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Abstract

Obesity may result from altered fatty acid (FA) disposal. Altered FA distribution in obese in-
dividuals is poorly understood. Lean wild-type C57BL/6J and obese C57BL/6J°?°° mice re-
ceived an oral dose of [1-'C]18:1n-9 (oleic acid), and the radioactivity in tissues was
evaluated at various time points. The '*C concentration decreased rapidly in gastrointesti-
nal tract but gradually increased and peaked at 96 h in adipose tissue, muscle and skin in
lean mice. The '*C concentration was constant in adipose tissue and muscle of obese mice
from 4h to 168h. *C-label content in adipose tissue was significantly affected by genotype,
whereas muscle '*C-label content was affected by genotype, time and the interaction be-
tween genotype and time. There was higher total '“C retention (47.7%) in obese mice than
in lean mice (9.0%) at 168 h (P<0.05). The '*C concentrations in the soleus and gastrocne-
mius muscle were higher in obese mice than in lean mice (P<0.05). Perirenal adipose tis-
sue contained the highest '*C content in lean mice, whereas subcutaneous adipose tissue
(SAT) had the highest '*C content and accounted for the largest proportion of total radioac-
tivity among fat depots in obese mice. More lipid radioactivity was recovered as TAG in SAT
from obese mice than from lean mice (P<0.05). Gene expression suggested acyl CoA bind-
ing protein and fatty acid binding protein are important for FA distribution in adipose tissue
and muscle. The FA distribution in major tissues was altered in ob/ob mice, perhaps con-
tributing to obesity. Understanding the disparity in FA disposal between lean and obese
mice may reveal novel targets for the treatment and prevention of obesity.

Introduction

Obesity is characterized by hyperlipidemia and elevated triglyceride stores, which may be
caused in part by an alteration in the disposal of fatty acids (FAs) [1]. FAs play important roles
in various cellular functions, including metabolic energy generation and storage, membrane
lipid synthesis, and intracellular signaling [2]. Chronic imbalances in FA flux and metabolism
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cause numerous metabolic abnormalities and pathologies, including hyperlipidemia, obesity,
type 2 diabetes mellitus, nonalcoholic fatty liver disease and cancer [3,4]. Alterations in FA up-
take has been reported to be of primary importance for the regulation of FA disposal [5], thus
understanding the changes in FA uptake and the underlying rationale in obese individuals will
provide insight into the mechanism leading to disordered triglyceride storage and the final obe-
sity. Although it is known that “lipotoxicity” due to altered FA deposition is central to the
pathophysiology of animal and human disorders [6], comparative studies of FA uptake and tis-
sue distribution between lean and obese individuals have not been previously reported.

Obesity, on the other hand, influences regional variations in adipose tissue function [7],
which is related to the pathology of abnormal triglyceride storage [8]. Thus, investigation into
the regional changes in adipose tissue function my help to limit the jeopardy of obesity. How-
ever, alterations in regional FA storage in various adipose tissue depots in obese individuals
have not been satisfactorily documented. In addition to the greater amount of adipose tissue in
obese individuals, increased triglyceride content within skeletal muscle has also been reported
[9], which is likely to be related to the increased demand of type I muscle fibers for FAs [10].
But how FA uptake in various muscle fiber types differs in lean and obese individuals in vivo
is unclear.

The C57BL/6]J°”°” mouse is a widely used genetic model of obesity that demonstrates many
of the pathophysiological alterations that are observed in obese humans [11]. A complete un-
derstanding of the roles of various tissues in FA processing cannot be obtained from humans
for ethical reasons. Therefore, animal models were used in current study to completely describe
FA processing in various tissues in vivo. Here we compared the pattern of [1-'*C] 18:1n-9 up-
take and storage in various tissues from obese (C57BL/6J°”°?) and lean wild-type (C57BL/6])
mice. Furthermore, the variations in FA uptake and retention based on fat depot and muscle
fiber type were also explored, as was the expression of FA-related genes, including fatty acid
translocase (FAT/CD36) [12], fatty acid binding proteins (FABPs) [13,14], long-chain fatty
acyl-CoA synthetase (ACSL) [15], acyl CoA binding protein (ACBP) [16] and fatty acid trans-
port proteins (FATPs) [17]. The results provided data on the disparities in FA disposal between
lean and obese mice, which may help identify novel targets for the treatment and prevention
of obesity.

Materials and Methods
Animals

The Committee on Animal Care and Use and the Committee on the Ethics of Animal Experi-
ments of Zhejiang University approved all of the animal procedures. Female lean wild-type
C57BL/6] and obese C57BL/6J°”*” mice at 4 weeks of age were purchased from Nanjing Biomed-
ical Research Institute of Nanjing University and were maintained in a barrier facility (12:12 h
light-dark cycle) with ad libitum access to food and water. After one week of acclimatization, all
animals (5 weeks old) were fasted overnight and given a single oral dose of 2.1 uCi of [1-'*C]
18:1n-9 (American Radiolabeled Chemicals, St. Louis, MO, USA) per mouse. The animals con-
tinued to have ad libitum access to regular food and water until the biopsies were performed.

Tissue collection

Three lean and obese mice were euthanized 0, 4, 12, 24, 48, 96 and 168 h after dosing with the
isotopic tracer. Orbital blood was drawn after the mice were euthanized with carbon dioxide.
Each mouse was weighed and dissected into 18 components as detailed below. The head was
severed at the neck, and the brain was collected. The body was placed on ice during the dissec-
tion. The gallbladder was removed before collecting the liver and other abdominal tissue to
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avoid contamination with bile fluid. The major organs, including the heart, lungs, liver, pancre-
as, kidneys and spleen, were collected. The gastrointestinal tract (from the duodenum to the
anus) was emptied and rinsed with ice-cold saline (0.85% NaCl). The stomach was subsequent-
ly removed and treated similarly. Skin without fur was collected from the carcass. Subcutane-
ous adipose tissue (SAT), visceral adipose tissue (VAT), perirenal adipose tissue (PAT), and
mesenteric adipose tissue (MAT) as well as the soleus (SOL), gastrocnemius (GAS) and exten-
sor digitorum longus (EDL) muscles were collected separately. The remaining carcass, contain-
ing the skull, ribs, bones, cartilage, paws, tail and the parts not listed above, was carefully
washed with cold normal saline after dissection, blotted and homogenized in a grinding ma-
chine, and 1 g of the minced carcass was used in the radioactivity assay [18].

Radiotracer detection

Tissues from each organ sample were accurately weighed and subsequently dissolved in SOLV-
ABLE (Perkin Elmer, Waltham, MA, USA) at 50°C overnight. Serum samples (50 ul) were ali-
quoted into scintillation vials. Ultima Gold (5 ml) (Perkin Elmer, Waltham, MA, USA) was
added to each sample, and the radioactivity levels were measured using a Multi-Purpose Scin-
tillation Counter LS6500 (Beckman Coulter, Brea, CA, USA).

Lipid extraction and analysis

Total lipids were extracted from adipose tissue as described by Folch et al. [19]. Certain lipid
classes, such as phospholipids (PLs), free fatty acids (FFAs), diacylglycerol (DAG), triacylgly-
cerol (TAG) and cholesterol ester (CE), were separated on a thin-layer chromatography (TLC)
plate (Merck KGaA, Darmstadt, Germany) using a mixture of petroleum ether, diethyl ether
and acetic acid (113:20:2, v/v/v) as the mobile phase. Lipids were visualized by dipping the
plate in a solution of 3% cupric acetate and 8% phosphoric acid and then charring the plate for
5 min at 140°C in an oven. Petroleum ether, diethyl ether, acetic acid and cupric acetate were
obtained from Sigma-Aldrich (St. Louis, MO, USA). Different spots corresponding to the lipid
classes were scraped off into scintillation vials and counted as described above.

RNA extraction, cDNA synthesis and quantitative real-time RT-PCR

Total RNA was extracted from adipose tissue and muscle using Trizol Reagent according to the
manufacture’s instruction. Approximately 500 ng of total RNA was reverse-transcribed into
c¢DNA using M-MuLV reverse transcriptase kit (Fermentas, EU, GlenBurnie, Maryland, USA)
in a 20 pl reaction system according to the manufacturer’s protocol. Gene transcript levels were
determined using a SYBR Premix ExTaq Kit (Takara Biotechnology Co. Ltd, Otsu, Shiga,
Japan) in the ABI StepOnePlus Real-Time PCR System (Applied Biosystems, Foster City, CA,
USA) according to the method described by Wang et al. [20]. Three commonly used reference
genes (beta-actin, GADPH and APRT) were tested for stability using the GeNorm and Norm-
Finder. Finally, GADPH met criteria of stability in the analyzed material and was used in gene
expression analysis. The PCR primers were designed using the Primer premier software v5.0
(PREMIER Biosoft International, Palo Alto, CA, USA) and synthesized by Invitrogen. Efficien-
cy of primers was checked from two fold serial dilutions of cDNA for each primer pair. Data

2 -AACt

were analyzed by using and are referred to the control treatment using GADPH as a ref-

erence gene. The following primers were used:

GAPDH-F: 5 TGTCAGCAATGCATCCTGCA 3’
GAPDH-R: 5’ CCGTTCAGCTCTGGGATGAC 3’
ACSL1-F: 5 CGAGGGCGAGGTGTGT 3’
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ACSL1-R: 5" GTGTAACCAGCCGTCTTTGTC 3’
CD36-F: 5 TGGGAAGACAATCAAAAGGGAAGT' 3’
CD36-R: 5 GTCCTCGGGGTCCTGAGTTA 3’
ACBP-F: 5 TTTCGGCATCCGTATCACCT 3’
ACBP-R: 5’ TTTGTCAAATTCAGCCTGAGACA 3’
FABP3-F: 5’ CCCCTCAGCTCAGCACCAT 3’
FABP3-R: 5’ CAGAAAAATCCCAACCCAAGAAT 3’
FATP1-F: 5’ AGGTCAATGAGGACACGATGGAG 3’
FATP1-R: 5’ CTGGTACATTGAGTTAGGGTCCAAC 3’

Statistics

All of the statistical analyses were performed in SPSS version 16 (SPSS Inc., Chicago, IL, USA).
The generalized linear model (GLM) procedure was used to analyze the genotype, time, and their
interaction as a source of variation. The significance of the differences between all of the groups
was analyzed by one-way ANOVA or t-test. A P value of <0.05 was considered significant.

Results
Tissue dissection

To explore the FA distribution in the whole body and in various tissues from lean and obese
mice, each mouse was weighed and dissected into a total of 18 components as described in the
materials and methods section. Whole body weights and the weight of each organ/tissue from
the lean and obese mice are listed in S1 Table. The obese mice were heavier than the lean mice
(P<0.05), with an average body weight of 41.05 g at 4h to 46.54 g at 168h for the obese mice
compared with 16.07 g at 4h to 17.62 g at 168h for the lean mice. The largest component of all
of the tissues/organs collected from lean mice was muscle (18.52%), followed by skin (10.85%),
liver (7.01%) and adipose tissue (6.65%). Adipose tissue was the largest component from the
obese mice (32.44%), followed by skin (16.76%), liver (10.47%) and muscle (7.42%). The recov-
ery of tissues/organs was calculated as the percentage of the total weight of the collected tis-
sues/organs to the live body weight. There was no difference in tissue/organ recovery between
the lean and obese mice (81.89+2.43% versus 85.55+1.41%; n = 18; P>0.05).

Whole body distribution (%) and total '*C-label content in various tissues
of lean and obese mice

The total amounts of '*C-label from the tissues and carcasses were summed to calculate the
whole body total radioactivity and the recovery. The data for each tissue from the lean mice
are presented as a percentage of the whole body total radioactivity at each time point (Fig 1A,
S2 Table). In addition to the carcass, a large amount of '*C-label was observed in the liver
(17.3%), stomach (12.3%), intestine (4.9%), skin (4.2%), adipose tissue (4.1%) and muscle
(3.8%) at 4 h. The amount of '*C-label in the gastrointestinal tract decreased rapidly and was
barely detectable at 168 h. The '*C-label content in skin, adipose tissue and muscle gradually
increased and peaked with proportions of 20.3%, 33.4% and 7.5%, respectively, at 96 h. The
major reservoir for 14C-label at 168 h was adipose tissue (27.84%), and secondary reservoirs in-
cluded skin (19.29%) and muscle (4.66%). Very little 14C-label was detected in other tissues,
such as spleen (0.12%), pancreas (0.23%), heart (0.21%), kidney (0.42%), lung (0.31%) and
brain (0.46%), at 168 h. The whole body distribution of [1-'*C] 18:1n-9 in obese mice is shown
in Fig 1B (S2 Table). The *C-label was found predominantly in adipose tissue (49.9%), liver
(12.0%), skin (9.2%), intestine (2.1%), stomach (1.8%) and muscle (1.8%) at 4 h. The *C-label
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Fig 1. Whole body distribution (%) of '*C-label in various organs/tissues from lean mice (A) and obese mice (B). The mean recovery (%) of the oral
dose of '*C-label at various time points in the whole body of lean and obese mice (C). The total amount of '“C-label per organ/tissue was calculated based on
the concentration data and the total organ/tissue weight. The total *C-label contents in the tissues and carcasses were summed to calculate the whole body
total content and the recovery. The data for each organ/tissue are presented as a percentage of the whole body total radioactivity at each time point, and the
values are presented as the mean + SEM (n = 3). Asterisks (*) indicate significant differences between lean and obese mice at a particular time point
(P<0.05).

doi:10.1371/journal.pone.0122028.g001

content in the gastrointestinal tract decreased gradually and was barely detectable at 168 h. Ad-
ipose tissue and muscle exhibited constant '*C-label content, with proportions of 44.39—
49.94% and 1.4-2.2%, respectively, but the proportions of the '*C-label in skin markedly in-
creased between 4 h (9.23%) and 168 h (28.86%). The *C-label content in the liver decreased
from 12.0% at 4 h to 4.5% at 168 h. The major reservoir for '*C-label in obese mice at 168 h
was adipose tissue (45.52%), with additional reservoirs in skin (28.86%), liver (4.48%) and
muscle (1.62%). Very little 4C-label was detected at 168 h in other tissues, such as spleen
(0.01%), pancreas (0.08%), heart (0.05%), kidney (0.12%), lung (0.12%), and brain (0.03%),
and all of these tissues had considerably less '“C-label content in obese mice than in lean mice.
The total amount of '*C-label per organ/tissue was calculated from the concentration data
and the total organ/tissue weight (Table 1). Two-way ANOVA analysis showed genotype sig-
nificantly affected the total 14C-label contents in skin (P<0.001), adipose tissue (P<0.001),
muscle (P = 0.026), liver (P<0.001), spleen (P<0.001), heart (P<0.001), lung (P = 0.021),
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stomach (P<0.001), intestine (P = 0.022), brain (P<0.001) and the carcass (P<0.001), whereas
the total "*C-label contents in pancreas (P = 0.996) and kidney (P = 0.207) were not significant-
ly affected by genotype. Time exerted significant effect on the total '*C-label contents in most
of tissues except adipose tissue (P = 0.18) and brain (P = 0.725). The genotype and time interac-
tions were found in muscle (P = 0.026), spleen (P<0.001), heart (P<0.001), kidney (P<0.001),
lung (P<0.001) and stomach (P<0.001), whereas 14C-label contents in skin (P = 0.163), adi-
pose tissue (P = 0.187), liver (P = 0.314), pancreas (P = 0.056), intestine (P = 0.145), brain

(P =0.067) and the remainder of the carcass (P = 0.138) were not affected by the interaction
between genotype and time.

The amount of '*C-label recovered in the whole body was estimated by adding the quantity
of label in individual compartments (S3 Table). The mean recoveries of oral [1-'*C] 18:1n-9 at
4,12, 24, 48,96 and 168 h in lean mice were 22.98+2.34%, 18.83+1.76%, 15.57+0.28%, 15.94
+1.71%, 18.12+1.48% and 8.97+0.97%, respectively; these values were significantly lower than
those obtained at the same time points in obese mice (61.80+3.16%, 65.72+1.33%, 71.53
+3.80%, 70.03+11.36%, 65.68+9.70% and 47.72+2.38%, respectively) (P<0.05, Fig 1C). The
higher whole body total radioactivity and recovery demonstrated that obese mice retained and
stored more FAs within their bodies after dosing than lean mice.

Time course of '*C-label concentration in various tissues from lean and
obese mice

The time course and individual tissue accumulation of a pulse of FAs were systematically fol-
lowed to determine the uptake and retention of FAs in various tissues. The appearance of FAs
and the maximal FA concentrations in various tissues from lean and obese mice are presented
for each time point after a single oral dose of [1-1*C] 18:1n-9 (Fig 2). The maximum radioactiv-
ity of "*C-label (dpm/g or dpm/ml) in the plasma, liver, pancreas, heart, lung, stomach and in-
testine from lean mice occurred at 4 h and decreased thereafter. '*C-label radioactivity
increased gradually in spleen and kidney from 4 to 24 h after administration and decreased
gradually from 24 to 168 h. However, the highest radioactivity concentration peaked at 96 h in
several other tissues from lean mice, including skin, adipose tissue and muscle. No obvious
'4C-label concentration peak was observed in the brain. A different pattern was observed in
obese mice. The peak concentrations of '*C-label (dpm/g or dpm/ml) in the plasma, liver,
spleen, heart, kidney, stomach, and intestine of obese mice occurred at 4 h and decreased there-
after. The *C-label concentration increased in skin and muscle from 4 to 48 h and reached a
maximum at 48 h. The '*C-label concentration peaked in lung at 12 h and decreased thereafter.
No obvious peaks in the '*C-label concentration were observed from 4 to 168 h in adipose tis-
sue, pancreas or brain. However, most of the tissues examined in this study showed a decreas-
ing trend at 168 h compared with the earlier time points.

14C-label concentration in the SOL, GAS and EDL muscles

Muscle from obese individuals exhibits alterations in FA metabolism, and these alterations are
fiber type-specific [1]. Therefore, three muscles (GAS, EDL and SOL) were collected for radio-
activity assays to explore muscle type variations in FA uptake. The "*C-label content in various
muscles at different time points is presented in Fig 3. Generally, the SOL exhibited a signifi-
cantly higher '*C-label concentration than the GAS and EDL (P<0.05), whereas no significant
differences were observed in the '*C-label content between the GAS and EDL in lean and obese
mice (P>0.05, Fig 3A and 3B). The '*C-label concentration in the SOL, GAS and EDL exhib-
ited an increasing trend from 12 to 96 h and decreased at 168 h in lean mice (Fig 3A). However,
the total radioactivity peaked in the SOL, GAS and EDL at 12 h and then displayed a decreasing
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Fig 2. Time course (0-168 h) of the '*C-label concentrations (dpm/g tissue and dpm/ul plasma) in plasma, skin, liver, muscle, adipose tissue,
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doi:10.1371/journal.pone.0122028.9002

trend thereafter in obese mice (Fig 3B). The GAS and EDL from obese mice had significantly
higher '“C-label concentrations compared with lean mice at 12 h (P<0.05, Fig 3D and 3E). The
'4C-label concentrations were significantly higher at 168 h in the SOL and GAS from obese
mice compared with lean mice (P<0.05, Fig 3C and 3D).

Gene expression in the SOL, GAS and EDL muscles

Alterations in FA uptake are important for the regulation of FA disposal; therefore, the expres-
sion of genes involved in LCFA uptake in muscle was analyzed. The gene expression of ACSL1,
FATP1, FAT/CD36, ACBP and FABP3 was highest in the SOL of lean and obese mice (S1 Fig).
The SOL and GAS exhibited significantly higher expression levels of ACSL1, FAT/CD36, ACBP
and FABP3 in obese mice than in lean mice (P<0.05, Fig 4). ACSL1 and FAT/CD36 expression
was significantly lower in the EDL from obese mice than from lean mice (P<0.05, Fig 4).

“C-label content in various fat depots in lean and obese mice

Body fat distribution is an important predictor of the metabolic complications of obesity. Varia-
tions in body fat accumulation result from regional differences in FA disposal [21]. Therefore,
four fat depots were collected and analyzed using radioactivity assays to explore regional varia-
tions in FA uptake and retention. The '*C-label concentrations (dpm/g tissue) in the four fat de-
pots at different time points in lean and obese mice are presented in Fig 5. No significant
differences were observed in the *C-label concentration among MAT, PAT, VAT and SAT at
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12, 48, and 96 h in lean mice (P>0.05). There was greater retention in MAT and SAT compared
with PAT and VAT at 4 and 24 h, and MAT had the lowest “C-label at 168 h among the four fat
depots in lean mice (Fig 5A). No significant differences in '*C-label concentration were observed
among the four adipose depots at time points prior to 168 h in obese mice (P>0.05, Fig 5B).
MAT had a significantly higher '*C-label concentration at 168 h compared with SAT (P<0.05),
and PAT and VAT had intermediate concentrations; this pattern differed from that in lean mice
(Fig 5B). When the data from 4 to 168 h in lean mice were expressed as '*C-label content per
total tissue (dpm/total tissue), the '“C-label content was highest in PAT, followed by SAT and
VAT, and MAT has the lowest content (Fig 5C, S4 Table). However, SAT in obese mice had the
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Fig 4. Comparative study of the mRNA expression of ACSL1, FAT, ACBP, FABP3, and FATP1 in the EDL, GAS and SOL between lean and obese
mice. The data are presented as the mean + SEM (n = 3). Asterisks (¥*) indicate significant differences between lean and obese mice (P<0.05). ACSL, long-
chain fatty acyl-CoA synthetase; FAT, fatty acid translocase; ACBP, acyl CoA binding protein; FABP, fatty acid binding protein; FATP, fatty acid transport
protein, EDL, extensor digitorum longus; GAS, gastrocnemius; SOL, soleus.

doi:10.1371/journal.pone.0122028.9004
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highest '*C-label content, which was significantly higher than in VAT. The '*C-label contents in
PAT and MAT were similar in obese mice and were significantly lower than in SAT and VAT
(P<0.05, Fig 5D, S4 Table). The total '*C-label content in the four adipose tissue depots (dpm/
total tissue) was significantly higher in obese mice than in lean mice (Fig 5E).

Gene expression in various fat depots from lean and obese mice

No significant differences were observed in ACSL1 and FABP3 expression in MAT, PAT, VAT
and SAT from lean mice (P>0.05, S2 Fig). In lean mice, FAT/CD36 expression was highest in
SAT, followed by PAT, and the lowest expression was observed in MAT. ACBP gene expres-
sion was higher in MAT and SAT than in PAT and VAT from lean mice (P<0.05). FATP1
mRNA expression was highest in VAT and lowest in MAT among the four adipose depots in
lean mice (S2 Fig). ACSL1, FAT/CD36, FABP3 and FATP1 gene expression in obese mice was
highest in VAT, and the expression of ACSL1, FAT/CD36 and FATP1 was lowest in MAT.
ACBP expression was higher in MAT and VAT than in PAT and SAT (P<0.05, S2 Fig). FAT/
CD36 gene expression was significantly higher in all four fat depots from obese mice compared
with lean mice (P<0.05, Fig 6). The four fat depots from lean mice showed a trend of higher
FATP1 gene expression compared with obese mice, but no significant differences were ob-
served in PAT and SAT expression (P>0.05). ACBP and FABP4 displayed similar expression
patterns among the four adipose depots, and their expression was significantly higher in MAT
and VAT from obese mice than from lean mice (P<0.05). ACSL1 was significantly more abun-
dant in PAT and VAT from obese mice than from lean mice (P<0.05).

14C distribution (%) in different lipid classes in SAT from lean and obese
mice

SAT had the highest '*C-label content among the four fat depots in obese mice. In obese mice,
SAT accounted for approximately half of the total "*C-label content; this was much higher
than the proportion of SAT (approximately 30% of the total) in lean mice. Total lipid extrac-
tion and TLC were conducted to explore the differences in "*C distribution (%) in various lipid
classes in SAT from lean and obese mice (Table 2). More than 80% of the lipid radioactivity
was recovered as esterified lipids at each time point. Approximately half of the lipid radioactivi-
ty in SAT from obese mice was recovered as TAG, and this proportion of TAG was significant-
ly higher than that in SAT from lean mice (P<0.05) at each time point.

Discussion

To our knowledge, no comparative study has analyzed FA uptake and distribution in all major
tissues/organs in lean and obese mammals. This study systematically evaluated the time course

ACSL1 FATP1 FATICD36 FABP4 ACBP
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2 *
: :
g
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Fig 6. Comparative study of the mRNA levels of ACSL1, FAT, ACBP, FABP3, and FATP1 in MAT, PAT, VAT and SAT between lean and obese mice.
The data are presented as the mean + SEM (n = 3). Asterisks (*) indicate significant differences between lean and obese mice (P<0.05). ACSL, long-chain
fatty acyl-CoA synthetase; FAT, fatty acid translocase; ACBP, acyl CoA binding protein; FABP, fatty acid binding protein; FATP, fatty acid transport protein.

doi:10.1371/journal.pone.0122028.9006
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Table 2. Lipid class distribution (%) of '*C-label in SAT from lean and obese mice'2.

Lipid class Time after feeding, h

4 12 24 168
Lean mice %
CE 11.9+0.7° 11.0 £ 2.6° 149 +1.6° 11.2 +2.0°
TAG 24.7 +4.82 35.7 + 4.9° 33.3+2.42 241 +4.4°
FFA 11.3+2.2° 14.6 +1.3° 17.5+2.8° 12.8 £ 3.1%°
MAG/DAG 23.6 +5.9° 15.7 + 4.1° 14.8+1.8° 8.5+ 4.9°
PL 285+ 1.82 23.0+4.9° 19.6 +0.8° 435+0.72
Obese mice %
CE 8.6+0.8° 11.8+2.7° 127 +2.3° 16.4 + 4.6°
TAG 458 + 6.32 442 +1.8° 443+9.32 47.8 +2.42
FFA 14.3 +3.2° 11.6 +1.4° 16.4 + 7.2° 13.6 + 2.4°
MAG/DAG 13.8+1.1° 21.4+2.7° 9.5+0.6° 14.3 +4.5°
PL 17.6 + 6.4° 11.1 £0.9° 171 £4.1° 7.9+0.5°

"The data shows the percentage of each lipid class in total lipid of SAT from lean or obese mice. Data are
presented as the meantSEM (n = 3). The means in the columns with superscripts without a common letter
differ (P<0.05).

2SAT, subcutaneous adipose tissue; CE, cholesterol ester; TAG, triglycerol; FFA, free fatty acids; MAG/
DAG, mono- and diacylglycerol; PL, phospholipid;

doi:10.1371/journal.pone.0122028.t002

and individual tissue/organ accumulation of a pulse of '*C-labeled FAs, which is isotopic tracer
metabolized in the same manner as natural FFA [22].

Our results show that the majority of the '*C-label was found in the carcass (containing the
skull, ribs, bones, cartilage, paws, tail and the parts not listed in Fig 1), adipose tissue and skin in
both lean and obese mice (Fig 1, S4 Table), which was consistent with the results from other ani-
mals, like guinea pig [23] and rat [24,25], in which most LCFAs were deposited in the carcass, ad-
ipose tissue and skin. Our data reveal the different patterns of FA uptake and retention in obese
mice compared with lean mice. The amount of **C-label in adipose tissue, muscle and skin grad-
ually increased to a peak at 96 h in lean mice, whereas the '*C-label accumulation in the carcass,
adipose tissue and skin accounted for more than 95% of the whole body distribution at any
time point in obese mice and no obvious uptake or storage peak was observed in adipose tissue
and muscle between 4 and 168 h. The "*C-label content in adipose tissue accounted for more
than 44% of the total content in obese mice, which was much higher than that in lean mice
(4.1-33.3% of the total from 4 to 168h). This result that obese mice took up and deposited more
FAs in adipose tissue than did lean mice indicates that obese mice exhibit a higher rate/capacity
for FA uptake and accumulation in adipose tissue, which may contribute to obesity.

FA uptake into tissues affected by time [24] or genotype [1] has been reported previously,
but few report was related to the interaction between genotype and time on FA uptake. Here we
found that the "*C-label content in adipose tissue was only affected by genotype, whereas muscle
'“C-label content was affected by genotype, time and the interaction between genotype and
time. We don’t know the rationale for the difference, but the effect of genotype on FA uptake
and retention in adipose and skeletal muscle tissues must underlie the obesity of 0b/0b mice.

The total "*C-labeled retention was 9.0% in lean mice at 168 h, indicating that approximate-
ly 91.0% of the label was expired as '*CO, or secreted in urine and feces, which is consistent
with previous results in rats [18]. In obese mice, 47.7% of the 14C-label was retained at 168 h,
suggesting that approximately 52.3% was secreted or expired. Total radioactivity in urine and
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feces was not detected in this study, but a previous study showed that 1.4-3.8% of '*C-labeled
unsaturated FAs were recovered from urine and feces, which are relatively small proportions
compared with the total oxidation. The recovery of labeled FAs reflects their oxidation rates,
with greater FA retention indicating less oxidation. Therefore, it can be inferred that there was
less oxidation in obese mice than in lean mice, which may be due to decreased oxidation in adi-
pose tissue of obese mice. Our results confirmed previous studies showing a reduction in the
metabolic rate [26] and a marked decrease in energy expenditure [27] in ob/ob mice.

The peak FA concentration in a tissue/organ partially reflects the capacity of the particular
tissue/organ to uptake and deposit FAs. The radioactivity data in Fig 2 demonstrate that adipose
tissue, liver, heart and skin have the highest capacity for FA uptake; all of these tissues/organs
had a peak radioactivity of greater than 100,000 dpm/g of tissue/organ. Spleen, pancreas, kidney
and lung mobilized FAs in lean and obese mice, with radioactivity values in the range of 20,000-
80,000 dpm/g tissue. The very low radioactivity in brain indicated that this tissue has a limited
capacity for FA uptake and utilization compared with the other tissues/organs analyzed in
this study.

The earlier appearance of a radioactivity peak and the higher radioactivity in obese mice (at
4h) compared with lean mice (at 96h) (Fig 2) suggested that obese mice have a greater ability to
uptake, accumulate and store FAs in adipose tissue than lean mice. This result was supported
by the lower concentration of '*C-label in the plasma, stomach and intestine of obese mice.
The preference for FA storage in adipose tissue in 0b/ob mice likely underlies obesity. A higher
concentration of "*C-label was observed in skeletal muscle from obese mice at 168 h, suggesting
that the reduced catabolism of FAs could contribute to obesity. In addition, different concen-
trations of '*C-label were observed between the two mouse genotypes in other organs, includ-
ing the spleen, pancreas, kidney, lung and brain. The biological significance of the differential
mobilization of FAs in these organs is unclear, but it may be a feature of the knockout of leptin
in ob/ob mice.

The radioactivity in different adipose depots, including MAT, PAT, VAT and SAT, and in
different muscles was analyzed in this study to further characterize FA mobilization in these
tissues. As expected, the slow oxidative SOL muscle, which primarily uses FAs for energy gen-
eration, had the highest concentration of 'C in lean and obese mice (Fig 3A and 3B). This re-
sult confirmed the observation that the patterns of FA utilization are related to fiber type, with
slow-twitch oxidative muscles having a higher capacity for FAs uptake and lipid oxidation than
fast-twitch glycolytic muscle fibers [28-30]. The increased radioactivity in GAS and EDL mus-
cles from obese mice suggested that ob/ob mice tend to deposit more FAs in skeletal muscle,
which contributes to insulin resistance in obesity [1]. The total radioactivity in the four adipose
tissue depots revealed that obese mice had greater FA deposition than lean mice (Fig 5E). The
opposite FAs uptake/accumulation pattern in MAT and SAT suggested that FA storage was al-
tered in MAT and SAT in obese mice. An emerging consensus is that visceral fat is particularly
damaging because it portends a greater risk for diabetes, cardiovascular disease, hypertension,
and certain types of cancer [31]. The altered FA distribution/storage among different fat depots
in ob/ob mice likely contributes to the susceptibility of these mice to these diseases. Although
the '*C-label concentration in SAT was lower in obese mice, SAT had the highest total '*C-
label content among the four fat depots. The study of lipid class distribution revealed that sig-
nificantly more (P<0.05) 14C-label was recovered as TAG in SAT from obese mice than from
lean mice, which likely contributes to the higher fat mass in SAT in obese mice.

The expression patterns of ACBP in lean mice and of ACBP and FABP3 in obese mice were
consistent with the uptake pattern of the '*C-label in various fat depots at the first time point
(4 h). The mRNA expression of most genes, with the exception of FATP1, was higher in obese
mice; the FATP1 mRNA levels decreased in various adipose depots in obese mice, confirming
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the observations by Memon [11]. FATP1 has been proposed to play a role in the delivery of
FAs to mitochondria, and down-regulated FATP expression may decrease the flow of FAs to-
ward mitochondria for B-oxidation [11,32]. Higher expression of these genes was observed in
the SOL, which corresponds with the uptake and accumulation of FAs in the three different
skeletal muscles. Taken together, our results suggested that ACBP and FABP3 may play impor-
tant roles in FA uptake in adipose tissue, at least at earlier time points. ACSL1, FAT, ACBP,
FATP1 and FABP3 play important and unique roles in LCFA uptake in muscle compared with
adipose tissue.

Conclusions

The current study revealed that the pattern of FA uptake and distribution in various tissues
and organs was altered in obese mice, and these alterations were tissue-specific. Oxidative ca-
tabolism was lower in obese mice than in lean mice, mainly due to decreased oxidation in adi-
pose tissue. Obese mice tend to deposit more FAs in skeletal muscle compared with lean mice.
ACBP and FABP3 may play important roles in FA uptake in adipose tissue, and ACSL1, FAT,
ACBP, FATPI1 and FABP3 play important roles in LCFA uptake in skeletal muscle. The altered
functions in FA mobilization in 0b/0b mice may contribute to obesity.

Supporting Information

S1 Fig. The mRNA levels of ACSL1, FAT, ACBP, FABP3, and FATP1 in the EDL, GAS and
SOL from lean mice (A) and obese mice (B). The data are presented as the mean + SEM

(n = 3). Different letters indicate significant differences between different muscle types
(P<0.05). ACSL, long-chain fatty acyl-CoA synthetase; FAT, fatty acid translocase; ACBP, acyl
CoA binding protein; FABP, fatty acid binding protein; FATP, fatty acid transport protein,
EDL, extensor digitorum longus; GAS, gastrocnemius; SOL, soleus.

(TIF)

S2 Fig. The mRNA levels of ACSL1, FAT, ACBP, FABP3, and FATP1 in mesenteric
(MAT), perirenal (PAT), visceral (VAT) and subcutaneous (SAT) adipose tissue from lean
mice (A) and obese mice (B). The data are presented as the mean + SEM (n = 3). Different let-
ters indicate significant differences between different adipose depots (P<0.05). ACSL, long-
chain fatty acyl-CoA synthetase; FAT, fatty acid translocase; ACBP, acyl CoA binding protein;
FABP, fatty acid binding protein; FATP, fatty acid transport protein.

(TIF)

S1 Table. Body weight and the weight of each organ/tissue.
(DOCX)

$2 Table. Whole body distribution (%) of '*C-label in various organs/tissues from lean and
obese mice.
(DOCX)

$3 Table. Total '“C-label retention in the entire body of lean and obese mice.
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$4 Table. Percentage of '*C-label retention in each adipose tissue depot from lean and
obese mice.
(DOCX)
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