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Abstract

The objective of this study was to determine the extent to which a low level of trans-10, cis-12
(10,12) conjugated linoleic acid (CLA) decreases adiposity and increases browning in overweight
mice, its dependence on inflammatory signaling, and potential synergistic effects of daily exercise.
Young, Sv129 male mice were fed a high fat diet for 5 wk to make them fat and glucose
intolerant, and then switch them to a low fat diet with or without 0.1% 10,12 CLA, sodium
salicylate, or exercise for another 7 wk. 10,12 CLA decreased white adipose tissue (WAT) and
brown adipose tissue mass, and increased the mRNA and protein levels, and activities of enzymes
associated with thermogenesis or fatty acid oxidation in WAT. Mice fed 10,12 CLA had lower
body temperatures compared to controls during cold exposure, which coincided with decreased
adiposity. Although sodium salicylate decreased 10,12 CLA-mediated increases in markers of
inflammation in WAT, it did not affect other outcomes. Exercise had no further effect on the
outcomes measured. Collectively, these data indicate that 10,12 CLA-mediated reduction of
adiposity is independent of inflammatory signaling, and possibly due to up-regulation of fatty acid
oxidation and heat production in order to regulate body temperature. Although this low level of
10,12 CLA reduced adiposity in overweight mice, hepatomegaly and inflammation are major
health concerns.
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1. Introduction

The prevalence of overweight and obesity have reached epidemic proportions over the past
two decades. In 2010, 35.7% of American adults and 17% of children or adolescents were
obese [1]. In 2012, 13 states in the U.S. had obesity rates greater than 30% [2]. The direct
annual economic loss due to disability, injury, and death from being overweight and obese
in the U.S. was ~170 billion dollars [3]. Indirect medical costs from obesity-related chronic
diseases including cardiovascular disease, renal disease, and diabetes further increased heath
care costs [3]. Therefore, developing long-term, effective strategies to decrease the
prevalence of obesity and its comorbidities are urgently needed.

Conjugated linoleic acid (CLA) supplementation has become a popular method for weight
management, especially after it was approved by the FDA for Generally Recognized as Safe
status in 2008. Proposed mechanisms by which CLA, particularly the trans-10, cis-12
(10,12) isomer, reduces adiposity include regulation of energy metabolism, adipogenesis,
lipid metabolism, white adipose tissue (WAT) apoptosis, and inflammation [reviewed in 4].
Studies have linked 10,12 CLA-mediated inflammatory signaling to the suppression of
adipogenesis [5, 6], lipogenesis [5-7], and insulin sensitivity [5, 6, 8], and induction of
lipolysis [5] and apoptosis [9].

We previously demonstrated that 10,12 CLA increased the expression of several G-coupled
receptor proteins (GPR) such as GPR56 and GPRC5A [10], and activated phospholipase ¢
[11] and diacyglycerol kinase [12], resulting in increased calcium release from endoplasmic
reticulum (ER) [13] in human primary adipocytes. By chemically-blocking calcium release
from the ER, 10,12 CLA-mediated activation of extracellular signal-regulated kinase
(ERK)1/2 [6, 14], cJun-NH2-terminal kinase [15], and nuclear factor kappa B (NFxB) [8]
were attenuated [13]. Notably, these 10,12 CLA-activated proteins antagonized peroxisome
proliferator-activated receptor (PPAR) v and its target genes [5, 6, 8, 14, 15], which
contributed to CLA’s reduction of adipocyte triglyceride (TG) content. 10,12 CLA-mediated
increase in intracellular calcium also impaired insulin sensitivity [13], and impacted
prostaglandin synthesis [13, 16].

Notably, increased thermogenesis driven by inflammatory signaling has recently been
reported to prevent diet-induced obesity [17-20]. For example, cyclooxygenase (COX)-2
transgenic mice had an increased abundance of mitochondria in WAT, expression of
uncoupling protein (UCP) 1 in WAT, and systemic energy expenditure [17]. By knocking
out COX-2, UCP1 expression in WAT was suppressed and the defense of body temperature
during chronic cold exposure was impaired in mice [17]. Notably, overexpressing NFxB
was shown to prevent high fat- induced obesity by elevated energy expenditure through
thermogenesis [19, 20].
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Our previous study demonstrated that a low dose of 10,12 CLA (0.1%) prevented an
accumulation of body fat in young Sv129 mice fed a low fat diet for 7 wk [21]. These CLA-
mediated changes in body fat were associated with increased mRNA and protein levels of
markers associated with browning and inflammation in epididymal WAT [21]. Therefore,
the objective of this study was to determine the extent to which this low dose of 10,12 CLA
reduced adiposity in mice made overweight through feeding an American type, high fat diet
and then transitioned to a low fat diet, and its dependence on inflammatory signaling. In
addition, we wanted to determine if daily aerobic exercise could; (i) enhance 10,12 CLA’s
decrease in adiposity; and (ii) decrease 10,12 CLA’s potential increase in hepatic TG levels.

2. Methods

2.1. Experimental design and diets

Ninety, 4-6 wk old, Sv129 male mice were obtained from Jackson Laboratories (Bar
Harbor, ME) and housed in pairs in a 12 h light /12 h dark, temperature-controlled (22 °C)
animal facility at University of North Carolina at Greensboro (UNCG). Ethical treatment of
animals was assured by the campus Institutional Animal Care and Use Committee. Sv129
mice were used based on their capacity to develop beige adipocytes compared to C57BL6
mice [18]. After 1 wk of acclimation to the animal facility, 80 mice were fed a high fat diet
(i.e., 35% kcals from fat, see Supplemental Table 1 and Fig. 1) for 5 wk (Phase 1 = wk 1-5,
fattening period). After 5 wk of high fat-feeding, 10 mice were maintained on this high fat
diet (HH) for the remaining 7 wk of the study. The other 70 mice were randomly assigned to
either low fat (i.e., 10% kcals from fat, HL; Supplemental Table 1) with (HL+C, n=12) or
without 0.1% 10, 12 CLA (HL, n=10), low fat combined with exercise (E) with (HLE+C,
n=12) or without 10,12 CLA (HLE, n=12), or low fat combined with 4 g/kg sodium
salicylate (S) with (HLS+C, n=12) or without 10,12 CLA (HLS, n=12) for another 7 wk.
The remaining 10 mice were fed a low fat diet throughout the 12 wk study (LL; 10% kcals
from fat, Supplemental Table 1). The experimental design is illustrated in Figure 1. The
length of this study, as well as the dose and isomer of CLA, were chosen based on the
results of our previous study [21]. 10,12 CLA (purity = 98%) was purchased from Matreya
LLC (Pleasant Gap, PA). Sodium salicylate, an anti-inflammatory agent that has been shown
to suppress NFxB signaling in vitro [22] and vivo [23, 24], was purchased from Sigma-
Aldrich (St. Louis, MO). The dose of sodium salicylate was based on work by Shoelson’s
group [23, 24]. Diets were prepared by Research Diets (New Brunswick, NJ), and stored at
—20 °C until use. Mice had ad libitum access to both food and water, and food was changed
every 3-4 days. Food intake and body weight were measured weekly.

At the end of the study, fasted mice were euthanized with isoflurane vapor followed by
cervical dislocation. Blood (serum), WAT depots (i.e., epididymal, inguinal, mesenteric, and
retroperitoneal), brown adipose tissue (BAT), gastrocnemius muscle, and liver were
harvested, weighted, frozen in liquid N, and stored at —80 °C until analyses.

2.2. Intraperitoneal glucose tolerance tests (GTT)

Intraperitoneal GTT were conducted on non-anesthetized mice at wk 5 and wk 11. Mice
were deprived of food for 8 h and given an intraperitoneal glucose injection (i.e., 20%
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glucose solution) at a dose of 1 g/kg body weight on the day of test. One drop of venous
blood was taken from a small tail clip and blood glucose was measured using a Contour
blood glucometer (Bayer Diabetes Care, Tarrytown, NY) at 0, 5, 15, 30, 60, and 120 min
after glucose administration. Total area under the curve (AUC) for the GTT was calculated
as described [25].

2.3. Dual-energy X-ray (DEXA)

In order to measure percentage body fat, DEXA measurements were performed using a GE
Lunar Prodigy Advanced System (GE Healthcare, Milwaukee, WI) at wk 5 and wk 11. Mice
were lightly anesthetized with isoflurane vapor using a SomnoSuite Small Animal
Anesthesia System (Kent Scientific-Torrington, CT) with Integrated Digital VVaporizer
isoflurane system and then positioned on the DEXA table with appendages extended away
from the body. The system was calibrated daily according to manufacturer's instructions
prior to scans. DEXA measurements were done in duplicate for each mouse. Data were
analyzed using Encore 2007 Small Animal software (version 11.20.068).

2.4. Body temperatures

During the first week of acclimatization to the animal facility, mice were implanted
subcutaneously with micro-transponders (BHMDS IPTT-300) purchased from Bio Medic
Data Systems (BMDS, Seaford, DE) while under isoflurane vapor anesthesia. The sites of
insertion were examined daily for 5 d post-implant to ensure that there were no signs of
infection. At wk 8 and wk 11, mice from all treatments were exposed to cold temperature
(7°C) for 4 h and body temperatures were measured at baseline and every hour for 4 h [26].

2.5. Exercise protocol

Exercise started on wk 6 on a 5 d/wk basis at room temperature. Mice were trained on a
motor-driven rodent treadmill (Collins Instruments, Braintree, MA) equipped with a
Coulbourne Precision Regulated Animal Shocker at the back. Very low current was used to
encourage animals to run. Mice in the exercise groups were familiarized with the treadmill
each day for 1 wk by gradually increasing running time and speed, so that at the end of 1 wk
they were running for 30 min at a 10 m/min pace for the first 15 min and 12 m/min for the
second 15 min up a 12 % grade. Following habituation, the length of each exercise session
was gradually increased 5 min/day until the animals were running for 1 h per day at a 12
m/min pace up a 12 % grade. No fatigue was observed during the study as evidenced by not
getting shocked more than four times in a minute or staying by the shocker for more than 5
sec [27]. This duration and intensity was maintained for the remainder of the exercise
protocol. This moderate protocol has been reported to prevent high fat-mediated steatosis
[28] and increase mitochondria content in leg muscles of C57BL/6 mice [29].

2.6. Cytochrome c oxidase and 3-hydroxyCoA dehydrogenase (3-HAD) activities

Cytochrome c oxidase, the final protein complex in the electron transport chain, and 3-HAD,
a marker enzyme of f-oxidation, were used as indicators of mitochondria content.
Epididymal and inguinal fat samples were homogenized and the activities of cytochrome c
oxidase [30] and 3-HAD [31] were measured as previously described [21].
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2.7. Liver TG content

Liver TG levels were measured as previously described [21]. Liver protein concentration
was determined by using Lowry protein assay from delipidated liver.

2.8. Tissue RNA extraction and real-time quantitative (q) PCR

Total mMRNA was extracted from WAT tissue using the RNeasy Lipid Tissue Kit (Qiagen,
Valencia, CA), followed by using the DNase treatment (Qiagen). Single-strand RNA was
reverse-transcribed into complementary DNA (cDNA) using the high-capacity cDNA
Archive Kit (Applied Biosystems, Foster City, CA) and real-time gPCR was performed in
7500 FAST Real Time PCR System as previous described [21]. TATA-binding protein
(TBP) was used as the internal control.

2.9. Apoptosis PCR Array

RT2 Profiler PCR Array kit (Qiagen) for apoptosis was conducted on epididymal mRNA
samples. Procedures were followed using the company’s instructions. Briefly, total RNA
samples were first tested for degradation on a 1% agarose gel, and then 1 ug of mMRNA was
reverse transcribed to cDNA using the Qiagen’s TR2First Strand Kit. Equal aliquots of
cDNA were added to a PCR array plate which was coded with 84 genes at the bottom of
each well. Real-time amplification data were collected using the 7500 FAST Real Time
PCR System. Data analysis was conducted using web-based data analysis software provided
by the company.

2.10. Immunoblotting

Immunoblotting was conducted as previously described (21) using primary antibodies of
UCP-1 (#ab23841; Abcam, Cambridge, MA), carnitine palmitoyltransferase 1b (#sc20670;
CPT1b, Santa Cruz Biotechnology Inc., Santa Cruz, CA), and B-actin (#sc1616; Santa Cruz)
at 1:400, 1:200, and 1:1000 dilution, respectively. Horseradish peroxidase-conjugated
secondary antibodies were probed at 1:1000 dilutions at room temperature for 2 h. Blots
were exposed to chemiluminescence reagent and X-ray films were developed using a
SRX-101A Konica Minolta film developer. Two samples from HL, HL+CLA, HLS, and
HLS+CLA treatments were randomly selected and run on the same gel, and are
representative of other samples within each treatment group. Densitometry was conducted
using a Kodak 4400 CF Image Station as described previously [21].

2.11. Statistics

Student’s t test was performed to compare (i) the effects of high fat vs. low fat feeding
during the first 5 wk period of the study, and (ii) the effects of HL vs. HL+CLA on the body
temperature and body fat percentage data at wk 8 and 11 (p<0.05). A one-way ANOVA,
Tukey’s HSD multi-comparison was conducted to detect significant treatment differences in
(i) weights of adipose tissues, (i) mMRNA, protein and enzyme activity levels of browning
markers, (iii) MRNA levels of inflammatory markers, and (iv) liver weight and TG content.
We also used Bonferroni’s posthoc test to perform specific comparisons (i.e., HL vs HL
+CLA, HLE vs HLE+CLA, HLS vs. HLS+CLA, HL+CLA vs HLE+CLA, and HL+CLA vs
HLS+CLA groups), five groups in all using a family error rate of 0.05. Hence differences
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were considered significant at p<0.01 for Bonferroni’s adjustment. All statistical analyses
were conducted by the JMP version 8.0 program (SAS, Cary, NC). Data are expressed as
means = SEM.

3. Results

3.1. High fat diet increases body weight, body fat, and insulin resistance at wk 5 (Phase 1-
fattening period; wk 1-5)

After 1 wk on the experimental diets, mice fed the high fat diet had higher body weights
compared to mice fed the low fat diet (Fig. 2A). At wk 5, high fat-fed mice had a greater
percentage of body fat (Fig. 2B), increased fasting blood glucose level (Fig. 2C), and GTT
AUC (Fig. 2D) compared to the low fat fed mice. Collectively, these data demonstrated that
the fattening period (phase 1) was of sufficient length to increase adipose tissue mass and
cause glucose tolerance.

3.2. 10,12 CLA decreases adiposity without impacting glucose tolerance at wk 11-12
(Phase 2-CLA treatment period; wk 6-12)

Mice fed the high fat (HH) diet for 12 wk had the highest body weights (Supplemental Table
2), and visceral (i.e., epididymal and mesenteric) and subcutaneous (i.e., inguinal) WAT
depot weights (Fig. 3) compared to mice fed the low fat-fed mice (LL) for 12 wk and mice
fed the high fat diet for 5 wk and then switched to the low fat diet for 7 wk (HL control
group). All 10,12 CLA-treated mice had decreased weights of visceral (i.e., epididymal and
retroperitoneal) and subcutaneous (i.e., inguinal) WAT and BAT compared to the mice fed
the high fat diet for 5 wk and then switched to the low fat diet for 7 wk (HL controls; Fig. 3).
Neither exercise nor sodium salicylate treatment affected 10,12 CLA’s reduction in
adiposity. In addition, none of the treatments (i.e., 10,12 CLA, exercise, or sodium
salicylate) impacted glucose tolerance levels compared to their controls (Supplemental
Table 2).

3.3. 10,12 CLA decreases body temperature during cold exposure (Phase 2-CLA treatment

period; wk 6-12)
At wk 8 and wk 11, 10,12 CLA-treated mice had an impaired ability to maintain body
temperature after exposure to 7 °C for 4 h compared to the mice fed the high fat diet for 5
wk and then switched to the low fat diet for 7 wk (HL control group; Figs. 4A and 4B). This
reduction in body temperature was not observed in 10,12 CLA-treated mice that were
exercised or supplemented with sodium salicylate (data not shown). Notably, the reduction
in body temperature by 10,12 CLA at wk 11 coincided with the reduction in percentage of
body fat during the same week (Fig. 4C), indicating that the loss of body fat may have
impacted the mice’s ability to defend body temperature during cold exposure.

3.4. 10,12 CLA increases markers of browning and thermogenesis (Phase 2- CLA treatment
period; wk 6-12)
Mice consuming the low fat and high fat diets for 12 wk (LL and HH, respectively) had
similar mRNA levels of markers associated with browning in epididymal and inguinal fat
depots (Figs. 5A and 5B). Consistent with our previous study [21], all 10,12 CLA-treated

J Nutr Biochem. Author manuscript; available in PMC 2016 June 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shen et al.

Page 7

mice had increased mMRNA levels of markers of thermogenesis and fatty acid oxidation in
epididymal (Fig. 5A) and inguinal (Fig. 5B) WAT including UCP1 (uncouples
phosphorylation of ADP to ATP), CPT1b (facilitates fatty acid transport into mitochondria),
cytochrome c oxidase VIII b (Cox8b; promotes electron transfer during mitochondrial
respiration), and PPARa (induces genes associated with fatty acid oxidation) compared to
the HL controls. This 10,12 CLA-mediated induction was greatest in the epididymal depot,
consistent with our previous study [21]. Exercise did not further affect markers of browning
in control or 10,12 CLA-treated mice. In contrast to our hypothesis, sodium salicylate did
not prevent 10,12 CLA’s induction of mMRNA markers of browning in either WAT depot.

Consistently, protein levels of UCP1 and CPT1b were higher in 10,12 CLA-treated mice in
visceral (epididymal) and subcutaneous (inguinal) depots compared to their respective
controls, and sodium salicylate did not attenuate this increase by 10,12 CLA (Fig. 6). In
agreement with mRNA and protein data, the activities of cytochrome ¢ oxidase and 3-HAD
(Fig. 7A) were elevated by 10,12 CLA treatment compared to the controls in the epididymal
depot. Exercise did not further elevate the activity of these two enzymes, nor did sodium
salicylate attenuate their activities. Notably, none of the treatments influenced the activities
of cytochrome c oxidase or 3-HAD in gastronemius muscle (i.e., indicators of non-shivering
thermogenesis; data not shown) or the mRNA levels of UCP1 in BAT (data not shown).

3.5. 10,12 CLA increases markers of inflammation (Phase 2- CLA treatment period; wk 6—

12)

Mice consuming the low fat and high fat diets for 12 wk (LL and HH, respectively) had
similar mRNA levels of markers associated with inflammation in epididymal (Fig. 8A) and
inguinal (Fig. 8B) WAT depots. 10,12 CLA-treated (HL+CLA) mice had increased mRNA
levels of markers of inflammation in epididymal and inguinal WAT depots, including those
associated with prostaglandin synthesis (e.g., COX-2 and aldose reductase), M1 macrophage
responses (e.g., chemoattractant protein 1 (MCP1), F4/80, and CD11c), and pro-
inflammatory cytokines (e.g., IL6), compared to the low fat control mice (HL). Exercise did
not further affect markers of inflammation in either depot. Sodium salicylate attenuated
10,12 CLA-mediated induction of markers of COX-2, MCP1, CD11C, F4/80, tumor
necrosis factor (TNF) a, and IL6 in the epididymal depot (Fig. 8).

Mice fed the high fat diet for 12 wk (HH) had greater liver weights (Figs. 9A and 9B) and
TG content (Fig. 9C) compared to the mice fed the low fat diet for 12 wk (LL). Mice fed
10,12 CLA (HL+CLA) had heavier livers compared to their controls (HL). Surprisingly,
exercise (HLE+CLA) or sodium salicylate (HLS+CLA) did not prevent hepatomegaly (Fig.
9B) nor the increase in hepatic TG content (Fig. 9C) in 10,12 CLA-treated mice. These data
indicate that even this low dose (0.1%, w/w) of 10,12 CLA may have deleterious effects in
the liver, which has been consistently reported by others at higher doses of 10,12 CLA or
mixed CLA isomers [32].
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4. Discussion

4.1. 10,12 CLA-mediated loss of body fat and induction of browning is independent of
COX-2 and inflammatory signaling

It has been consistently reported that COX-2 plays an important role in response to classic
B3-adrenergic activation from cold exposure or agonists to promote mitochondrial
biogenesis and increased UCP1 expression in WAT [17, 18, 33, reviewed in 34, reviewed in
35]. COX-2, the rate-determining enzyme in prostaglandin synthesis, has been shown to be
up-regulated in WAT during exposure to cold or stimulation with a f3-adrenergic agonist
[17]. For example, CL316243-mediated upregulation of UCP1, cell death-induced DNA
fragmentation factor-a-like effector A (Cidea), and CPT1b mRNA levels in intra-abdominal
WAT was attenuated by treatment with the selective COX-2 inhibitor celecoxib [17]. Our
previous study [21] demonstrated that a 7 wk, low dose of 10,12 CLA prevented body fat
accumulation and increased markers of browning in lean mice, which was accompanied by
increased COX-2 mRNA and protein expression.

However, we did not know if this low dose of 10,12 CLA decreased adiposity in overweight
mice to a greater extent than consuming a low fat diet alone, and if so, was it dependent on
COX-2 signaling. To answer this question, mice were fed a high fat diet for 5 wk to get
them overweight, and then switched to a low fat diet with or without CLA and sodium
salicylate, a COX-2 inhibitor. Consistent with our hypothesis, all mice receiving 10,12 CLA
had lower total WAT depot weights compared to their low fat-fed controls (Fig. 3). As
anticipated, sodium salicylate blocked COX-2 gene expression and attenuated 10,12 CLA-
mediated inflammatory gene expression in epididymal WAT (Fig. 8). However, it did not
prevent 10,12 CLA from decreasing body fat (Fig. 3), increasing markers of browning in
epididymal or inguinal WAT (Fig. 5), or defending body temperature under cold exposure
(data not shown). Collectively, these data advance the hypothesis that the induction or
activation of COX-2, NFxB, or other inflammatory related markers may be a consequence,
rather than a mediator, of 10,12 CLA-activated browning.

Consistent with the above hypothesis, Bruce Spiegelman’s group recently demonstrated that
browning in WAT can be activated independent of B-adrenergic signaling [36]. For example,
after 20 h exposure to 10°C, UCP1, Type Il iodothyronine deiodinase, and peroxisome
proliferator-activated receptor gamma coactivator 1 mRNA levels were not completely
diminished compared to controls in inguinal WAT in mice lacking -adrenergic receptors,
although their expression levels were lower than in wild type mice [36]. These data provide
further support for the hypothesis that WAT has the capacity to sense changes in external
temperatures and respond to cold stimulus by uncoupling respiration from phosphorylation
in mitochondria. In our study, we detected significant body fat loss after 6 wk of 10,12 CLA
feeding, which was coincident with relatively lower, but not statistically significant basal
body temperature (Supplemental Fig. 1) and impaired ability to maintain body temperature
when exposed to cold environment, compared to its HL control (Fig. 4). A similar inability
to regulate body temperature with 10,12 CLA supplementation during cold exposure was
observed at an earlier time point (i.e., after 3 wk of 10,12 CLA supplementation, Fig. 4A).
However, we did not measure the body fat percentage during that week. Interestingly, CLA
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supplementation (i.e., 1%; equal mixture of cis-9, trans-11 and 10,12 isomers, a.k.a. mixture
CLA isomers) induced heat loss in C57BI/6J mice, which coincided with significant loss of
WAT mass on day 9 of treatment [37]. Consistent with these data, mixed CLA isomers
increased energy expenditure and tended to lower respiratory quotient in AKR/J mice after
wk 6 of treatment [38], suggesting CLA promoted fat oxidation.

Although 10,12 CLA did not increase UCP1 mRNA or protein in BAT (data not shown), or
cytochrome c oxidase in muscle (an indicator of shivering thermogenesis; data not shown)
after 7 wk of treatment, it is possible that BAT thermogenesis could be initially upregulated,
because BAT mass was decreased by 50% following 10,12 CLA treatment for 7 wk (Fig 3).
As BAT mass becomes compromised, WAT browning could be induced to provide heat to
maintain body temperature. Thus, it is possible that BAT thermogenesis could have been
initially upregulated by 10,12 CLA, and as it became depleted, browning of WAT was
upregulated in an attempt to maintain body temperature when cold challenged. Future time
course studies will need to be conducted to examine this hypothesis.

4.2. 10,12 CLA-mediated loss of body fat does not appear to be mediated by adipocyte

apoptosis

Another proposed mechanism by which CLA reduces body fat is via activation of apoptosis
[reviewed in 4]. Supplementation of 1% mixed CLA isomers induced apoptosis in WAT in
female C57BL/6J mice [39] and mixed strains of mice [37] within 1 wk of treatment.
Several apoptotic-related genes such as those in the TNF family, cell death factors, and anti-
apoptotic genes were affected after 1 day of mixed CLA isomer feeding in WAT depots of
male C57BL/6J mice [28]. Strikingly, mice from various genetic lines responded to 1%
mixed CLA isomers or 0.5% 10,12 CLA differently [37]. For example, mice from low
energy expenditure strains, but not from high energy expenditure lines, exhibited apoptosis
in retroperitoneal WAT from either CLA treatment. Our study used a low dose of 10,12
CLA (0.1%) in male Sv129 mice for 7 wk and did not find a consistent pattern of 10,12
CLA-mediated apoptosis in epididymal WAT depot (Supplemental Fig. 2). We speculate
that this lack of induction of apoptotic genes may be due to the higher basal metabolic rate
background of Sv129 compared to the C57BI/6J strain [40].

4.3. 10,12 CLA causes hepatomegaly, which is not attenuated by exercise

Steatosis has been a notorious side effect associated with consuming high doses of CLA [32,
39, 41]. To our knowledge, there are no studies examining the ability of exercise to prevent
or treat CLA-mediated steatosis. Several studies reported that exercise successfully
prevented high fat-induced steatosis in rodents [28, 42]. For example, high fat (45% fat)-fed
male C57BL/6 mice had elevated liver TG content at wk 6 [28]. Exercise (treadmill, 40
min/d, 12 m/min, 12% grade, 5 d/wk) for 6 wk prevented this high fat diet-mediated
steatosis. This same intensity and duration of exercise also have been shown to improve
blood lipid profiles and enhance oxidative capacity in leg muscles of male C57BL/6 mice
[29]. Therefore, we adopted this exercise protocol for our study. However, exercise did not
further attenuate 10,12 CLA mediated- (i) reduction of adiposity (Fig. 3), (ii) increase of
liver weight (Fig. 9), or (iii) inflammatory gene expression in WAT (Fig. 8) in Sv129 mice.
Furthermore, exercise did not affect 10,12 CLA-induced browning in WAT (Fig. 5). This

J Nutr Biochem. Author manuscript; available in PMC 2016 June 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shen et al.

Page 10

could be due to different metabolic rates of these two strains or that the exercise protocol
was not of sufficient intensity or duration.

4.4. Limitations

One major limitation of this study is that we did not measure energy expenditure, and thus
we do not know if 10,12 CLA decreases body fat via increased heat loss. Another limitation
is that we did not measure body fat percentage and body temperature of mice exposed to
4°C during the first few weeks of the study. A third limitation is that the DEXA instrument
has not been validated for mice by the manufacturer. However, we compared the actual
body weights (recorded weekly) to the DEXA instrument reads (bone mass + fat + lean
tissue mass). Correlation analysis was conducted by SPSS (version 20). The Person’s
correlation value is 0.938, and the significant p < 0.001 (data not shown). Lastly, we do not
know if a low dose of 10,12 CLA reduces body fat in overweight mice consuming a high fat
diet. Thus, future studies need to address these issues so as to gain further insights into the
exact mechanism by which 10,12 CLA decreases body fat.
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AUC area under the curve

BAT brown adipose tissue
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Cidea cell death-induced DNA fragmentation factor-a-like effector A
Cox8b cytochrome c oxidase subunit VIII b

COX-2 cyclooxygenase-2
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DEXA dual-energy X-ray

ER endoplasmic reticulum
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HH high fat throughout the study

HL high fat for the first 5 wk and then switched to low fat for the following 7
wk

HLE high fat for the first 5 wk, and then switched to low fat with daily exercise
for the following 7 wk

HLS high fat for the first 5 wk, and then switched to low fat with 4 g/kg sodium
salicylate for the following 7 wk

IGTT intraperitoneal glucose tolerance test

IL interleukin

LL low fat throughout the study

MCP monocyte chemoattractant protein

NF-xB nuclear factor kappa B

PPAR peroxisome proliferator activated receptor

TG triglyceride

TNF tumor necrosis factor

ucp uncoupling protein

WAT white adipose tissue
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Figure 1.
Experimental design. Eighty male Sv129 mice were fed a high fat diet for 5 wks and

subsequently maintained on the high fat (HH, n=10) diet or switched to a (i) low fat (HL)
diet with (HL+CLA, n=12) or without 0.1% 10,12 CLA (n=10), (ii) low fat diet plus
exercise (HLE) with (HLE+CLA, n=12) or without 0.1% 10,12 CLA (n=12), (iii) or low fat
diet plus 4 g/kg sodium salicylate (HLS) with (HLS+CLA, n=12) or without 0.1% 10,12
CLA (n=12) for another 7 wks. Ten mice were fed a low fat diet throughout the study (LL).
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High fat diet increases body weight, body fat, and blood glucose level. Panel A: Body
weights of mice fed the high fat (HF) diet (n=80) or the low fat (LF) diet (n=10) for 5 wks.
Panel B: Body fat percentages of mice that were randomly selected from HF (n=10) or the
LF diet (n=10) for 5 wks. Panel C: Fasting blood glucose level from mice that were
randomly selected from HF diet group (n=10) or the LF diet group (n=10). Panel D: Area
under curve (AUC) from an intraperitoneal glucose tolerance test (GTT) from mice that
were randomly selected from HF diet group (n=10) or the LF diet group (n=10). Mean +
SEM having an asterisks (*) are significantly different using the Student’s t test (p<0.05).
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10,12 CLA decreases adiposity. At wk 12, epididymal, inguinal, retroperitoneal, and
mesenteric white adipose tissue (WAT), and brown adipose tissue (BAT) were excised and
weighed. Means + SEM (n=10-12) not sharing a common letter differ (p<0.05) by one-way
ANOVA. Means + SEM sharing the symbol # differ using the Bonferroni’s adjustment
(p<0.01). Weight of total WAT is the combined weights of the epididymal, inguinal,
retroperitoneal, and mesenteric depots; LL, low fat throughout the 12 wk study; HH, high fat
throughout the 12 wk study; HL, high fat for the first 5 wk and then switched to low fat for
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the following 7 wk; HLE, high fat diet for the first 5 wk, and then switched to low fat diet
with daily exercise for the following 7 wk; HLS, high fat diet for the first 5 wk, and then
switched to low fat diet with 4 g/kg sodium salicylate for the following 7 wk; CLA, 0.1%
10,12 conjugated linoleic acid.
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Figure 4.
10,12 CLA decreased body temperature during cold exposure. At wk 8 (Panel A) and wk 11

(Panel B), 10 mice from HL and HL+CLA groups were exposed to 7 °C for 4 h. Body
temperatures were recorded at baseline and after 1, 2, 3, and 4 h of cold exposure. Panel C,
body fat percentages using Dual-energy X-ray (DEXA) were measured in mice from all
treatments (n=10-12 per group) at wk 11. Means = SEM having an asterisks (*) are
significant different using the Student’s t test (p<0.05). LL, low fat throughout the 12 wk
study; HH, high fat throughout the 12 wk study; HL, high fat for the first 5 wk and then
switched to low fat for the following 7 wk; HLE, high fat diet for the first 5 wk, and then
switched to low fat diet with daily exercise for the following 7 wk; HLS, high fat diet for the
first 5 wk, and then switched to low fat diet with 4 g/kg sodium salicylate for the following 7
wk; CLA, 0.1% 10,12 conjugated linoleic acid.
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Figure 5.
10,12 CLA increases the mRNA levels of markers associated with browning in epididymal

(Panel A) and inguinal (Panel B) WAT. mRNA levels were measured by real time qPCR.
Means £ SEM (n=10-12) not sharing a common letter differ (p<0.05) by one-way ANOVA.
UCP1, uncoupling protein 1; Elovl3, elongation of very long chain fatty acids 3; Cidea, cell
death-induced DNA fragmentation factor-a-like effector A; CPT1b, carnitine
palmitoyltransferase 1b; COX8b, cytochrome c oxidase subunit VIII b; PPARa,
proliferator-activated receptor a; LL, low fat diet throughout the 12 wk study; HH, high fat
diet throughout the 12 wk study; HL, high fat diet for the first 5 wk and then switched to low
fat diet for the following 7 wk; HLE, high fat diet for the first 5 wk, and then switched to
low fat diet with daily exercise for the following 7 wk; HLS, high fat diet for the first 5 wk,
and then switched to low fat diet with 4 g/kg sodium salicylate for the following 7 wk; CLA,
0.1% 10,12 conjugated linoleic acid.
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Figure 6.
10,12 CLA increases the protein levels of uncoupling protein 1 (UCP1) and carnitine

palmitoyltransferase 1b (CPT1b) in epididymal (Panel A) and inguinal (Panel B) WAT.
Protein levels were measured by immunoblotting. B-actin was used as a loading control.
Two samples from HL, HL+CLA, HLS, and HLS+CLA treatments were randomly selected
and ran on the same gel. We chose the most representative blots. LL, low fat diet throughout
the 12 wk study; HH, high fat diet throughout the 12 wk study; HL, high fat diet for the first
5 wk and then switched to low fat diet for the following 7 wk; HLS, high fat diet for the first
5 wk, and then switched to low fat diet with 4 g/kg sodium salicylate for the following 7 wk;
CLA, 0.1% 10,12 conjugated linoleic acid.
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10,12 CLA increases the activity of cytochrome c oxidase and 3-hydroxyCoA
dehydrogenase (3-HAD) in epididymal (Panel A) and inguinal (Panel B) WAT. Means +
SEM (n=8-12) without a common letter differ (p<0.05) by one-way ANOVA. LL, low fat
diet throughout the 12 wk study; HH, high fat diet throughout the 12 wk study; HL, high fat
diet for the first 5 wk and then switched to low fat diet for the following 7 wk; HLE, high fat
diet for the first 5 wk, and then switched to low fat diet with daily exercise for the following
7 wk; HLS, high fat diet for the first 5 wk, and then switched to low fat diet with 4 g/kg
sodium salicylate for the following 7 wk; CLA, 0.1% 10,12 conjugated linoleic acid.
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epididymal (Panel A) and inguinal (Panel B) WAT. mRNA levels were measured by real
time qPCR. Means + SEM (n=10-12) without a common letter differ (p<0.05) by one-way

ANOVA. Means + SEM sharing the symbol # differ using the Bonferroni’s adjustment

(p<0.01). COX-2, cyclooxygenase 2; MCP1, monocyte chemoattractant protein 1; TNFa,
tumor necrosis factor a; IL6, interleukin 6; LL, low fat diet throughout the 12 wk study; HH,
high fat diet throughout the 12 wk study; HL, high fat diet for the first 5 wk and then

switched to low fat diet for the following 7 wk; HLE, high fat diet for the first 5 wk, and

then switched to low fat diet with daily exercise for the following 7 wk; HLS, high fat diet

for the first 5 wk, and then switched to low fat diet with 4 g/kg sodium salicylate for the

following 7 wk; CLA, 0.1% 10,12 conjugated linoleic acid.
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B. Liver weight

Figure 9.

Impact of 10,12 CLA on liver weight and triglyceride (TG) content. Panel A, representative

pictures from each treatment group (n=6-8), with arrows pointing to areas of lipid

accumulation. Panel B, liver weights from each group (n=10-12). Panel C, liver TG content

was measured and normalized by per mg of protein (n=10-12). Mean + SEM without a

common letter differ (p<0.05) by one-way ANOVA. LL, low fat diet throughout the 12 wk
study; HH, high fat diet throughout the 12 wk study; HL, high fat diet for the first 5 wk and

then switched to low fat diet for the following 7 wk; HLE, high fat diet for the first 5 wk,

and then switched to low fat diet with daily exercise for the following 7 wk; HLS, high fat
diet for the first 5 wk, and then switched to low fat diet with 4 g/kg sodium salicylate for the

following 7 wk; CLA, 0.1% 10,12 conjugated linoleic acid.
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