill running seemed similar to
WT mice. With regards to serum ketone levels, CD36
is expressed in the liver at extremely low levels under
normal conditions,®® and a higher concentration of
plasma ketone with increased NEFA influx to the liver
of CD36KO mice has been reported.>* In CD36KO
mice, enhancement of lipolysis induced by running
caused an increased influx of NEFA to the liver,
resulting in higher ketone production. Contradictory to
other studies,”>63*39 serum TG levels were similar
in both groups of mice before exercise under our
experimental conditions (blood samples were collected
after 1-1.5h fasting during the light phase). Sandoval
et al. also reported no significant difference in
serum TG levels between CD36KO and WT mice
after 12h of food deprivation.’® Several hypothe-
ses were proposed, but the mechanism of hyperlipid-
emia in CD36KO mice has not been completely
elucidated.?62%>%

No significant difference in blood glucose levels
was observed between genotypes in sedentary condi-
tions in this study, and similar results were observed
in fed-state mice.”” However, CD36KO mice showed
significantly lower glucose levels compared with WT
mice during exercise. Taken together with the higher
exogenous glucose oxidation in CD36KO mice, the
lower blood glucose in CD36KO mice is likely due
to increased uptake and oxidation of blood glucose
during exercise. Exercise-induced increased serum
lactate levels were not observed in either genotype,
suggesting that the exercise intensity was mild in this
study.

We did not observe any effect of GPR120 deletion
on energy metabolism during exercise (Fig. 2(C) and
(D)). Although GPR120 functions as a receptor for
LCFA,'? it did not facilitate NEFA transport as an
energy substrate distinct from CD36. However, previ-
ous studies have shown that GPR120 has a key role in
sensing dietary fat, and consequently in the control of
carbohydrate and fat metabolism.'> Furthermore, stim-
ulation of GPR120 with docosahexaenoic acid in 3T3-
L1 adipocytes increased GLUT4 translocation to the
cell surface with a subsequent increase in glucose trans-
port into the cells.'® Expression of GPR120 is very
low and its function unclear in skeletal muscle, but
GPR120 mRNA in cardiac tissue and extensor digito-
rum longus muscle were elevated in high-fat diet-fed
rats.’> It is conceivable that GPR120 not only detects
dietary FAs, but also the increased NEFA derived from
exercise-induced lipolysis, harmonizing the regulation
of energy. Under conditions differing from the current
study, energy metabolism during exercise may be
affected by GPR120 deletion.

We investigated the impact of CD36 and GPR120
deletions on NEFA utilization during exercise. No
effects of GPR120 deletion were observed on energy
metabolism during exercise. However, CD36 deletion
decreased whole-body exogenous FA oxidation and
increased compensatory exogenous glucose oxidation.
Our results provide evidence in the whole animal that
CD36-mediated NEFA transport plays an essential role
in efficient NEFA oxidation during exercise, which can
be advantageous in endurance exercise.
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DIEP Flap Breast Reconstruction Using
3-dimensional Surface Imaging and a Printed Mold
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Summary: Recent advances in 3-dimensional (3D) surface imaging tech-
nologies allow for digital quantification of complex breast tissue. We per-
formed 11 unilateral breast reconstructions with deep inferior epigastric
artery perforator (DIEP) flaps (5 immediate, 6 delayed) using 3D surface
imaging for easier surgery planning and 3D-printed molds for shaping
the breast neoparenchyma. A single- or double-pedicle flap was preopera-
tively planned according to the estimated tissue volume required and esti-
mated total flap volume. The DIEP flap was then intraoperatively shaped
with a 3D-printed mold that was based on a horizontally inverted shape of
the contralateral breast. Cosmetic outcomes were assessed as satisfactory,
as confirmed by the postoperative 3D measurements of bilateral breasts.
We believe that DIEP flap reconstruction assisted with 3D surface imag-
ing and a 3D-printed mold is a simple and quick method for rebuilding a
symmetric breast. (Plast Reconstr Surg Glob Open 2015;3:e316; doi: 10.1097/
GOX.0000000000000288; Published online 5 March 2015)

Recent advances in 3-dimensional (3D) body sur-

(DIEP) flap is widely used in autologous tissue

breast reconstruction because it offers a large
volume of soft tissue without sacrificing the rectus
muscle, with fewer complications such as hernia or
bulge formation."* To optimize cosmetic outcomes
in unilateral DIEP flap breast reconstruction, an ad-
equate volume of flap tissue with good blood flow
should be prepared and molded into a shape simi-
lar to the contralateral breast. For an inexperienced
surgeon, however, surgery planning (eg, single- or
double-pedicle) and intraoperative breast shaping
can be difficult.

The deep inferior epigastric artery perforator
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face imaging enable us to digitally quantify complex
breast regions noninvasively.>* Models built with
a personal 3D printer have also been used to aid
various reconstructive surgeries.”® We recently used
these technologies, and in this report, we document
our experiences with unilateral DIEP flap breast re-
construction with 3D surface imaging to improve
surgery planning and 3D-printed molds to shape a
breast symmetrical to the contralateral breast.

PATIENTS AND METHODS

Between April and October 2014, unilateral breast
reconstruction with a DIEP flap was performed in 11
breast cancer patients at the Osaka University Hos-
pital. The mean age of the patients was 50.7 years
(range, 41-63 years), and the mean follow-up was 5
months (range, 3-8 months). Four cases were imme-
diate reconstructions (after skin-sparing mastecto-
my), 1 was a delayed-immediate reconstruction, and
6 were 2-stage delayed reconstructions. This study
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was approved by our institutional review board, and
appropriate informed consent was obtained from
the patients.

3D Measurement of Breast Region and Estimation of
Required Flap Volume

3D surface imaging of the bilateral breast region
was performed in a sitting position with the David
Structured Light Scanner SLS-1 (David Vision Systems
GmbH, Koblenz, Germany) according to manufac-
turer’s instructions. Typically, 2 prepared single shots
were combined into one 3D image. Analysis was then
performed with 3D image data analysis software devel-
oped for breast reconstruction (Breast-Rugle, Medic
Engineering, Kyoto, Japan), and breast volume was es-
timated bilaterally (Fig. 1A). Estimated required flap
volume was based on contralateral breast volume for
l-stage reconstruction or the volume difference be-
tween both sides for 2-stage reconstruction.

In 2-stage reconstruction, an anatomical inte-
grated port tissue expander (Natrelle133, Allergan,
Tokyo, Japan) was inserted subcutaneously in pa-
tients with no radiotherapy history or subpectorally
in patients with radiotherapy before reconstruction.
Final expansion volume was determined by estimat-
ed required flap volume and shape of the contralat-
eral breast.

B B
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Estimation of Total Flap Volume and Determination
of Flap Type

The total volume of DIEP flap can be precisely es-
timated by abdominal multidetector-row computed
tomography and 3D imaging software.” However, to-
tal flap volume can also be estimated with the follow-
ing formula: total flap volume (ml) = total flap area
(cm?) x mean subcutaneous fat thickness (cm). Total
flap area was calculated using a preoperative abdom-
inal photograph (Fig. 1B) and public domain image
software (Image |, Wayne Rasband, National Institute
of Health, Bethesda, Md.)). Mean subcutaneous fat
thickness was determined by ultrasonic evaluation
of subcutaneous fat at the upper and lower borders
of the flap (Fig. 1B). Flap type was determined by
dividing required flap volume by total flap volume,
with a value greater than 0.6-0.7 (depending on size,
number, and location of perforators®’) necessitating
a double-pedicle DIEP flap (ie, bilateral deep infe-
rior epigastric vessels are used) (Fig. 1C).

Breast Mold Creation and Breast Mound Shaping
Using the Breast-Rugle software, contralateral
breast data were horizontally inverted to generate
breast mold data. An acrylonitrile-butadiene—styrene
copolymer breast mold was then created with a per-
sonal 3D printer (MakerBot Replicator 2x, MakerBot

\

Estimated total flap volume (ml)

Region Rt. Breast (ml) | Lt. Breast (ml)

Overall 43 ‘ 454.1 = Total flap area (em®) x Mean subcutaneous c

:.’::: m::: 1 {: i 1%:"‘5 fat thickness at upper () and lower (#) l |

Upper lateral 84 | 173.8 Required flap volume/ Total flap volume

Cowsriaseral 150 0000 i) e border of flap (cm) g P d
<06~0.7 06~0.7<
Single pedicle Double pedicle

estimated from bilateral breast images using 3D image data analysis software. B and C, Total flap volume was estimated using
the formula shown, and flap type was determined preoperatively. D, Contralateral breast shape was horizontally inverted, and
an acrylonitrile-butadiene-styrene copolymer breast mold was created using a personal 3D printer. E, After vascular anasto-
mosis, the de-epithelialized flap was placed in the mold and fixed to shape a symmetric breast.
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