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Background: The aim of this study was to enhance the bioavailability of conjugated linoleic
acid (CLA), which has low water solubility, using nanoemulsion technology and to evaluate
the effects of its improved bioavailability as an antiobesity agent.

Methods: The antiobesity effect of nanoemulsified water-soluble conjugated linoleic acid
(N-CLA) was evaluated using in vitro and in vivo studies. Differentiated 3T3-L1 adipocytes were
treated with CLA and N-CLA to assess their lipolytic effect. Further, to confirm the antiobesity
effect of N-CLA, male Sprague-Dawley rats were randomly separated into four groups, ie, a
group fed a normal diet, a group fed a high-fat diet (obesity rat model), a CLA-treated group,
and an N-CLA-treated group.

Results: N-CLA showed a greater lipolytic effect on differentiated 3T3-L1 adipocytes com-
pared with normal CLA. N-CLA enhanced the release of glycerol from triglycerides, which
accumulated in differentiated 3T3-L1 adipocytes. Further, N-CLA enhanced leptin secretion
to an extent similar to that of orlistat, an antiobesity agent. In an animal obesity model fed a
high-fat diet, N-CLA attenuated accumulation of triglycerides, total cholesterol, and low-density
lipoprotein cholesterol in serum, and also significantly decreased the volume of triglycerides
and cholesterol in liver tissue.

Conclusion: These results indicate that N-CLA has a greater antiobesity effect than CLA as
a result of its improved bioavailability.

Keywords: conjugated linoleic acid, nanoemulsion, water-soluble, improved bioavailability,
antiobesity

Introduction

Many pharmacological agents, including amphetamine, orlistat, rimonabant, and
sibutramine, are used in the management of obesity. However, numerous drugs have
been withdrawn recently, due to their adverse effects and risk of myocardial infarction,
psychiatric disorders, and stroke.! Due to their adverse effects on the human body,
novel agents with improved antiobesity properties and minimal side effects are in high
demand. Among the alternative antiobesity medicines, conjugated linoleic acid (CLA)
is considered to be effective. CLA is a fatty acid mixture of positional and geometric
isomers of octadecadienoic acid (linoleic acid 18:2n-6) with a conjugated double-bond
system.? To date, CLA has attracted interest as a weight-reducing agent because of
its antiobesity activity, ie, reduced lipid accumulation in adipocytes via inhibition of
lipoprotein lipase activity and decreased body fat mass via induction of apoptosis in
adipocytes.’® Furthermore, CLA increases muscle mass in mice and facilitates use of
fat as an energy source.” Although CLA is considered to be an alternative medicine
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with minimal side effects compared with the mainstream anti-
obesity drugs, it has been reported to induce upset stomach,
nausea, and loose stools because of its lack of absorption
and instability.®

Nanoemulsions, a class of emulsions with a droplet size
of 20-500 nm, exist in both water-in-oil and oil-in-water
forms,’ are composed of surfactants or emulsifiers, and are
commonly used in food substances. Moreover, nanotechnol-
ogy has been used in the development of nanoemulsions as
pharmaceuticals over the last few years.'” Nanoemulsions
are well characterized and have potential as a drug delivery
system with practical pharmaceutical applications for the
reduction of side effects."!

The aim of this study was to evaluate the antiobesity
effect of nanoemulsified water-soluble conjugated linoleic
acid (N-CLA) with improved bioavailability in water in a
series of in vitro and in vivo studies.

Materials and methods

Materials

CLA of greater than 77% purity (Clarinol A80) was obtained
from Lipid Nutrition (Wormerveer, The Netherlands).
Dulbecco’s modified Eagle’s medium, fetal bovine serum,
penicillin, and streptomycin were obtained from Gibco
(Grand Island, NY, USA). 3-Isobutyl-1-methylxanthine,
dexamethasone, pioglitazone, orlistat, and free glycerol
reagent were purchased from Sigma-Aldrich (St Louis, MO,
USA). Insulin (Arg-insulin) was obtained from Upstate (Lake
Placid, NY, USA). All other chemicals used were of extra
pure grade (>99.0% purity).

Preparation of N-CLA and determination

of micelle size

CLA and lecithin were dissolved in sugar ester and ethanol,
and the product was then mixed with water and glycerin.
To obtain N-CLA (containing 30% CLA), the mixture was
passed five times through a high-pressure homogenizer
(M110F, Microfluidics Inc, Newton, MA, USA) at 1000 bar
and then filter-sterilized. The sizes of the CLA and N-CLA
micelles were measured using a zeta potential and particle
size analyzer (ELS-Z, Photal, Otsuka Electronics, Osaka,
Japan), and images of the micelles were obtained by trans-
mission electron microscopy (JEM-1010, JEOL, Tokyo,
Japan).

Cell culture and sample treatment
3T3-L1 preadipocytes (ATCC CL-173, American Tissue
Culture Collection, Manassas, VA, USA) were grown in

Dulbecco’s modified Eagle’s medium containing 10% fetal
bovine serum and 1% P/S at 37°C in a 5% CO, incubator.
Confluent cells were differentiated for 2 days in MDI medium
containing 1% penicillin-streptomycin, 5% fetal bovine
serum, 10 pg/mL of insulin, 0.5 mM 3-isobutyl-1-meth-
ylxanthine, 1 uM dexamethasone, and 10 UM pioglitazone.
The post-differentiation medium (MDI medium, exclud-
ing 3-isobutyl-1-methylxanthine and dexamethasone) was
replaced every 2 days. After differentiation was complete,
the cells were matured in high-glucose Dulbecco’s modified
Eagle’s medium containing 10 pg/mL of insulin. The samples
were then dissolved in dimethyl sulfoxide and treated at a final
concentration of 10 pg/mL (molar concentration 3.57 uM).
This CLA concentration is appropriate for stimulation of
de novo lipogenesis with no cytotoxic effects.!? The control
was treated with vehicle (dimethyl sulfoxide) only.

Cell viability assay

Cell viability was measured as previously described using the
3-(4,5-dimethylthiazol-2-yl)-2.5-diphenyltetrazolium (MTT)
assay.'® Preadipocytes (1 x 10%) were placed into each well
of a 96-well plate, after which they were incubated at 37°C
in a 5% CO, incubator for 24 hours. MTT (final concentra-
tion 0.4 wg/mL in phosphate-buffered saline) was added after
24 hours. After 4 hours, the newly formed formazan crystals
were dissolved in dimethyl sulfoxide and ethanol at a ratio of
1:1, after which absorbance was measured at 540 nm using
a microplate reader (Sunrise, Tecan, Vienna, Austria). Cell
viability was determined based on the ratio of the absorbance
of the sample-treated group to that of the control group.

Oil Red O staining and triglyceride

quantification

Cells were stained with Oil Red O after adipocyte differentia-
tion, then washed twice with phosphate-buffered saline and
fixed with 10% formaldehyde in phosphate-buffered saline
for one hour. After the formaldehyde was discarded, Oil
Red O was added to isopropanol for one hour. Stained drop-
lets were dissolved in the isopropanol and then quantified by
measuring absorbance at 490 nm. The results are shown as
relative triglyceride content compared with the control.

Glycerol content analysis

Glycerol was quantified according to the enzyme reac-
tion method using free glycerol reagent. Briefly, 10 mL of
medium, collected after cells were treated with the sample
for 24 hours, was added to 0.8 mL of free glycerol reagent
prewarmed to 37°C. The reaction was carried out in a
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waterbath at 37°C for 5 minutes. To quantify the amount
of glycerol, standard glycerol (25 ng/10 mL) was reacted in
the same manner as described above, after which absorbance
was measured at 540 nm. Glycerol content was calculated
according to the following formula.

(Asample — 4 blank)
(4standard — 4 blank)
x Concentration of standard

Glycerol content =

Measurement of leptin content

in 3T3-L1| cell culture medium

The amount of leptin secreted from the 3T3-L1 adipocytes was
measured using a sandwich enzyme-linked immunosorbent
assay following the method described by Mimura et al,'* with
slight modification. Aliquots (100 uL) of rabbit antimouse
leptin IgG (Santa Cruz Biotechnology Inc, Santa Cruz, CA,
USA) dissolved in phosphate-buffered saline were added to
each well of a 96-well enzyme-linked immunosorbent assay
plate, which was then incubated overnight at 4°C and washed
three times with TPBS (phosphate-buffered saline + 0-05
Tween 20). Following this, aliquots (100 pL) of the collected
medium were added to the plate, which was then incubated
at room temperature for one hour and subsequently washed
three times with TPBS. Next, alkaline phosphatase-conjugated
goat antirabbit IgG (Chemicon International Inc, Temecula,
CA, USA) was added, followed by incubation at room
temperature for one hour and washing three times with TPBS.
The reaction was developed using an alkaline phosphatase
conjugate substrate kit (5-bromo-4-chloro-3-indolyl phos-
phate p-toluidine salt/nitro blue tetrazolium, Bio-Rad, Hercu-
les, CA, USA), after which absorbance was measured using
an enzyme-linked immunosorbent assay reader at 490 nm.

Animals and diet
Male Sprague-Dawley rats (5 weeks, 145 + 5 g) were pur-
chased from Orient Bio (Gyeonggi, Korea) and maintained
at 25°C £ 2°C in cages with a relative humidity of 60% + 5%
on a 12-hour light/dark cycle. Rats were fed laboratory chow
(AIN-76 diet) for one week in order to stabilize their meta-
bolic condition. The rats were divided into four groups (five
rats per group) and allowed free access to food and water
during the entire experimental period. The AIN-76 diet was
used as the base for the experimental diet. Test materials were
added at a level of 2% (30% CLA constituted in test materials;
CLA content in each diet was 0.6%) for the high-fat diet.
The compositions of the experimental diets are shown
in Table 1. In the CLA and N-CLA groups, 2% CLA and

Table | Composition of experimental diets

Ingredients glkg diet
Normal Control CLA N-CLA
(normal (high-fat (HFD + (HFD +
diet) diet) CLA) N-CLA)
Corn starch 150 100 100 100
Sucrose 500 398.75 398.75 398.75
Casein 200 200 200 200
Corn oil 50 50 30 30
Lard - 150 150 150
Cholesterol - | | |
Sodium chlorate - 0.25 0.25 0.25
Cellulose 50 50 50 50
Mineral mixture* 35 35 35 35
Vitamin mixture™* 10 10 10 10
DL-methionine 3 3 3 3
Choline bitartrate 2 2 2 2
CLA - - 20
N-CLA 20
Total 1000 1000 1000 1000

Notes: *Mineral mixture (g/kg, AIN-76 mineral mixture, ICN Biomedicals Inc, Irvine,
CA, USA): calcium lactate 620.0, sodium chloride 74.0, potassium phosphate dibasic
220.0, potassium sulfate 52.0, magnesium oxide 23.0, manganese carbonate 3.3, ferric
citrate 6.0, zinc carbonate 1.0, cupric carbonate 0.2, potassium iodate 0.01, sodium
selenite 0.01, chromium potassium sulfate 0.5, finely powdered to make 1000 g.
**Vitamin mixture (mg/kg, AIN-76 vitamin mixture, ICN Biomedicals Inc): thiamine
HCI 600, riboflavin *+ 600, pyridoxine HCI 700, nicotinic acid 3000, D-calcium
pantothenate 1600, folic acid 200, D-biotin 20, vitamin B12 2.5, vitamin A 400,000 IU,
vitamin D3 100,000 IU, vitamin E 7500 U, vitamin K 75, finely powdered to make 1000 g.
Abbreviations: CLA, conjugated linoleic acid; HFD, high-fat diet; N-CLA,
nanoemulsified water-soluble conjugated linoleic acid.

N-CLA were added (0.6% CLA content), respectively, instead
of corn oil. The care and treatment of animals conformed to
the guidelines of Yeungnam University (Gyeongsan, Korea)
for the ethical treatment of laboratory animals.

Body weight and feed intake
Body weight and the amount of food consumed were
measured simultaneously at 2-day intervals during the

Table 2 Comparison of body weight gain, food intake, and food
efficiency ratio in rats fed the experimental diets for 5 weeks

Item Normal Control CLA N-CLA
Food intake and body weight gain (g/day)

Food 2846+ 123 2750+086 28.18+£0.21 2849+07I
intake

Body 2.40 + 0.58° 2.89 £0.55° 2.89 £ 0.55° 1.37 £ 031°
weight

gain

FER* 0.08 + 0.02° 0.10 £ 0.02 0.1l £0.02° 0.05+£0.01°

Notes: Data are presented as the mean * standard deviation (n = 5); *FER, food
efficiency ratio = body weight gain/food intake; *means with different superscripts
indicate significant differences (P < 0.05). Normal, rats fed a normal diet; control,
rats fed a high-fat diet; CLA, rats fed a high-fat diet + 2% CLA; rats fed a high-fat
diet + 2% N-CLA.

Abbreviations: CLA, conjugated linoleic acid; FER, food efficiency ratio; N-CLA,
nanoemulsified water-soluble conjugated linoleic acid.
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Table 3 Size of CLA and N-CLA micelles

N-CLA
220.80 + 6.98*

CLA
17240.60 + 3533.27

Characteristics

Size (nm)

Notes: Data are presented as the mean * standard deviation (n = 3). *Significant
difference (P < 0.001).

Abbreviations: CLA, conjugated linoleic acid; N-CLA, nanoemulsified water-
soluble conjugated linoleic acid.

experimental period. The feed efficiency ratio was calculated
by dividing the amount of body weight gained during the
experimental period by the amount of diet consumed during
the same period.

Collection of serum and tissue samples

Blood was collected from the inferior vena cava of rats
fasted for 12 hours prior to sacrifice under ether anesthesia
on day 35. Blood was centrifuged at 3000 x g for 15 minutes
at 4°C to obtain serum. Internal organs and tissues (liver,
epididymal white adipose tissue, and perirenal white adipose
tissue) were dissected and excised after washing out the
blood with ice-cold 0.15 M KCI buffer solution, followed
by washing with phosphate-buffered saline several times.
The organs were then weighed after removing the surface
moisture. The isolated liver was frozen rapidly in liquid
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nitrogen and stored at —70°C until the enzyme activity and
lipid quantification analyses.

Analyses of serum and liver biochemistry
Quantification of total serum cholesterol and neutral lipids
was performed using a kit from Asan Pharmaceutical Co
(Seoul, Korea). High-density lipoprotein (HDL) cholesterol
content was measured using a kit reagent (Asan Pharmaceuti-
cal Co). Low-density lipoprotein (LDL) cholesterol content
was calculated as:

LDL cholesterol = Total cholesterol — HDL cholesterol
— (neutral lipid/5).

The lipid content in liver tissue was measured accord-
ing to the Folch method." Briefly, a solution of chloroform
and methanol (ratio 2:1) was added to 1 g of liver tissue,
after which the mixture was homogenized. The solution was
stored at 4°C for 3 days with shaking every 12 hours. After
3 days, the chloroform and methanol solution layer, which
was separated from the water layer, was isolated using a
pipette, and dry lipids were obtained by evaporating the
chloroform and methanol solution in an 80°C water bath.
The dry lipids were then dissolved in anhydrous ethanol,

Glycerol content (ug/mL)

Control Orlistat CLA N-CLA

O

100

80

60

40

Cell viability (%)

20

N-CLA

0
Control  Orlistat CLA

Figure | Effect of N-CLA on viability of preadipocytes (A), triglyceride accumulation (B), free glycerol content (C), and leptin secretion (D) in differentiated adipocytes.
Notes: Data are presented as the mean + standard deviation. *“Not sharing the same letter indicates a significant difference between groups at P < 0.05. Control, treated
with vehicle (dimethylsulfoxide) only; orlistat, treated with 10 ug/mL as a positive control; CLA, treated with 10 pg/mL of CLA; N-CLA, treated with 10 pg/mL of N-CLA.
Abbreviations: CLA, conjugated linoleic acid; N-CLA, nanoemulsified water-soluble conjugated linoleic acid.
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after which the content of neutral lipids, total cholesterol,
and HDL cholesterol were measured using a kit reagent
(Asan Pharmaceutical Co).

Statistical analysis

Data from the individual experiments are expressed as the
mean + standard deviation. All statistical analyses were
performed using Statistical Package for the Social Sciences
version 18.0 for Windows software (SPSS, Chicago, IL,
USA). One-way analysis of variance and the #-test were used
for multiple comparisons. Treatment effects were analyzed
using Duncan’s multiple range tests or the Student’s #-test.
Differences were considered to be statistically significant at
P < 0.05.

Results and discussion
Size distribution of N-CLA in water phase

N-CLA micelles were in a fine emulsion state with a size of
220.8 nm, which was almost 80 times smaller than that of
CLA micelles (17,240.6 nm, Table 3 and Figure 5). Jani et al
observed that the absorption of nanoparticles improved when
various sizes of ['*-labelled polystyrene latex microspheres
(50 nm—3 wm) were used in rats over 10 days. The results
further indicated that nanoparticles with a size up to 300 nm
are able to reach the bloodstream due to increased absorp-
tion through the intestine.'® Solubilization, absorption, and
metabolism are considered to be three important steps that
improve the bioavailability of natural bioactive compounds.'”
Bioactive compounds having low solubility in water, such as
curcumin, are usually found in feces following oral admin-
istration.'® On the other hand, Yu and Huang revealed that
nanoemulsified curcumin has a higher permeation ratio than
unformulated curcumin due to digestion-diffusion.!’

Lipolytic effect of N-CLA on mature
3T3-LI adipocytes

Two major regulation strategies can be used to reduce the
adipose tissue mass. The first strategy involves reduction of
adipose volume by activation of lipolysis, and the second
involves preventing preadipocytes from becoming mature
adipocytes."’

The lipolytic effect of N-CLA was analyzed in completely
differentiated adipocytes. Orlistat, CLA, and N-CLA reduced
the level of triglycerides compared with the control, albeit not
to a statistically significant extent (Figure 1A). The lipolytic
effect of N-CLA in differentiated adipocytes was determined
by measuring the amount of glycerol released into the test
medium. The glycerol level for each treatment is shown in

Figure 1C. CLA treatment induced lipolysis compared with
the control, resulting in a higher glycerol content in the test
medium. Orlistat also increased the glycerol content in the
test medium by up to 1.57 pug/mL. Moreover, the glycerol
content after treatment with N-CLA was 2.67 ug/mL, which
was the highest value (Figure 1B). The inhibitory effect of
N-CLA against 3T3-L1 adipocytes was evaluated using an
indirect method to determine accumulation of triglycerides
in adipocytes during cell differentiation, and no dramatic
changes were observed (data not shown).

Orlistat, CLA, and N-CLA all reduced leptin secretion
by 11.6%, 8.3%, and 7.8%, respectively, compared with the

A
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__6800r o cia
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£ 550 1
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Figure 2 Changes in body weight (A) and adipose tissue weight (B) in rats fed an
experimental diet for 5 weeks.

Notes: Data are presented as the mean + standard deviation. *Not sharing a same
letter indicates a significant difference between groups at P < 0.05. Normal, rats fed a
normal diet; control, rats fed a high-fat diet; CLA rats fed on a high-fat diet and 2% CLA,
(0.6% CLA content); N-CLA, rats fed a high-fat diet + 2% N-CLA (0.6% CLA content).
Abbreviations: CLA, conjugated linoleic acid; N-CLA, nanoemulsified water-
soluble conjugated linoleic acid.
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control (Figure 1C). In support of this result, Pérez-Matute
et al reported that CLA has a direct inhibitory effect on
both basal and insulin-stimulated leptin gene expression as
well as secretion in primary cultured rat adipocytes.”® Kang
and Pariza also observed that the trans-10,cis-12 CLA iso-
mer directly inhibits leptin secretion in 3T3-L1 cells.?! In
contrast, trans-10,cis-12 CLA has been shown to increase
leptin expression in human adipocytes.”? Thus, N-CLA had a
significant lipolytic effect due to degradation of triglycerides,
and it reduced leptin secretion in mature adipocytes to an
extent similar to that seen with orlistat.

Orlistat is a well known drug that was designed to treat
obesity by diminishing fat accumulation in the body. It
acts as a weight management agent by inhibiting gastro-
intestinal lipase activity and consequently reduces dietary
fat absorption.”® However, orlistat has gastrointestinal side
effects, including fatty and oily stools, fecal urgency, and oily
spotting, so requires adherence to a strict dietary regimen of
fat-soluble nutrients.***

Orlistat, CLA, and N-CLA had no cytotoxic effects on
the preadipocytes (Figure 1D). Brodie et al reported that 50
or 100 uM of CLA has no effect on cell viability.?® Further,
they suggested that the lipolytic effect of CLA could be

>
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& 3
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attributed to reduction of adipose tissue mass through loss
of stored lipids rather than adipocyte numbers.

Effects of N-CLA on body and adipose

tissue weights in rats fed a high-fat diet
Changes in body weight are shown in Figure 2A. Body weight
in all groups of rats steadily increased during the experimental
period, whereas the rats treated with CLA and N-CLA showed
significantly decreased body weight, to levels lower than that
in the control group. Further, N-CLA dramatically inhibited
body weight gain and maintained a lower feed efficiency ratio
during the entire experimental period (Table 2). Previous
reports have suggested that CLA has no effect on food intake
or food efficiency in animals fed a normal diet, but that it
significantly inhibits body weight gain in animals fed a high-
fat diet.””® Together, these results show that N-CLA is more
efficient than CLA in reducing body weight.

Changes in epididymal and perirenal white adipose tis-
sue weights are shown in Figure 2B. Epididymal and peri-
renal white adipose tissue weights in the N-CLA treatment
group decreased slightly compared with those in the control
group. Previous studies have also reported that CLA reduces
perirenal adipose tissue weight in mice fed a high-fat diet.”

o

250 a

200

150

100

50

Total cholesterol (mg/dL)

Normal  Control CLA N-CLA

w)

LDL cholesterol (mg/dL)

Control CLA N-CLA

0 Normal

Figure 3 Lipid serum profiles in rats fed a high-fat diet for 5 weeks. Serum concentrations of triglycerides (A), and total (B), HDL (C), and LDL (D) cholesterol.
Notes: Data are presented as the mean + standard deviation. *“Not sharing the same letter indicates a significant difference between groups at P < 0.05. Normal, rats
fed a normal diet; control, rats fed a high-fat diet; CLA, rats fed a high-fat diet + 2% CLA (0.6% CLA content); N-CLA, rats fed a high-fat diet + 2% N-CLA (0.6% CLA

content).

Abbreviations: CLA, conjugated linoleic acid; N-CLA, nanoemulsified water-soluble conjugated linoleic acid; LDL, low-density lipoprotein; HDL, high-density lipoprotein.
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However, in our study, CLA did not have any dramatic effect
on adipose tissue weight compared with the control, most
likely due to variation in the treatment concentrations.

Effect of N-CLA on cholesterol

and triglyceride levels in rats fed

a high-fat diet

As shown in Figure 3, rats fed a high-fat diet had significantly
higher serum triglyceride levels compared with rats fed a nor-
mal diet. N-CLA significantly decreased triglyceride levels
compared with control and CLA-treated rats. Triglyceride
levels in rats treated with N-CLA were markedly reduced to
52% that of the control, and were similar to levels in rats fed
a normal diet. Further, N-CLA was also more effective than
CLA in reducing both total and LDL cholesterol, decreas-
ing serum levels to 20% and 46%, respectively. Although
no significant difference in serum HDL level was observed
between the treatment groups, N-CLA slightly improved
HDL levels compared with the control. Moreover, N-CLA
treatment significantly decreased serum levels of triglycer-
ides, total cholesterol, and LDL compared with control and
CLA (Figure 3). In support of our results, previous reports
by Nicolosi et al*” and Munday et al*' have shown that dietary
CLA significantly lowers serum total cholesterol, whereas
HDL cholesterol remains unaltered. We also observed no
significant difference in serum HDL level between the dif-
ferent treatment groups (Figure 3C).

Effect of N-CLA on liver triglyceride

and cholesterol levels in rats fed

a high-fat diet

Rats fed a high-fat diet fed showed significantly higher tri-
glyceride and total cholesterol levels in liver tissue compared
with rats fed a normal diet (Figure 4). Both CLA and N-CLA
significantly reduced triglycerides and total cholesterol levels in
liver tissue compared with the control, whereas treatment with
N-CLA reduced liver triglyceride and cholesterol levels more
effectively compared with CLA (Figure 4B). On the other hand,
the literature has shown varying liver triglyceride and cholesterol
levels, depending on the animal model used. Some studies have
reported that CLA is ineffective in lowering cholesterol in the
livers of normal mice,*>* whereas Kim et al reported that CLA
in esterified and free forms can effectively reduce triglyceride
and cholesterol levels in the livers of obese mice.”

The potential mechanism behind the antiobesity effect
of CLA has been well documented. CLA supplementation
reduces adiposity via regulation of energy metabolism,
reduction of energy intake with increased energy expenditure,

reduction of lipogenesis or adipogenesis, increased lipolysis,
and activation of apoptosis via induction of adipocyte stress,
inflammation, and/or insulin resistance.** Based on these
data, we propose a mechanism by which N-CLA attenuates
body weight with no significant change in fat depots related
to energy metabolism. Because N-CLA has a significant
impact on the food efficiency ratio, we speculate that N-CLA
enhances energy expenditure with no effect on energy intake
through suppression of appetite. Further, the remarkable
effect of N-CLA is related to its improved bioavailability
due to increased absorption into cells and animal organs.
However, it is unclear whether or not N-CLA is well absorbed
in the body. Thus, to clarify the antiobesity effect of N-CLA,

% 50 §
5 22_ §

Normal Control

Figure 4 Liver weight (A) and lipid profiles (B) in liver tissue from rats fed a high-fat
diet for 5 weeks.

Notes: Triglyceride and cholesterol levels in hepatic tissue are shown as the mean *
standard deviation. *“Not sharing the same letter indicates a significant difference
between groups at P < 0.05. Normal, rats fed a normal diet; control, rats fed a high-
fat diet; CLA, rats fed a high-fat diet + 2% CLA (0.6% CLA content); N-CLA, rats fed
a high-fat diet + 2% N-CLA (0.6% CLA content).

Abbreviations: CLA, conjugated linoleic acid; N-CLA, nanoemulsified water-
soluble conjugated linoleic acid.
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Figure 5 Size of N-CLA compared with that of CLA. (A) Scanning electron micrographs of CLA and N-CLA. (B) Micelle size distribution of emulsified CLA and N-CLA.
Abbreviations: CLA, conjugated linoleic acid; N-CLA, nanoemulsified water-soluble conjugated linoleic acid.

a long-term experiment should be performed using a probe
to trace the absorption of N-CLA into cells along with a
permeation experiment to establish its circulation in the body
from cell monolayers.

Conclusion

The present work demonstrates that N-CLA is more effective
than CLA in reducing fat accumulation in the body, most
likely due to improved absorption of fine emulsified CLA.
In this study, N-CLA effectively reduced body weight and
improved cholesterol and triglyceride levels in the blood and
liver compared with CLA. These results indicate that N-CLA
can be adapted for enhancing the bioavailability of CLA,
which is unstable in water. Thus, N-CLA could potentially
be used as an antiobesity agent.
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