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mixtures of  cis -9,  trans -11 (9,11) conjugated linoleic acid 
(CLA) and  trans -10,  cis -12 (10,12) CLA. Indeed, consum-
ing a mixture of these CLA isomers, or 10,12 CLA alone, 
reduced body fat in many animal (reviewed in Ref.  3 ) and 
human studies ( 4 ). Rodents that consumed higher amounts 
of the CLA than humans (e.g., 0.5–1.5% CLA in the diet 
or 600–1,800 mg/kg body weight) lost body fat more rapidly 
but concurrently developed side effects, including chronic 
infl ammation, insulin resistance, and lipoatrophy ( 5 ). No-
tably, intermediate levels of mixed CLA isomers (i.e., 0.1–
0.3%, w/w) reduced adiposity in mice without adversely 
affecting liver weight or lipid content ( 6 ). However, indi-
vidual isomers were not fed, the level of reduction in 
adiposity in the 0.1% group was marginal, and anti-obesity 
mechanisms were not identifi ed ( 6 ). In contrast, clinical 
trials routinely use lower doses of CLA (e.g., 3–6 g/day or 
35–70 mg/kg body weight), although the relative decrease 
in adiposity is not as rapid or great as in the higher doses 
used in rodent studies. 

 It has been reported that only the 10,12 CLA isomer 
reduces adiposity or delipidates adipocytes; however, at 
relatively high doses it also causes adverse side effects in 
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  Obesity is recognized as the most widespread nutritional 
disease in the United States ( 1 ). Excess body fat increases 
chronic disease risk and mortality ( 2 ). Many Americans 
are consuming dietary supplements to lose weight or pre-
vent weight gain, including supplements containing equal 
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Ethical treatment of animals was assured by the UNCG Institu-
tional Animal Care and Use Committee. After 1 week of acclima-
tion to a standard rodent semipurifi ed diet, mice were randomly 
assigned to one of nine dietary treatments (n = 10 mice per treat-
ment; supplementary Table I) for 7 weeks in this 3 × 3 factorial 
design (i.e., three levels of fatty acids and three types of fatty ac-
ids). The types of fatty acids used were linoleic acid (#1024, con-
trol FA indicated as “L” in the fi gures and tables); 10,12 CLA 
(#1249); and 9,11 CLA (#1245) purchased from Matreya LLC 
(Pleasant Gap, PA) (supplementary Table II). The three doses of 
fatty acids in the diet (w/w) were 0.06% (low), 0.2% (intermedi-
ate), and 0.6% (high), equivalent to 70, 240, and 700 mg/kg 
body weight, respectively, assuming a 25 g mouse consumes 3 g of 
food per day. The low-dose (0.06%) diets were supplemented 
with  i ) 0.06% linoleic acid,  ii ) 0.03% 10,12 CLA plus 0.03% li-
noleic acid, or  iii ) 0.03% 10,12 CLA plus 0.03% 9,11 CLA. The 
intermediate-dose (0.2%) and high-dose (0.6%) diets were for-
mulated in a similar manner. This design ensured that each of 
the two types of 10,12 CLA-containing diets (i.e., 10,12 CLA plus 
linoleic acid and 10,12 CLA plus 9,11 CLA) within a given dose 
had the same amount of 10,12 CLA, allowing for determining 
additive or synergistic effects of 9,11 CLA when combined with 
10,12 CLA, as is found in commercial CLA preparations. The low 
dose of mixed CLA isomers was chosen based on a clinical trial by 
Raff et al. ( 19 ) using one of the higher doses of mixed CLA (i.e., 
6.4 g of 40/40% 9,11 CLA plus 10,12 CLA) in healthy subjects 
(i.e., postmenopausal women with BMI < 35.0) weighing on aver-
age 71 kg; equivalent to 77 mg of total CLA isomers or 62 mg 9,11 
plus 10,12 CLA isomers/kg body weight. Total body fat mass was 
decreased in this mixed CLA group compared with controls after 
16 weeks ( 19 ). 

 Treatments were added to a standard, semipurified rodent 
diet (D12450B; AIN76 containing 10% kcal from fat and 35% 
from sucrose) by Research Diets Inc., (New Brunswick, NJ). Diets 
were pelleted and packed under inert gas in individual 2.5 kg foil 
bags and stored at  � 20°C until use. The actual fatty acid profi le 
of these diets is shown in supplementary Table III. Fresh diet was 
provided twice per week to minimize oxidization. Mice had ad 
libitum access to both food and water. Food intake and body 
weight were measured weekly. Mice were euthanized by CO 2  
narcosis followed by cervical dislocation and exsanguination. 
Trunk blood was collected and serum was harvested for measur-
ing markers of infl ammation and lipoatrophy. WAT depots were 
harvested, weighed, frozen in liquid N 2 , and stored at  � 80°C 
until analysis. 

 FFA profi le of the diets and tissues 
 Lipid extraction and fatty acid methylation.   The dietary sam-

ples were ground into a powder with a coffee grinder (Black and 
Decker, Towson, MD). Total lipids from 1–2 g of the ground sam-
ples in triplicate were extracted with 50 ml petroleum ether con-
tinuously for 4 h using a Glodfi sch extraction apparatus (Labconco, 
Kansas City, MO). The liver and muscle tissue samples (100 mg) 
were homogenized in 0.9 ml water with a Sonic Dismembrator 
(550, Fisher Scientifi c, Pittsburgh, PA) for 30 s, and total lipids were 
subsequently extracted ( 20 ). The EPI WAT samples (30–50 mg) 
were used with no further processing. An internal standard con-
taining 0.5 mg of heptadecanoic acid was then added to each lipid 
extraction and the EPI WAT. The fatty acids in the extracted lipids 
and the adipose tissues were methylated following alkali treatment. 
The fatty acids methyl esters were dissolved in 0.1–0.5 ml of hexane 
and analyzed using GC-MS. 

 GC-MS analysis.   Fatty acid methyl esters were separated on 
a DB-23 capillary column (122-2332), 30 m   × 0.25 mm, fi lm thick-
ness 0.25  � m (Agilent Technologies, Wilmington, DE) ( 21 ). Mass 

mice ( 5 ) and some humans ( 7, 8 ). In contrast, the 9,11 CLA 
isomer has anti-infl ammatory and adipogenic properties 
( 9 ), and it improves insulin sensitivity in mice ( 10 ). Con-
troversy still exists concerning the dose- and isomer-specifi c 
effects of CLA on adiposity, anti-obesity mechanism(s) of 
action, and adverse metabolic consequences. Continued 
existence of this controversy represents an important 
problem because, until it is resolved, realizing the poten-
tial health benefi ts of taking CLA to decrease or prevent 
obesity and its adverse side effects will likely remain largely 
beyond reach. 

 Proposed anti-obesity mechanisms of 10,12 CLA include  i ) 
increased energy metabolism and expenditure,  ii ) decreased 
adipogenesis,  iii ) decreased lipogenesis and increased li-
polysis,  iv ) infl ammation, and  v ) adipocyte apoptosis (re-
viewed in Ref.  3 ). One possible linkage of these potential 
mechanisms to body fat loss, especially infl ammation and 
energy expenditure, is browning of white adipose tissue 
(WAT). This would have important medical implications, 
because an increased brown fat-like signature is associated 
with lower risk of developing obesity in mice ( 11 ) and hu-
mans ( 12 ). We have shown that 10,12 CLA increases cy-
clooxygenase (COX)-2 expression and prostaglandin (PG) 
production in human adipocytes ( 13 ), which have been 
associated with induction of brown fat-like adipocytes in 
WAT ( 14, 15 ), suggesting a link between infl ammation 
and browning. Consistent with this hypothesis, relatively 
high levels of an equal mixture of 10,12 and 9,11 CLA 
[1.5% ( 16 )] or 10,12 CLA alone [0.5% ( 17 ); 1% ( 18 )] in-
crease markers of brown fat-like adipocytes, including 
uncoupling protein 1 (UCP1) in WAT in mice. However, 
these high levels of 10,12 CLA alone or mixed CLA iso-
mers also cause adverse side effects as stated above. 

 Based on these data, we wanted to determine in mice  i ) the 
extent to which 10,12 CLA or a CLA isomer mixture given at 
low (i.e., an effective dose used in clinical trials), intermedi-
ate (i.e., 3.3-fold the effective clinical dose), and high 
doses (i.e., 10-fold the effective clinical dose) shifted free 
fatty acids (FFA) away from adipocyte storage and toward oxi-
dation versus ectopic deposition; and  ii ) the role of WAT 
browning and infl ammation in mediating the anti-obesity 
properties of CLA. In this study, we demonstrated that an in-
termediate dose of 10,12 CLA (i.e., 0.1% 10,12 CLA plus 
0.1% linoleic acid) or the CLA isomer mixture (i.e., 0.1% 
10,12 CLA plus 0.1% 9,11 CLA)  i ) incorporated into WAT 
and liver,  ii ) decreased total WAT depot weight,  iii ) increased 
the mRNA levels of markers of browning, browning activa-
tors, and low-grade infl ammation, and  iv ) increased the pro-
tein levels of UCP1, carnitine palmitoyltransferase (CPT)-1b, 
and COX-2 and the activity of cytochrome  c  oxidase in 
epididymal (EPI) WAT without decreasing food intake or 
causing steatosis or insulin resistance. 

 METHODS 

 Experimental design and diets 
 129Sv male mice ( n  = 90) were obtained from Jackson Labora-

tories (Bar Harbor, ME) at 5–6 weeks of age and housed in pairs 
in a 12 h light/12 h dark cycle, temperature-controlled room. 
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DNase Set (Qiagen). EPI WAT was isolated from the bilateral in-
tra-abdominal visceral depots attached to the epididymis. ING 
WAT was isolated from the bilateral superfi cial subcutaneous 
WAT depots between the skin and muscle fascia just anterior to 
the lower segment of the hind limbs. RET WAT was isolated from 
the bilateral visceral depots in the abdominal cavity behind the 
peritoneum on the dorsal side of the kidneys. Mesenteric WAT 
was isolated from a glue-like visceral net located in the mesentery 
of the intestines. RNA integrity was assessed using Agilent RNA 
6000 Nano Kit on an Agilent 2100 Bioanalyzer (Agilent, Santa 
Clara, CA). For real-time qPCR, 1  � g total RNA from mouse tis-
sues was converted into fi rst-strand cDNA by using a high-capacity 
cDNA Archive Kit (Applied Biosystems, Foster City, CA). The 
qPCR was performed in a 7500 FAST real-time PCR system by 
using Taqman gene expression assays (Applied Biosystems). Fold 
differences in gene expression were calculated as 2  �  �  � Ct  using the 
endogenous reference gene TATA-binding protein (TBP). 

 Cytochrome  c  oxidase 
 Cytochrome  c  oxidase, the fi nal protein complex in the mito-

chondrial electron transport chain, was used as an indicator of 
mitochondria content in tissue. Approximately 50 mg of the gas-
trocnemius-plantaris muscle group was homogenized on ice in a 
Potter Elvehjem homogenizer in 19 vol of 50 mM KH 2 PO 4 , 0.1 mM 
EDTA, and 0.1% Triton X-100 (pH 7.4), and then centrifuged at 
10,000  g  for 5 min at 4°C. Fat from the EPI depot was homoge-
nized in 4 vol of 50 mM KH 2 PO 4 , 0.1 mM EDTA, and 0.25% 
Triton X-100 (pH 7.4). Enzyme activity in the muscle superna-
tant and fat homogenate was determined polarographically at 37°C 
with a Clark-type oxygen electrode as previously described ( 24 ). 

 Immunoblotting 
 Cellular protein was harvested in a phosphate buffered saline 

(pH = 7.5) lysis buffer containing 1% NP40, 0.5% SDS, 30  � l/ml 
aprotinin, 1 mM phenylmethylsulfonlyl fl uoride, and 1 mM so-
dium orthovanadate. The samples were homogenized on ice and 
centrifuged at 15,000  g  for 15 min at 4°C; then the protein con-
centration was determined in the supernatant using the bicin-
choninic acid assay. Equal amounts of protein were separated 
using 4–12% NuPage mini precast gels (Invitrogen Inc.), and 
transferred to PVDF membranes (Bio-Rad Inc.) as previously de-
scribed ( 13 ). Membranes were then blocked with 5% milk in 
TBST for 30 min and washed with TBST 5 min three times. Over-
night incubation of membranes at 4°C with primary antibodies 
for UCP1 (catalog no. ab23841, Abcam, Cambridge, MA); CPT-1b 
(catalog no. sc-20670, Santa Cruz Biotechnology Inc., Santa Cruz, 
CA); COX-2 (catalog no. sc-1745, Santa Cruz Biotechnology); 
and  �  actin (catalog no. sc-1616, Santa Cruz Biotechnology) at 
1:800, 1:400, 1:800, and 1:2,000, dilutions, respectively, followed 
by 1 h exposure at room temperature to horseradish peroxidase-
conjugated secondary antibodies at 1:5000 dilutions unless other-
wise indicated. Blots were exposed to chemiluminescence reagent 
for 1 min, and X-ray fi lms were developed using a SRX-101A Konica 
Minolta fi lm developer. Densitometry was performed on blots 
using the Kodak 4400 CF Image Station with the Kodak Molecu-
lar Imaging software. 

 Statistics 
 Statistical analyses were performed using a two-way ANOVA 

testing the main effects of fatty acid dose (0.06. 0.2, 0.6%) and 
fatty acid type (linoleic acid, 10,12 CLA, CLA isomer mixture) 
and their full-factorial interaction (dose × type) using the JMP 
version 8.0 program (SAS, Cary, NC), unless otherwise indicated. 
The signifi cance levels of the main effects and interactions are 
shown in supplementary Tables V and VI  . Tukey’s multicomparison 
test was conducted to detect signifi cant treatment differences 

spectrometric analysis was conducted using a 6890 N model gas 
chromatograph (Agilent Technologies) equipped with an Agi-
lent Technologies 5973N mass spectrometric detector. The oven 
temperature was programmed from 50°C to 100°C at 10°C/min, 
then to 200°C at 4°C/min, held for 2 min, and fi nally to 220°C at 
4°C/min, held for 12 min. The average helium velocity was 36 
cm/sec, and the split ratio was 100:1. The temperatures of the 
MSD electron ionization source and quadropoles were 230°C 
and 150°C, respectively. One microliter of methyl ester was man-
ually injected, and the total fatty acid amounts were determined 
by the areas of the total ions for each fatty acid ( Tables 1  and  2 , 
supplementary Table IV). 

 Intraperitoneal glucose tolerance tests 
 Glucose tolerance tests (GTT) were performed during week 

6 on nonanesthetized mice. Mice were deprived of food for 8 h 
and given an intraperitoneal glucose injection (Sigma-Aldrich, 
St. Louis, MO) at a dose of 1 g/kg body weight. Blood was obtained 
from the tail vein, and glucose levels were determined at 0, 5, 15, 
30, 60, and 120 min following glucose administration using Con-
tour blood glucose monitoring system (Bayer Diabetes Care, Tar-
rytown, NY). Total GTT area under the curve (AUC) was calculated 
as described ( 22 ). 

 Analysis of serum cytokine, chemokine, triglyceride, FFA, 
and insulin levels 

 Serum tumor necrosis factor (TNF) � , interleukin (IL)-6, IL-1 � , 
and monocyte chemoattractant protein (MCP)-1 levels were de-
termined using the Bio-Plex magnetic bead-multiplex immuno-
assay on the Bio-Plex 200 system, according to the manufacturer’s 
instructions (Bio-Rad, Hercules, CA). Serum triglyceride (TG) 
and FFA levels were determined using commercial assays from 
Thermo Scientifi c (Infi nity TG assay #TR22421 and TG standards 
#TR22923, Norcross, GA) and Wako Diagnostics (#NEFA-HR-2, 
Richmond, VA), respectively. Serum insulin levels were detected 
using an ultrasensitive mouse insulin kit (Crystal Chem Inc., 
Downers Grove, IL). The homeostasis model assessment method 
(HOMA) for insulin resistance (IR) used the following formula: 
[fasting insulin concentration (ng/ml) × 24 × fasting glucose 
concentration (mg/dl)] / 405 ( 23 ). 

 Liver TG content and staining 
 Liver TG levels were measured by extracting lipids in 2:1 

CHCl 3 /methanol in glass tubes at room temperature overnight. 
After centrifugation and reextraction, the pooled lipid extract 
was dried down under N 2  gas at 55°C and redissolved in a mea-
sured volume of 2:1 CHCl 3 /methanol. Dilute H 2 SO4 was added 
to the sample, which was then vortexed and centrifuged to split 
the phases. The aqueous upper phase was aspirated and dis-
carded, and an aliquot of the bottom phase was removed and 
dried down; 1% triton-X100 in CHCl 3  was then added, and the 
solvent was evaporated. Deionized water was added to each tube 
and vortexed until the solution was clear. Lipids were then quan-
tifi ed using the TG/GB kit (Roche). Next, the delipidated liver 
was dried down at 60°C for 1–2 h. Then, 1N NaOH was added 
and incubated at 60°C, with vortexing every 30 min to ensure 
complete tissue dissolution. Lowry protein assay was performed 
to determine liver protein concentration. For liver histological 
analyses, formalin-fi xed, paraffi n-embedded liver tissues were 
sliced and stained with hematoxylin and eosin. 

 Tissue RNA analysis and real-time quantitative PCR 
 Epididymal, inguinal (ING), and retroperitoneal (RET) WAT 

were harvested, and total RNA was extracted using RNeasy 
Lipid Tissue Kit (Qiagen, Valencia, CA) combined with RNase-Free 
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 compared with the linoleic acid (L) controls. Both CLA 
treatments decreased body and WAT depot weights to the 
same degree, with the EPI and ING depots losing the most 
grams of WAT. The abundance of several fatty acids in the 
EPI depot was decreased by the intermediate dose of both 
CLA treatments, including C10:0, C14:1, C16:1, and C18:3 
n3 ( Table 1 ). The weight of subscapular brown adipose 
tissue (BAT) was also decreased by intermediate and high 
doses of both CLA treatments ( Fig. 1 ). Although food in-
take was not signifi cantly ( P  > 0.05) reduced by CLA treat-
ments, it was 4–7% lower in mice fed 10,12 CLA compared 
with mice fed linoleic acid alone. The high dose of both 
CLA treatments impaired the effi ciency of food conver-
sion to body weight gain compared with the linoleic acid 
controls (supplementary Table V). Collectively, these data 
show that the reduction in adiposity by CLA is dose- and 
WAT depot-dependent and that the inclusion of 9,11 CLA 
with 10,12 CLA in the diets of mice does not further reduce 
adiposity. 

 High dose of CLA treatments cause hepatic steatosis, 
hepatomegaly, and elevated serum levels of MCP-1 

 Given the reported adverse side effects of high doses of 
CLA in rodents (reviewed in Refs.  3, 5 ), we examined the 
effects of three doses of CLA on these outcomes. The high 
dose, but not the low or intermediate doses, of both CLA 
treatments caused hepatic steatosis (  Fig. 2  ),  increased FA 
levels (data not shown), hepatomegaly ( Fig. 2B ), and ele-
vated serum levels of MCP-1 (  Fig. 3A  ),  a proinfl ammatory 
chemokine that recruits macrophages to WAT. Serum lev-
els of IL-6 were elevated in the intermediate dose of the 
CLA isomer mixture ( Fig. 3A ). Notably, none of the CLA 

among the interactions ( P  < 0.05). Data for cytochrome  c  oxidase 
were analyzed using a one-way ANOVA and Tukey’s HSD test to 
compute individual pairwise comparisons of means ( P  < 0.05). 
Data are expressed as means ± SEM. 

 RESULTS 

 CLA isomers incorporate into WAT and liver, 
but not muscle 

 To determine the extent to which CLA isomers incorpo-
rate into WAT, liver, and muscle fatty acids, we measured the 
fatty acid profi le of these tissues. Indeed, 10,12 CLA and 
9,11 CLA incorporated into EPI WAT ( Table 1 )  and liver 
( Table 2 ) in a dose-dependent manner. Notably, mice sup-
plemented with 10, 12 CLA or the CLA mixture had 5- to 
20-fold higher concentrations of CLA isomers in EPI WAT 
compared with liver, demonstrating the accumulation in 
WAT and potential impact on cells comprising WAT. In 
contrast, CLA supplementation did not increase the CLA 
isomer content of muscle, with the exception of 9,11 CLA 
in the 0.2% dose of mixed CLA isomers (supplementary 
Table IV). There were no remarkable changes in the pro-
fi les of saturated, monounsaturated, or polyunsaturated 
fatty acid in WAT or muscle. In liver, however, the high dose 
of 10,12 CLA and the CLA mixture increased 5-fold the 
abundance of saturated and monounsaturated fatty acids. 

 Intermediate and high doses of CLA treatments decrease 
adiposity 

 The intermediate and high doses of both CLA treatments 
decreased total body weight gain (supplementary Table V) 
and total WAT depot weights (e.g., adiposity index;   Fig. 1  ) 

 TABLE 1. Fatty acid content of epididymal WAT 

Tissue (mg/g)

0.06% Diet 0.2% Diet

L 10 M L 10 M

C10:0 0.22 ± 0.03 a 0.18 ± 0.02 a 0.22 ± 0.02 a 0.21 ± 0.03 a 0.06 ± 0.01 b 0.06 ± 0.00 b 
C12:0 1.3 ± 0.1 ab 1.5 ± 0.2 a 1.8 ± 0.1 a 1.5 ± 0.2 a 0.8 ± 0.1 b 0.8 ± 0.0 b 
C14:0 17.2 ± 0.6 bc 21.3 ± 0.4 a 19.7 ± 0.8 ab 17.1 ± 1.3 bc 15.0 ± 0.8 c 14.2 ± 0.4 c 
C14:1 2.6 ± 0.2 ab 3.1 ± 0.1 a 2.8 ± 0.2 ab 2.4 ± 0.2 b 1.0 ± 0.1 c 1.1 ± 0.1 c 
C15:0 1.5 ± 0.1 1.5 ± 0.0 1.5 ± 0.1 1.3 ± 0.1 1.2 ± 0.1 1.3 ± 0.0
C16:0 141 ± 5 154 ± 2 144 ± 3 149 ± 9 153 ± 3 154 ± 3
C16:1 108 ± 4 b 139 ± 3 a 120 ± 5 ab 107 ± 7 b 82 ± 4 c 81 ± 4 c 
C17:1 2.4 ± 0.1 bc 3.0 ± 0.0 a 2.8 ± 0.1 ab 2.4 ± 0.1 c 2.4 ± 0.1 c 2.6 ± 0.1 bc 
C18:0 7.2 ± 0.4 5.7 ± 0.2 6.0 ± 0.3 7.0 ± 0.5 5.1 ± 0.1 5.2 ± 0.1
C18:1cis 200 ± 6 244 ± 3 227 ± 5 202 ± 10 243 ± 6 244 ± 3
C18:2cis 168 ± 4 b 195 ± 7 a 184 ± 6 ab 177 ± 8 ab 173 ± 6 ab 160 ± 4 b 
C18:2trans 1.00 ± 0.17 1.00 ± 0.06 0.91 ± 0.03 0.96 ± 0.11 0.91 ± 0.07 0.97 ± 0.05
 9,11 CLA  1.14  ±  0.05 c   1.25  ±  0.04 c   3.14  ±  0.30 b   1.10  ±  0.05 c   1.06  ±  0.12 c   7.52  ±  0.14 a  
 10,12 CLA  0.22  ±  0.06 c   0.92  ±  0.04 b   1.00  ±  0.07 b   0.27  ±  0.03 c   2.32  ±  0.21 a   2.39  ±  0.06 a  
C18:3n3 16.7 ± 0.7 a 16.3 ± 0.6 a 14.8 ± 0.8 a 16.1 ± 0.9 a 8.8 ± 0.5 b 8.6 ± 0.3 b 
C18:3n6 1.03 ± 0.08 0.98 ± 0.05 0.92 ± 0.07 0.88 ± 0.07 1.07 ± 0.08 1.02 ± 0.06
C20:0 0.25 ± 0.02 0.21 ± 0.01 0.24 ± 0.01 0.20 ± 0.02 0.17 ± 0.02 0.20 ± 0.01
C20:1 2.31 ± 0.11 2.25 ± 0.1 2.35 ± 0.13 2.42 ± 0.2 2.38 ± 0.1 2.47 ± 0.08
C20:2 1.35 ± 0.11 0.81 ± 0.02 0.82 ± 0.04 1.29 ± 0.09 0.59 ± 0.08 0.67 ± 0.01
C20:3n6 0.48 ± 0.04 0.21 ± 0.01 0.21 ± 0.01 0.46 ± 0.04 0.20 ± 0.01 0.19 ± 0.01
C20:4n6 0.85 ± 0.08 0.52 ± 0.02 0.54 ± 0.04 0.92 ± 0.05 0.74 ± 0.04 0.71 ± 0.03
SAF 169 ± 6 179 ± 7 182 ± 6 178 ± 11 176 ± 5 174 ± 3
MUFA 315 ± 9 377 ± 15 355 ± 10 316 ± 17 330 ± 8 332 ± 6
PUFA 191 ± 5 ab 217 ± 8 a 206 ± 7 ab 198 ± 8 ab 189 ± 6 ab 182 ± 4 b 

Means ± SEM, not sharing a common letter within the same row differ ( P  < 0.05). Data not available for 0.6% 
diet analysis due to insuffi cient amounts of epididymal WAT. L, linoleic acid control; 10, 10,12 CLA plus linoleic 
acid; M, 10,12 CLA plus 9,11 CLA  . Bolded data represent detected amounts of 9,11 CLA and 10,12 CLA.
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( Fig. 4A 1). In RET WAT, the intermediate dose of both 
CLA treatments increased the expression of CPT-1b, 
Cox8b, and PPAR �  (supplementary Fig. IA). In contrast, 
only the low dose of the CLA isomer mixture increased 
these markers of browning in ING WAT ( Fig. 4B 1). Inter-
estingly, the mRNA levels of transmembrane protein 
(TMEM) 26, a gene expressed in 129Sv mice and human 
beige adipocytes, which are distinct from white or brown 
adipocytes and inducible with cAMP analogs or cold expo-
sure ( 25 ), were increased by the high dose or the interme-
diate and high dose of 10,12 CLA in the EPI and ING 
depots, respectively. Unexpectedly, the high doses of both 
CLA treatments did not increase markers of browning in 
EPI, RET, or ING WAT, with the exception of CPT-1b in 
EPI WAT, even though these CLA-treated mice had mark-
edly decreased adiposity and impaired food conversion 
effi ciencies, a hallmark of increased thermogenesis. 

 We have previously shown that 10,12 CLA increases the 
expression of COX-2, a nuclear factor kappa B (NF- � B)-
inducible gene, and PG production in human adipocytes 
( 13 ), which has been linked to induction of brown fat-like 
adipocytes in WAT ( 14, 15 ). Consistent with our hypothe-
sis, the low and intermediate doses of CLA treatments in-
creased the expression of COX-2 and PGF2 �  synthase in 
EPI WAT ( Fig. 4A 2), the depot where CLA had its greatest 
effects on markers of browning. In RET (supplementary 
Fig. IB )  and ING WAT ( Fig. 4B 2), the low dose of the CLA 
isomer mixture increased COX-2 and PGF2 �  synthase 

treatments increased serum levels of IL-1 � , TNF � , or FFA 
(data not shown), nor increased TG levels ( Fig. 3B ), nor 
impaired fasting glucose, insulin, or glucose tolerance 
(supplementary Table V). These data suggest that there is 
a threshold dose (i.e., 0.1% 10,12 CLA plus 0.1% linoleic 
acid or 0.2% mixed CLA isomers) for both CLA treatments 
in mice that reduce adiposity without causing steatosis. 

 Intermediate or low doses of 10,12 CLA or mixed 
CLA isomers increase mRNA markers or activators of 
browning in a WAT depot-specifi c manner 

 To better understand how CLA reduces adiposity, we 
measured the mRNA levels of genes associated with brown-
ing and fatty acid oxidation in visceral (i.e., EPI, RET) and 
subcutaneous (i.e., ING) WAT. CLA treatments impacted 
multiple markers of browning in WAT in a depot-specifi c 
manner (  Fig. 4  , supplementary Fig. I).  For example, UCP1 
(uncouples respiration from ATP synthesis), elongation of 
very long chain fatty acids 3 protein (Evol3; elongates fatty 
acids), cell death-induced DNA fragmentation factor-a-
like effector A (Cidea; regulates lipid droplet formation), 
CPT-1b (facilitates fatty acid transport into mitochondria 
for oxidation), cytochrome  c  oxidase VIII b (Cox8b; pro-
motes electron transfer during mitochondrial respiration), 
and peroxisome proliferator-activated receptor  �  (PPAR � ; 
induces genes associated with fatty acid oxidation) were 
increased approximately 1- to 100-fold by the intermediate 
dose of 10,12 CLA or the CLA isomer mixture in EPI WAT 

 TABLE 2. Fatty acid content of liver 

Tissue 
(mg/g)

0.06% Diet 0.2% Diet 0.6% Diet

L 10 M L 10 M L 10 M

C12:0 0.02 ± 0.00 c 0.02 ± 0.00 c 0.02 ± 0.00 c 0.04 ± 0.01 bc 0.05 ± 0.01 bc 0.05 ± 0.02 bc 0.02 ± 0.00 c 0.07 ± 0.01 ab 0.10 ± 0.02 a 
C14:0 0.50 ± 0.06 bc 0.66 ± 0.13 bc 0.49 ± 0.08 bc 0.83 ± 0.18 bc 1.16 ± 0.12 bc 1.23 ± 0.28 b 0.42 ± 0.07 c 2.19 ± 0.22 a 2.62 ± 0.31 a 
C14:1 0.05 ± 0.01 d 0.08 ± 0.01 bcd 0.06 ± 0.01 cd 0.09 ± 0.02 bcd 0.12 ± 0.02 abcd 0.15 ± 0.05 abc 0.05 ± 0.01 d 0.16 ± 0.02 ab 0.2 ± 0.03 a 
C15:0 0.07 ± 0.01 d 0.07 ± 0.01 d 0.06 ± 0.01 d 0.09 ± 0.01 cd 0.15 ± 0.01 b 0.14 ± 0.02 bc 0.06 ± 0.01 d 0.22 ± 0.02 a 0.25 ± 0.02 a 
C16:0 15 ± 1 bc 16 ± 2 bc 13 ± 1 c 20 ± 3 bc 30 ± 2 b 25 ± 4 bc 12 ± 2 c 65 ± 5 a 77 ± 7 a 
C16:1 3.5 ± 0.4 b 4.7 ± 0.8 b 3.5 ± 0.5 b 5.6 ± 1.1 b 8.1 ± 0.9 b 8.6 ± 2.0 b 3.0 ± 0.5 b 15.6 ± 2.2 a 18.8 ± 3.1 a 
C17:1 0.10 ± 0.01 d 0.13 ± 0.02 cd 0.10 ± 0.01 d 0.16 ± 0.03 bcd 0.30 ± 0.03 b 0.26 ± 0.05 bc 0.09 ± 0.02 d 0.57 ± 0.05 a 0.66 ± 0.05 a 
C18:0 2.6 ± 0.1 bc 1.8 ± 0.2 d 2.2 ± 0.1 cd 2.6 ± 0.1 bc 3.0 ± 0.1 b 2.0 ± 0.1 cd 2.2 ± 0.2 cd 4.1 ± 0.2 a 3.8 ± 0.3 a 
C18:1cis 18 ± 2 bc 20 ± 3 bc 15 ± 1 c 26 ± 4 bc 35 ± 3 b 30 ± 5 bc 15 ± 2 c 79 ± 6 a 95 ± 9 a 
C18:2cis 9 ± 1 10 ± 1 9 ± 1 12 ± 2 17 ± 1 14 ± 2 8 ± 1 13 ± 1 13 ± 1
C18:2trans 0.04 ± 0.01 b 0.04 ± 0.01 b 0.02 ± 0.01 b 0.06 ± 0.02 b 0.08 ± 0.01 b 0.06 ± 0.02 b 0.02 ± 0.01 b 0.19 ± 0.02 a 0.26 ± 0.03 a 
 9,11 CLA  0.07 ± 0.01 c   0.09 ± 0.01 c   0.15 ± 0.02 c   0.09 ± 0.01 c   0.14 ± 0.01 c   0.51 ± 0.08 b   0.07 ± 0.01 c   0.11 ± 0.01 c   1.63 ± 0.09 a  
 10,12 CLA  0.04 ± 0.00 c   0.06 ± 0.01 c   0.06 ± 0.01 c   0.04 ± 0.00 c   0.17 ± 0.01 b   0.13 ± 0.02 b   0.04 ± 0.00 c   0.35 ± 0.03 a   0.41 ± 0.02 a  
C18:3n3 0.43 ± 0.06 0.49 ± 0.09 0.41 ± 0.04 0.55 ± 0.11 0.74 ± 0.05 0.63 ± 0.12 0.29 ± 0.05 0.27 ± 0.03 0.3 ± 0.02
C18:3n6 0.17 ± 0.02 0.18 ± 0.03 0.15 ± 0.02 0.24 ± 0.06 0.33 ± 0.03 0.22 ± 0.05 0.14 ± 0.03 0.29 ± 0.02 0.29 ± 0.02
C20:0 0.07 ± 0.01 0.07 ± 0.01 0.05 ± 0.01 0.09 ± 0.02 0.15 ± 0.02 0.08 ± 0.02 0.06 ± 0.01 0.12 ± 0.01 0.09 ± 0.01
C20:1 0.3 ± 0.04 cd 0.33 ± 0.06 cd 0.23 ± 0.02 d 0.35 ± 0.05 cd 0.53 ± 0.03 bc 0.33 ± 0.05 cd 0.26 ± 0.05 d 0.76 ± 0.07 ab 0.97 ± 0.13 a 
C20:2 0.26 ± 0.03 bc 0.24 ± 0.03 c 0.22 ± 0.02 c 0.28 ± 0.03 abc 0.38 ± 0.03 ab 0.26 ± 0.03 bc 0.23 ± 0.04 c 0.29 ± 0.03 abc 0.40 ± 0.03 a 
C20:3n3 0.03 ± 0.00 0.04 ± 0.01 0.03 ± 0.01 0.03 ± 0.01 0.04 ± 0.00 0.02 ± 0.01 0.03 ± 0.00 0.03 ± 0.00 0.01 ± 0.00
C20:3n6 0.38 ± 0.03 abc 0.28 ± 0.02 cd 0.36 ± 0.02 bcd 0.41 ± 0.03 ab 0.49 ± 0.01 a 0.34 ± 0.02 bcd 0.32 ± 0.05 bcd 0.30 ± 0.02 bcd 0.24 ± 0.02 d 
C20:4n6 4.0 ± 0.2 bcd 2.8 ± 0.4 d 4.0 ± 0.2 bcd 4.4 ± 0.3 abc 5.2 ± 0.1 ab 4.1 ± 0.2 bcd 3.6 ± 0.5 cd 5.4 ± 0.2 a 4.2 ± 0.3 abc 
C20:5n5 0.09 ± 0.01 0.06 ± 0.01 0.07 ± 0.01 0.10 ± 0.01 0.10 ± 0.01 0.08 ± 0.02 0.05 ± 0.01 0.04 ± 0.00 0.05 ± 0.01
C22:0 0.02 ± 0.00 b 0.00 ± 0.00 b 0.01 ± 0.00 b 0.01 ± 0.01 b 0.02 ± 0.01 b 0.05 ± 0.01 b 0.01 ± 0.00 b 0.03 ± 0.01 b 0.18 ± 0.05 a 
C22:1 0.07 ± 0.01 a 0.06 ± 0.01 ab 0.08 ± 0.00 a 0.10 ± 0.01 a 0.10 ± 0.01 a 0.07 ± 0.01 a 0.07 ± 0.01 a 0.05 ± 0.02 ab 0.02 ± 0.01 b 
C22:5 0.31 ± 0.03 ab 0.24 ± 0.02 c 0.31 ± 0.03 ab 0.37 ± 0.06 ab 0.45 ± 0.02 ab 0.31 ± 0.05 ab 0.34 ± 0.05 ab 0.65 ± 0.05 a 0.41 ± 0.05 ab 
C22:6n3 2.3 ± 0.2 bc 2.1 ± 0.4 bc 2.6 ± 0.2 abc 2.5 ± 0.2 abc 3.4 ± 0.1 a 2.4 ± 0.1 abc 2.0 ± 0.3 c 3.0 ± 0.2 ab 2.3 ± 0.2 bc 
C24:0 0.08 ± 0.01 b 0.07 ± 0.01 b 0.09 ± 0.01 b 0.09 ± 0.02 b 0.14 ± 0.01 a 0.08 ± 0.01 b 0.05 ± 0.01 b 0.08 ± 0.01 b 0.05 ± 0.01 b 
SAT 18 ± 2 bc 19 ± 3 bc 16 ± 1 c 24 ± 3 bc 34 ± 2 b 29 ± 4 bc 15 ± 2 c 72 ± 5 a 84 ± 8 a 
MUFA 22 ± 2 bc 26 ± 4 bc 19 ± 2 c 33 ± 5 bc 44 ± 4 b 39 ± 7 bc 18 ± 3 c 96 ± 8 a 115 ± 11 a 
PUFA 18 ± 1 bc 17 ± 2 c 17 ± 1 bc 21 ± 2 abc 28 ± 1 a 23 ± 2 abc 15 ± 2 c 24 ± 1 ab 23 ± 1 abc 

Means ± SEM, not sharing a common letter within the same row differ ( P  < 0.05). L, linoleic acid control; 10, 10,12 CLA plus linoleic acid; M, 
10,12 CLA plus 9,11 CLA  . Bolded data represent detected amounts of 9,11 CLA and 10,12 CLA.
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 In contrast, UCP1 protein levels in BAT and cytochrome  c  
oxidase activity in muscle were not affected by CLA treat-
ment (data not shown). Taken together, these data sug-
gest that the CLA-mediated reduction in adiposity is more 
likely due to increased mitochondria activity in WAT and 
not in BAT or muscle. 

 CLA treatments increase mRNA markers of low-grade 
infl ammation in WAT 

 Increased NF- � B-driven infl ammation has recently been 
shown to prevent obesity by increasing energy expenditure 
( 26, 27 ). Furthermore, low-grade infl ammation in WAT is 

expression, which is consistent with the induction of 
browning in these depots. The intermediate dose of both 
CLA treatments increased PGF2 �  synthase expression in 
all three WAT depots. 

 Intermediate dose of CLA treatments increase the 
protein or activity levels of browning markers in WAT 

 Consistent with the mRNA data above, 0.1% 10,12 CLA 
plus 0.1% linoleic acid ( 10 ) and 0.2% CLA isomer mixture 
(M) increased the protein levels of UCP1, CPT-1b, and 
COX-2 and the activity of cytochrome  c  oxidase in EPI 
WAT compared with the linoleic acid (L) controls (  Fig. 5  ). 

  Fig.   1.  Intermediate and high doses of CLA treatments decrease adiposity. Young, male 129SV mice (N = 10 per treatment group) were 
fed for 7 weeks a standard, purifi ed mouse diet containing 0.06, 0.2, or 0.6% linoleic acid control (L), 10,12 CLA plus linoleic acid (10), or 
10,12 CLA plus 9,11 CLA (M). Epididymal, inguinal, retroperitoneal, mesenteric, and BAT depots were excised and weighed. Means ± SEM 
without a common letter differ ( P  < 0.05).   

  Fig.   2.  High dose of CLA treatments cause hepatic steatosis and hepatomegaly. A: Livers were excised and weighed, and then a section of 
liver was fi xed in formalin, sliced, and stained with hematoxylin and eosin. B: Liver weights were recorded, liver TG and protein contents 
were measured, and the ratio of TG per milligram of protein was used as an indicator of steatosis. Means ± SEM without a common letter 
differ ( P  < 0.05). L, linoleic acid control; 10, 10,12 CLA plus linoleic acid; M, 10,12 CLA plus 9,11 CLA.   
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in EPI WAT   (  Fig. 7A  ),  RET WAT (supplementary Fig. IIIA), 
and ING WAT ( Fig. 7B ). The mRNA levels of hormone 
sensitive lipase and adipose tissue TG lipase, enzymes that 
control lipolysis, were decreased by the high dose of both 
CLA treatments in EPI ( Fig. 7A 2), RET (supplementary 
Fig. IIIB), and ING ( Fig. 7B 2). In general, the expression 
of genes associated with lipogenesis and lipolysis were not 
affected by the intermediate dose of CLA treatments. 

 FFA receptors GPR120 and GPR40 in WAT are 
differentially regulated by CLA 

 FFA activate FFA receptors, G-protein receptors (GPR), 
and G-protein-coupled receptors (GPCR), which infl uence 
glucose and lipid metabolism, intracellular calcium levels, 
and signaling pathways ( 30–35 ). GPR40 ( 35, 36 ) and GPR120 
( 30, 37 ) are activated by long-chain FFA, and their activa-
tion is associated with increased intracellular calcium lev-
els and extracellular signal-related kinase (ERK) activation, 
similar to what we have shown in human adipocytes treated 
with 10,12 CLA ( 38 ). Although we were unable to measure 
the activities of GPR120 and GPR40, we determined the 
effects of CLA on their expression levels. The low dose of 
both CLA treatments increased the expression of GPR120, 
whereas the high dose decreased GPR120 expression in 
all three WAT depots (  Fig. 8  ,   supplementary Fig. IV).  Given 
the anti-infl ammatory properties of GPR120 ( 30 ), our 
fi nding of the induction of proinfl ammatory M1 markers 
in the high dose of CLA treatments is consistent with de-
creased GRP120 expression in WAT. Although the expres-
sion levels of GRP40 were extremely low in WAT, the high 
dose of 10,12 CLA plus linoleic acid or the CLA isomer 
mixture induced the expression of GPR40 ( Fig. 8 , supple-
mentary Fig. IV), particularly in the ING depot ( Fig. 8B ). 
Taken together, these data suggest that the expression lev-
els of the FFA receptors GPR120 and GPR40 in WAT are 
differentially regulated by CLA isomers and may play a 
role in CLA-mediated downstream signaling in WAT. 

 DISCUSSION 

 We conducted this study to resolve contradictions in the 
literature concerning the dose- and isomer-specifi c effects 
of CLA on  i ) incorporation in WAT, liver, and muscle;  ii ) 
adiposity;  iii ) steatosis, hyperlipidemia, and insulin resis-
tance; and  iv ) browning and infl ammation in WAT. We 
used the 10,12 CLA isomer because it is the main isomer 
reported to reduce adiposity (reviewed in Ref.  3 ) and the 
CLA isomer mixture because it is used commercially in 
supplements and fortifi ed foods and in most human studies. 
We purchased relatively pure 10,12 CLA and 9,11 CLA iso-
mers to avoid issues related to chemical manipulation and 
storage associated with commercially available supplements. 
Linoleic acid was used as a control fatty acid, because it 
contains the same number of carbons and carbon-carbon 
double bonds as CLA. We chose the 129Sv mouse model 
because of its capacity to induce thermogenesis when ex-
posed to cold or  � -3 agonists compared with the C57Bl6J 
mouse ( 39 ). Young, growing mice fed a normal mouse 
diet were used in order to examine the ability of CLA to 

characterized by recruitment of macrophages, including 
classically activated M1 macrophages and alternatively ac-
tivated M2 macrophages. Here, we show that the mRNA 
levels of the proinfl ammatory M1 macrophage markers 
MCP-1, IL-6, F4/80, and TNF �  were elevated in the inter-
mediate and high dose of 10,12 CLA plus linoleic acid or 
CLA isomer mixture in EPI (  Fig. 6A   1 ),  RET (supplemen-
tary Fig. IIA), and ING ( Fig. 6B 1) WAT. 

 Given the role of alternatively activated, M2 macro-
phages in infl ammation, including clearing apoptotic cells 
and necrotic tissue (reviewed in Ref.  28 ), we examined the 
infl uence of CLA treatments on the expression of three 
markers of the M2 macrophage phenotype [i.e., arginase 1, 
mannose receptor c1 (Mrc1 or CD206), and Clec10 (CD301)] 
( 29 ). In EPI WAT, only the intermediate dose of the CLA 
isomer mixture increased arginase 1 expression, whereas 
the intermediate and high doses of the CLA isomer mix-
ture increased Mrc1 and Clec10a expression ( Fig. 6A 2). In 
RET WAT, only the high dose of the mixed CLA isomers 
increased arginase 1, Mrc1, and Clec10 expression (sup-
plementary Fig. IIB). In ING WAT, the high dose of both 
CLA treatments increased Mrc1 and Clec10 expression 
( Fig. 6B 2). In general, M2 macrophage markers were ex-
pressed to the greatest extent in WAT having the highest 
expression levels of M1 macrophage markers, except for 
arginase 1 in EPI WAT. 

 Impact of CLA treatment on mRNA markers of 
lipogenesis and lipolysis 

 Given the similar decrease in adiposity by both CLA treat-
ments in the intermediate and high doses, we determined 
the extent to which this reduction correlated with changes 
in the expression of genes associated with lipogenesis and 
lipolysis. Surprisingly, only the highest dose of 10,12 CLA 
or the CLA isomer mixture decreased the mRNA levels of 
PPAR �  or several of its target genes (i.e., perilipin, FABP4) 

  Fig.   3.  High dose of CLA treatments increases serum MCP-1 levels. 
A: Serum levels of MCP-1 and IL-6. B: Serum TG levels. Means ± SEM 
without a common letter differ ( P  < 0.05). L, linoleic acid control; 10, 
10,12 CLA plus linoleic acid; M, 10,12 CLA plus 9,11 CLA.   
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  Fig.   4.  Intermediate dose of CLA treatments increases markers of browning in epididymal (EPI) WAT. mRNA levels of markers of brown 
fat-like adipocytes were measured in EPI (A) or inguinal (ING) (B) WAT by real-time qPCR. (A1) and (B1) are direct markers of browning, 
and (A2) and (B2) are markers of prostaglandin production that are associated with the activation of browning. Means ± SEM without a 
common letter differ ( P  < 0.05). L, linoleic acid control; 10, 10,12 CLA plus linoleic acid; M, 10,12 CLA plus 9,11 CLA.   
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increasing the 10,12 CLA dose by 3-fold (i.e., 0.1% to 
0.3%) caused steatosis, demonstrating the small window of 
opportunity for fat loss without causing steatosis. 

 Increase in steatosis and markers of infl ammation 
 Consistent with several studies using 0.5% or more 10,12 

CLA or a CLA isomer mixture in the diet (reviewed in Ref. 
 3 ), the high dose of both CLA treatments increased steato-
sis, as demonstrated by overt appearance of lipid in the 
liver ( Fig. 2A ), increased liver weight and TG content 
( Fig. 2B ), and saturated and monounsaturated FA content 
( Table 2 ). In contrast, the low and intermediate doses of 
both CLA treatments did not cause steatosis ( Fig. 2 ), he-
patomegaly ( Fig. 2B ), or markedly affect the FA profi le. 
This increase in steatosis and lack of fasting hyperglycemia 
at the 0.6% level of CLA suggest insulin resistance and 
could be due to increased insulin levels ( 36, 43, 44 ), given 
insulin’s lipogenic actions. However, CLA did not increase 
serum insulin levels or cause insulin resistance (i.e., no in-
crease in HOMA-IR score) in our study. In parallel with 
steatosis, serum levels of MCP-1 and IL-6 ( Fig. 3A ) and 
ING WAT mRNA levels of MCP-1 ( Fig. 6B 1) were highest 
in the high-CLA groups. These data show that a rela-
tively high dose of 10,12 CLA (0.3%) and an equal CLA 
isomer mixture (0.6%), equivalent to 10 times one of the 
maximum doses consumed by humans when expressed 
per kilogram of body weight ( 19 ), causes lipoatrophy, in-
fl ammation, and steatosis. 

 Alternatively activated M2 macrophages attenuate infl am-
mation and protect against metabolic diseases, including 
insulin resistance (reviewed in Ref.  45 ). We found that the 
high dose of CLA treatments increased the expression 
of several M2 markers in WAT (i.e., Mrc, Clec10;  Fig. 6 ), 
along with markers of classically activated M1 macrophages 
(i.e., TNF � , MCP-1, F4/80;  Fig. 6 ). Thus, the increase in 

prevent the accumulation of body fat. Thus, we did not 
examine the ability of CLA to treat adult mice that were 
already overweight or obese. A 7-week feeding period was 
used based on work by Parra et al. ( 6 ). 

 CLA isomers incorporate into WAT and decrease 
adiposity 

 We demonstrated that 10,12 and 9,11 CLA isomers in-
corporated into WAT ( Table 1 ) and liver ( Table 2 ) and 
that 9,11 CLA in the 0.2% dose of the mixed CLA treat-
ment incorporated into muscle (supplementary Table IV), 
consistent with reports of incorporation into rodent liver 
( 40, 41 ) or human WAT and muscle ( 42 ). WAT was the 
preferred storage organ for CLA isomers, consistent with 
work by Andreoli et al. ( 40 ). As demonstrated in many ro-
dent studies, the high level (0.6%) of both CLA treatments 
robustly decreased adiposity in growing mice ( Fig. 1 ). This 
reduction was not due to decreased food intake (supple-
mentary Table V). Consistent with work by Parra et al. ( 6 ), 
who fed 0.1% and 0.3% (w/w) mixed CLA isomers to 
young C57BL6 mice consuming a low-fat diet for 35 days, 
129Sv mice fed the intermediate dose of both CLA treat-
ments (i.e., 0.1% 10,12 CLA plus 0.1% linoleic acid or 
0.2% of mixed CLA isomers) had decreased adiposity. In 
general, the intermediate and high doses of 10,12 CLA 
(i.e., 0.1% and 0.3%, respectively) were equally effective as 
the CLA isomer mixture (i.e., 0.2 and 0.6%, respectively) 
in reducing adiposity, suggesting the 9,11 CLA isomer had 
no additive or synergistic effect on reducing body fat when 
combined with 10,12 CLA. In contrast, the low dose of 
both CLA treatments did not reduce adiposity. Thus, there 
appears to be a threshold dose of 10,12 CLA alone (i.e., 
0.1%) and mixed CLA isomers (i.e., 0.2%) that signifi -
cantly reduces adiposity in young growing mice over a 
7-week feeding period without causing steatosis. Strikingly, 

  Fig.   5.  Intermediate dose (0.2%) of CLA treatments increases the protein or activity levels of browning markers in epididymal (EPI) 
WAT. A: Protein levels of UCP1, CPT-1b, COX-2, and  �  actin (load control) were measured in homogenates of EPI WAT. B: Activity of cyto-
chrome  c  oxidase was measured in homogenates of EPI WAT. Means ± SEM without a common letter differ ( P  < 0.05). L, linoleic acid 
control; 10, 10,12 CLA plus linoleic acid; M, 10,12 CLA plus 9,11 CLA.   
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to heat production. UCP1 is expressed primarily in brown 
adipocytes, but it is inducible in brite adipocytes ( 14, 15, 39, 
51–54 ) and linked to thermogenesis, fatty acid oxidation, 
and decreased adiposity (reviewed in Ref.  55 ). Brite or beige 
adipocytes in WAT can arise from mesenchymal stem cells 
that express PRDM16 ( 52 ) upon stimulation of PGC-1 �  by 
PPAR �  agonists like rosiglitazone ( 14, 39 ). Alternatively, they 
can (trans)differentiate from mature white adipocytes 
( 39, 53, 54 ). Notably, activation of COX-2 ( 14, 15 ) is a key 
initiator of brite adipocyte recruitment. COX-2 produces 
PGs that enhance mitochondrial biogenesis and increase 
the uncoupling capacity when activated with adrenergics 
or cold exposure ( 53 ). 

M2 markers in WAT of mice in the high-CLA dose may be 
due to their role in clearance of apoptotic cells or necrotic 
tissue in infl amed WAT (reviewed in Refs.  28, 30 ). 

 Increase in browning of WAT 
 Energy expenditure is a function of basal metabolic rate 

(BMR), adaptive thermogenesis, and physical activity. CLA 
has been proposed to reduce adiposity by enhancing energy 
expenditure via increasing BMR or thermogenesis, thereby 
increasing fat oxidation ( 46–50 ). Enhanced thermogene-
sis is associated with an upregulation of UCP1, which facili-
tates proton transport across the inner mitochondrial 
membrane, thereby diverting energy from ATP synthesis 

  Fig.   6.  CLA treatments increase mRNA markers of infl ammation in epididymal (EPI) and inguinal (ING) WAT. mRNA levels of markers 
of low-grade infl ammation were measured in EPI (A) and ING (B) WAT by real-time qPCR. (A1) and (B1) are markers of classically activated M1 
macrophage markers, and (A2) and (B2) are alternatively activated M2 macrophage markers. Means ± SEM without a common letter differ 
( P  < 0.05). L, linoleic acid control; 10, 10,12 CLA plus linoleic acid; M, 10,12 CLA plus 9,11 CLA; Arg1, arginase-1; Mrc1, mannose receptor c1.   
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natively, the robust decrease in WAT by the high dose of 
CLA could be due to general dedifferentiation or adipo-
cyte apoptosis (reviewed in Ref.  3 ). 

 Effects of CLA on GPR40 and GPR120 
 10,12 CLA, but not 9,11 CLA, has been shown to inhibit 

fatty acid transport and cAMP content in tumors and ING 
WAT by activating an inhibitory GPCR, which was blocked 
using pertussis-toxin, an inhibitor of heptahelical GPCR 
associated with CXCR1 and CXCR2 receptors that are cou-
pled to calcium mobilization and ERK activation ( 56 ). 
Moreover, CLA activates GPR40 and increases intracellu-
lar calcium accumulation in pancreatic  �  cells, thereby 
stimulating insulin secretion ( 36 ). Previously, we showed 
that 10,12 CLA-mediated decrease in glucose and fatty 
acid uptake in primary adipocytes was prevented by pertus-
sis-toxin, possibly via inhibition of MEK/ERK signaling 
( 57 ). Furthermore, we demonstrated that 10,12 CLA’s 
activation of infl ammatory signaling and suppression of 
PPAR �  and glucose uptake were dependent on increased 
intracellular calcium levels ( 38 ). Consistent with these 
data, we found in this study that the high dose of CLA 
treatments increased the expression of GPR40 in ING WAT 
( Fig. 8B ), suggesting a potential role of this FFA receptor 

 Several studies have shown that high doses of a mixture 
of CLA isomers (1.5%) ( 16 ) or 10,12 alone (1%) ( 17 ) de-
creased adiposity and increased UCP1 and CPT-1b expres-
sion in EPI or RET WAT, respectively, supporting the 
hypothesis that CLA decreases body fat, at least in part, by 
uncoupling mitochondria in WAT. Consistent with our 
hypothesis, the intermediate dose of 10,12 CLA or the 
CLA isomer mixture increased mRNA or protein markers 
of browning (i.e., UCP1, Cidea, Elovl3, CPT-1b, Cox8b, 
PPAR � ); fatty acid oxidation (i.e., PPAR � , CPT-1b); cyto-
chrome  c  oxidase activity; and PG production (i.e., COX-2, 
PGF2 �  synthase) in EPI WAT ( Figs. 4, 5 ) without causing 
steatosis ( Fig. 2 ). Unexpectedly, mRNA markers of brown-
ing were not increased by the high dose of CLA treatments 
in WAT, even though this dose decreased adiposity the 
most. Indeed, LaRosa et al. ( 18 ) showed that the expression 
of UCP1 in 10,12 CLA-treated mice gradually increased 
after 2, 4, 7, and 10 days of treatment, and then decreased 
70% by day 17. Thus, it is possible that the high dose of 
CLA treatment increased WAT browning acutely, causing 
the most rapid depletion of lipid in WAT (i.e., lipoatro-
phy). Subsequently, the depletion of WAT caused a down-
regulation of browning and other genes associated with 
energy metabolism by the end of the 7-week study. Alter-

  Fig.   7.  Impact of CLA treatment on mRNA markers of lipogenesis and lipolysis in epididymal (EPI) and inguinal (ING) WAT. mRNA 
levels of markers of lipogenesis (A1, B1) and lipolysis (A2, B2) were measured in EPI (A) and ING (B) WAT by real-time qPCR. Means ± 
SEM without a common letter differ ( P  < 0.05). L, linoleic acid control; 10, 10,12 CLA plus linoleic acid; M, 10,12 CLA plus 9,11 CLA; HSL, 
hormone sensitive lipase; ATGL, adipose tissue TG lipase.   
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how and when intermediate doses of CLA isomers impact 
exogenous and endogenous glucose and fatty acid utiliza-
tion in WAT and liver over time and whether these isomers 
alone or in combination increase energy expenditure in vivo. 
A greater understanding of how important GPR120 and 
GPR40 are as mediators of CLA signaling is needed.  
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