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Abstract

Obesity is a world-wide epidemic and available anti-obesity drugs are associated with side-effects. The effects of
oral administration of a novel hybrid lipid obtained by conjugating fatty acid and a-lipoic acid esterified on a glycerol
molecule, 1,3-dilauroyl-2-lipoyl-ital-glycerol (diLaLA), on the body weight and food intake of DIO male mice, as well
as some other selected metabolic parameters in such mice, was investigated. DIO mice groups on an HFD were fed
diLaLA in doses of 10, 50 or 250 mg/kg/day (DIO-10, -50 or -250) for 6 weeks. A fourth group of mice fed with the
vehicle (rapeseed oil) alone and served as the control (DIO-V). In comparison with the DIO-V, the highest dose of
diLaLA (DI0O-250) significantly reduced the body weight, plasma and hepatic Free Fatty Acids (FFAs), as well as the
SCD-16 activity index (C16:1n-7/C16:0) in the white adipose tissue of the DIO mice, whereas the liver weight was
similar among all the groups. No significant differences were found in the cumulative food intake over the period of 6
weeks among all the groups. Exploratory RT-qPCR analysis indicated that, in the liver, diLaLA induced up-regulation
of PPARa, CD 36, CPT1a, Acox, Acca, and AMPK isoforms a1 and y1, while Acot isoforms 2, 3 and 12 and AMPK
isoforms a2 and 31 were down-regulated. The diLaLA reduced the HFD-induced body weight of the mice, possibly
through enhancement of the energy expenditure via B-oxidation and suppression of the in vivo lipogenesis,
suggesting the potential of diLaLA as a promising candidate against obesity.
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been suggested as a marker for the evaluation of different anti-obesity
measures [9-13].

Studies in animals and humans have shown that long-term
exposure to 1,3-Diacylglycerol (DAG) reduces postprandial
Triacylglycerol (TAG) levels, body weight and visceral fat
accumulation compared with long-term exposure to conventional
TAG with a similar fatty acid composition [14,15]. The mechanism of
weight loss induced by DAG is not fully understood. It has been
suggested that 1(3)-Monoacylglycerol (MAG) derived from the
digestion of DAG by pancreatic lipase is poorly utilized in the re-
synthesis of TAG, and the resulting Free Fatty Acids (FFAs) are used
for energy production through enhanced B-oxidation in the liver
[14-16]. Another mechanism involving the increased expression of p-
oxidation genes due to DAG mediated by serotonin has also been
suggested [17].

Introduction

Obesity is a world-wide epidemic caused by a combination of
genetic and environmental factors, resulting in an imbalance between
energy intake and energy expenditure [1,2]. Weight reduction through
lifestyle changes is the first-line therapy for obesity and related
metabolic syndromes [3]. The few anti-obesity drugs currently
available are associated with side-effects and alternative supplements
and drugs are urgently required. With a view to reducing these side-
effects, intensive research is underway to develop new anti-obesity
drugs acting on multiple targets such as peripheral tissues, instead of
only achieving CNS-regulated appetite control [4,5]. Obesity is

associated with dyslipidemia, which is characterized by increased
levels of serum total cholesterol, low-density lipoprotein and
triacylglycerol, and decreased levels of high-density lipoprotein
cholesterol. Abnormalities in the serum lipid profile are typically
associated with elevated serum Free Fatty Acid (FFA) levels, insulin
resistance and inflammation in the major insulin target tissues, such as
skeletal muscle, the liver and endothelial cells [6-8]. Reduced activity
of a key enzyme in fatty acid de novo synthesis, namely Stearoyl-
Coenzyme A Desaturase-1 (SCD-1), has been found to enhance energy
expenditure through increased fatty acid oxidation in tissues, and has

Lipoic Acid (LA) is a bioactive compound which has multiple
therapeutic effects against obesity and related metabolic complications
when administered in doses from 600-1800 mg/kg of body weight
[18-20]. It has been suggested that LA-reduced body weight and food
intake in rodents are caused by the suppression of AMPK in the
hypothalamus and its activation in peripheral tissues [21,22].
Supplementation of LA has been shown to up-regulate the genes for
fatty acid P-oxidation and free radical scavenger enzymes, down-
regulate the cholesterol synthesis enzymes, and inhibit liver lipogenic
genes. In addition, LA lowers hepatic TAG secretion, stimulates the
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clearance of TAG-rich lipoproteins, and enhances the uncoupling of
ATP generation, resulting in an increased thermogenesis [23-25].

We have previously reported on the synthesis of novel TAG,
obtained by conjugating oleic acid and Lipoic Acid (LA) or
dihydrolipoic acid [26]. This study was undertaken involving a novel
analogue 1,3-dilauroyl-2-lipoyl-ital-glycerol (diLaLA) (Figure 1) in
DIO mice. We hypothesized that this hybrid molecule possesses
improved physicochemical properties such as solubility and
bioavailability, compared with its constituent components, and
thereby increases its physiological effects by targeting multiple
regulatory mechanisms, leading to a significant body weight reduction
in an animal model of obesity. In this paper we present the effects, in
DIO mice, of oral administration of diLaLA on the body weight, food
intake, some selected metabolic parameters, and the expression of a
few hepatic lipid metabolism genes.

\—(CH2)|0CH3

Figure 1: Chemical structure of 1,3-dilauroyl-2-lipoyl-ital-glycerol
(diLaLA). La: Lauric Acid (12:0); LA: a-Lipoic acid.

Methods

Materials

The test compound (Figure 1), 1,3-dilauroyl-2-lipoyl-ital-glycerol
(diLaLA), was purchased from Onco Targeting AB, Uppsala, Sweden,
having been synthesized following the published method [26].

Animal study

This study was approved by the Animal Experiment Ethics
Committee, Uppsala, Sweden (Ref. no: C189/11). The animal
experiment was conducted by Sweden Contract in vivo Design, at its
animal experiment facility in Uppsala, Sweden. Diet-Induced Obese
(DIO) male C57BL/6] mice were obtained from Taconic, USA. After
the animals were transported to Uppsala, Sweden, they were fed with a
new HFD (Product no. D12451, Research Diet Inc., New Brunswick,
NJ, USA) containing 45 kcal% fat and 35 kcal% carbohydrates for an
acclimatization period of 11 days. The purpose of this change was to
mimic the Western diet, with its high fat content. Four groups (n=7)
of DIO mice on the HFD were orally administered (through gavage)
either vehicle (DIO-V) (edible rapeseed oil; Zeta Rapsolja, Di Luca &
Di Luca AB, Stockholm, Sweden) or diLaLA in doses of 10, 50 or 250
mg/kg (DIO-10, -50 or -250) once daily for 6 weeks. The doses of the
conjugate diLaLA selected in this study were based on an exploratory 4
hour acute study in Wistar rats (unpublished results). Two or three
animals were housed per cage for ethical and practical reasons.

Termination of experiment

The animals were anesthetized using isoflurane (IsoFlo® Vet) and
blood was drawn from the heart and transferred to Li-heparinized
collection tubes. The plasma was immediately separated by
centrifugation and kept on dry ice. Tissues were dissected out, frozen
immediately on dry ice, and stored at -80°C until future analysis. The
liver tissue was inspected for steatosis and the liver weight was
recorded for all the animals.

Analysis of plasma glucose

The blood glucose levels of the non-fasting animals were
determined using a measurement kit (Accu-Chek® Aviva from Roche,
Mannheim, Germany).

Analysis of vitamin E (a-tocopherol) in the plasma and liver

Lipids from 25 pL of plasma and 50 mg of liver samples were
extracted with 1 mL of hexane: 2-propanol, and 20 pL of lipid extract
in hexane was directly analyzed using HPLC [27,28].

Analysis of the total cholesterol in the plasma and liver with
GC

In brief, 15 g of 5-a-cholestane was added, as an Internal Standard
(IS), to 25 pL of plasma and saponified, and the unsaponifiable
fraction was silylated to trimethylsilyl ether derivatives and analyzed
with GC. The liver cholesterol was analyzed similarly, except that
saponification was carried out on 50-100 mg liver samples [29].

Analysis of the triacylglycerols (TAGs), free fatty acids
(FFAs) and fatty acids (FAs) in the plasma, liver and white
adipose tissue (WAT)

Plasma (100 pL) and liver (50-100 mg) were extracted with
chloroform/methanol [30] along with triheptadecanoin as an internal
standard (IS). The TAG and FFA fractions were separated using prep-
TLC, and methylated to Fatty Acid Methylesters (FAMEs) in situ with
H,SO, in methanol. In order to quantify the TAGs and FFAs using the
IS, the FAMEs were analyzed with GC as described below. To estimate
the SCD-1 activity, the FAs were analyzed by means of direct
saponification [31], using 25 pL plasma samples, 25 mg liver samples,
and 10-15 mg WAT samples, with the IS added. The FAMEs were
prepared using BF3 reagent and analyzed with a GC (GC 6890 N,
Agilent Technologies, Wilmington DE, USA) equipped with a flame
ionization detector. A CP-Wax 58 (FFAP) CB capillary column (50 m
x 0.32 mm x 0.45 mm, with a 0.2 pm film thickness) was used. Hexane
(1 pL) containing FAMEs were injected in the splitless mode using a
GC PAL autosampler (CTC Analytics AG, Swingen, Switzerland). The
injector and detector temperatures were 240°C and 270°C,
respectively. Helium was used as the carrier gas (0.5 mL/min) and
nitrogen as the make-up gas (30 mL/min). The initial oven
temperature of 100°C was held for 1 min, after which the temperature
was increased to 160°C at a rate of 15°C/min, where it was maintained
for 1 min, after which it was ramped to 250°C at 10°C/min, where it
was maintained for 10 min, after which it was ramped to 260°C at the
same rate and kept at 260°C for 10 min. The SCD-1 activity was
estimated following a published method [10].
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Gene expression analysis of the liver samples using RT-qPCR

The total RNAs from the liver tissues were isolated using the
RNeasy Mini Kit (Qiagen, Hilden, Germany). The input RNA was
quality-controlled using an RNA 6000 Pico chip in a Bioanalyzer
(Agilent Technologies). The samples which had an RNA Integrity
Number (RIN) from 4.6 to 9.8 were used for further analysis. RNA
samples were then removed from the genomic DNA and synthesized
to cDNA with the RT? First Strand Kit according to the RT? Profiler
PCR Array Handbook (February 2012, Qiagen). To measure the
reproducibility of the results, technical replicates of cDNA were
synthesized in two different sets. The cDNA was then analyzed using
modified RT2 Profiler PCR Arrays in 384-well (4 x 96) plates (Custom
Catalogue Number: CAPMI11082-PAMM-007E-4, Qiagen), in
combination with an RT2 SYBR Green ROXTM qPCR Mastermix
(Qiagen). PCR was performed in a 7900 HT Fast Real-Time PCR
System (Applied Biosystems) with the SDS software, version 2.3, rev. A
(Applied Biosystems), and the gene expression analyses were carried
out using the AACt method. As mentioned above, the expression
analyses were performed only on a limited number of liver samples
from the DIO-250 group (n=3) and the DIO-V group (n=2). For this
reason no statistical t-tests comparing the two groups were performed,
but for each sample the duplicate analyses were checked for
consistency.

Statistical analyses

All the data are based on observations of individual animals, except
for the data recorded for the cumulative food intake, which were
calculated on a cage basis. The differences between the treatments
were analyzed using one-way analysis of variance (one-way ANOVA),
and were compared using Bonferroni’s or Dunnett’s multiple
comparison test. The data from the cholesterol, TAG, and vitamin E
analysis of the plasma and liver samples from the DIO-250 and DIO-V
groups were compared using a two-sample t-test. The group mean
values were considered to be significantly different at p<0.05.
Statistical analyses were performed using the software GraphPad
Prism 5 (GraphPad Software Inc., California, USA) and Minitab
Statistical Software, Release 16 for Windows (Minitab Inc. (2009), PA,
USA). The average expression levels of the genes for all the replicates
were analyzed twice online using RT2 ProfilerTM PCR Array Data
Analysis, version 3.5 (Qiagen Gmbh, Hilden, Germany).

Results

Body weight change and cumulative food intake (CFI)

A continuous increase in the body weight could be seen after
approximately 10 days of treatment in all the animals, but this
occurred to a lesser extent in the animals receiving 250 mg/kg of
diLaLA. No difference was seen between the other treatment groups
(receiving 10 or 50 mg/kg of diLaLA) compared with the DIO-V group
(Table 1). The body weight of the DIO animals receiving 250 mg/kg of
diLaLA was significantly lower (Table 1) compared to that of the DIO
animals receiving vehicle at the end of treatment period (one-way
ANOVA, Dunnett’s post hoc test gave p<0.05).The global body weight
loss in the DIO-250 group at the end of the experimental period was
significantly different compared with that in the DIO-V group
(p<0.05, Figure 2A). The CFI was calculated for each group based on

FI data on a cage basis (Figure 2B). Concerning the CFI over the
period of 6 weeks, no significant difference was found among the
groups (according to GLM, one-way ANOVA and Dunnett’s post hoc
test). Individual FI could not be measured without compromising the
animals’ welfare. However, the trend shows a reduction in the FI of
10-15%, suggesting that individual measurements might be able to
show a significant difference.

=

Change in body wt.(g)

DIO-V  DIO-10 DIO-50 DIO-250

Treatment groups

Figure 2A: Global body weight (g) changes (mean+SEM) in DIO
male mice fed with an HFD, at the end of a 6-week treatment with
diLaLA. indicates a significant difference (p<0.05).
Abbreviations as listed in Table 1.
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Figure 2B: Cumulative Food Intake (CFI) (kcal/kg of body weight)
in different groups of DIO male mice fed with an HFD (4.73 kcal/g)
at the end of a 6-week treatment with diLaLA. No difference was
found in the cumulative food intake over the period of 6 weeks
when all the groups were compared (GLM, one-way ANOVA and
Dunnett’s post hoc test). Abbreviations as listed in Table 1.

Clinical chemistry and pathological evaluations

No clinical signs of adverse effects could be detected in any of the
animals with regard to the treatment. In addition, at macroscopy no
changes or adverse effects were found in the animals that could be
attributed to the diLaLA treatment.

However, steatosis was found in four animals, one in each group on
the HFD, and no difference in the liver weight could be detected
(Figure 2C).
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treatment with diLaLA?2.

Table 1: Body weight (BW) (g, mean + SEM) versus the time profile for diet-induced obese (DIO) male mice on a high fat diet (HFD) over a period of 6 weeks (w) of

Dose group 1w 2w 3w 4w 5w 6w
Mean body weight g (+SEM)

DIO-V 36.4 (+3.3) 35.5 (+3.0) 37.2 (¢2.8) 37.8 (¢3.0) 38.6 (+2.6) 39.5 (¢2.7)

DIO-10 34 (+2.9) 34.2 (+2.6) 36.3 (¢2.7) 37.2 (+2.0) 38.4 (+1.6) 40.1 (£2.3)

DIO-50 35.3 (x1.1) 35 (£1.7) 36.2 (+2.2) 37.2 (¢2.5) 37.9 (¢2.6) 39 (£3.1)

DIO-250 34.6 (+2.7) 33 (¢3.0) 34.7 (+2.8) 34.5 (+2.7) 34.7° (£2.9) 35.4" (£3.2)

ANOVA, Dunnett’s post hoc test gave p<0.05).

aTreatment groups: DIO-V, DIO-10, DIO-50, DIO-250, which received diLaLA dissolved in vehicle (V) at dose levels of 10, 50 and 250 mg/kg of BW, respectively.
Animals treated with 250 mg/kg of diLaLA showed a significantly lower weight compared with the vehicle-treated animals at 5 and 6 week of treatment (one-way

A considerable decrease was detected in the glucose levels in the
DIO-250 group (8.6 mmol/L) compared with those in the DIO-10 and
DIO-50 groups, 9.6 and 9.8 mmol/L, respectively (Figure 3A). It
should be mentioned that the animals had not been fasting overnight
before the measurement of blood glucose.
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Figure 2C: Liver weight of DIO male mice fed with an HFD, at the
end of a 6-week treatment with diLaLA. Abbreviations as listed in
Table 1.

Blood glucose level (mmol/L)

DIO-V

DIO-10  DIO-50  DIO-250

o) Treatment groups
Figure 3A: Non-fasting blood glucose levels (mean+SEM) of DIO
male mice fed with an HFD, at the end of a 6-week treatment with
diLaLA. P=0.024 when DIO-10 was compared with DIO-250 (one-
way ANOVA and Dunnett’s post hoc test). Abbreviations as listed
in Table 1.

Total cholesterol levels in the plasma and liver

The cholesterol analysis and the other analyses presented below
were limited to the DIO-250 and DIO-V groups. The plasma total
cholesterol levels in the DIO-250 and DIO-V mice were 141.9 + 7.8
mg/dL and 151.1 + 9.8 mg/dL, respectively, giving a marginal

reduction of 6% in the DIO-250 mice. A similar cholesterol-reducing
trend was observed in the liver samples (Figure 3B).

aDIo-V

(mg/100g liver)

@DI0-250

Total cholesterol (mg/dL plasma or

E]
a
8

Plasma Liver

Figure 3B: Plasma and liver total cholesterol levels (mean + SEM) in
DIO male mice fed with an HFD, at the end of a 6-week treatment
with diLaLA. Abbreviations as listed in Table 1.

TAG in the plasma and liver

The content of TAG in the liver samples of the DIO-250 mice was
51 + 12 mg/g, which is considerably lower compared with 62 + 13
mg/g in the DIO-V group; an opposite trend was observed for the
plasma TAG levels (Figure 3C).

@ DoV

@ DI0-250

Total TAG (mg/dL plasma or
mg/ g liver)

©

Figure 3C: Plasma and liver total triacylglycerol (TAG) levels (mean
+SEM) in DIO male mice fed with an HFD, at the end of a 6-week
treatment with diLaLA. Abbreviations as listed in Table 1.

FFAs in the plasma and liver

The plasma and hepatic FFA levels in the DIO-250 mice were
significantly reduced (p<0.05) compared with those in the DIO-V
mice (Figure 3D). The total FFAs in the plasma and liver of the
DIO-250 mice were 13 mg/dl and 1023 mg/100 g, respectively,
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compared with 17 mg/dL and 1638 mg/100 g, respectively, in the DIO-
V group.

mpiov

DIO-250

Total F FA content (mg/dL. plasma or
me/ g liver)
s

El

Plasma Liver

Figure 3D: Concentration of total FFA (Mean + SEM, n=7) in
plasma and liver samples from DIO-250 and DIO-V mice after 6
weeks of treatment. Abbreviations as listed in Table 1.

Vitamin E in the plasma and liver

Due to the insufficient amount of plasma samples from the DIO-V
group, the vitamin E content was compared only between the DIO-250
and the DIO-50 groups.

In the DIO-250 mice the plasma level was considerably higher, 438
pg/dL, compared with 344 pg/dL in the DIO-50 mice. However, no
clear difference in the vitamin E content was observed in the liver
samples (Figure 4).

Stearoyl-CoA desaturase I (SCD-1) activity

The estimated SCD-16 index (C16:1n-7/C16:0) showed significantly
reduced (p<0.05) SCD-1 enzyme activity in the WAT of the DIO-250
mice compared with that in the WAT of the DIO-V mice. A similar
trend was observed in the liver, although the difference in this case was
not significant, and no difference was observed in the plasma (Figure
5A).
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DIO-50 DIO-250

Treatment groups.

Vitamin  / g/ dLplasma)

Vitamin £ / g/ 100 g liver)
S
8

Treatment groups

(A) ®)

Figure 4: (A) Vitamin E (a-tocopherol) content in plasma of DIO
male mice fed with an HED, at the end of a 6-week treatment with
diLaLA. Abbreviations as listed in Table 1. (B) Vitamin E (a-
tocopherol) content in liver of DIO male mice fed with an HFD, at
the end of a 6-week treatment with diLaLA. Abbreviations as listed
in Table 1.

In the liver, the SCD-18 index (C18:1n-9/C18:0) was lower in the
DIO-250 group than in the DIO-V group. In contrast, the SCD-18
index in the plasma and the WAT appeared to be slightly higher in the
DIO-250 mice than in the DIO-V mice (Figure 5B).

pio-v BDIO-V

£1DI0-250 ©DI0-250

s
01 °
4
005
2]
0 b
o LB B

Plasma Liver ~ WAT Plasma Liver  WAT

SCD16 Index 16:1 (n-7)16:0
SCD18 Index 18:1 (n-9)18:0

Figure 5: (A) Stearoyl-CoA desaturase-16 (SCD-16) index (mean
+SEM, n=7) as a measure of SCD-1 activity in plasma, liver, and
white adipose tissue (WAT) samples from DIO-250 and DIO-V
mice after 6 weeks of treatment. Abbreviations as listed in Table 1.
(B) Stearoyl-CoA desaturase-18 (SCD-18) index (mean+SEM, n=7)
as a measure of SCD-1 activity in plasma, liver, and white adipose
tissue (WAT) samples from DIO-250 and DIO-V mice after 6
weeks of treatment. Abbreviations as listed in Table 1.

Gene expression analysis with RT-qPCR in the liver

The peroxisome proliferator-activated receptor-alpha (PPAR-a)
expression was increased 1.9-fold, the Fatty Acid Translocase
(FAT/CD 36) expression 2.7-fold, and the Carnitine Palmitoyl
Transferase la (CPTla) expression 1.9-fold in the DIO-250 group
(Figure 6A). The isoforms AMPK-al and -yl were up-regulated,
whereas AMPK-a2 and -p1 were down-regulated (Figure 6B). An
increased expression was observed for the Acyl-Coa Oxidases (Acox-1,
-2, and -3), Acetyl-Coa Acyltransferase (Acaa-1 and -2), and Acetyl-
Coa Acetyltransferase (Acat-1 and -2) in the DIO-250 group
compared with the corresponding expressions in the DIO-V group
(Figure 6C and 6D).

3 moioy

5 2s B B00250

Relative m-RNA expressi
Relative m-RNA expression

o6 Tl
(A

o | I
PPAR

Relative m-RNA expression
Relative m-RNA expression

Aconl Ao Acord

]

Figure 6: Relative expression of genes in the liver analyzed with RT-
qPCR in DIO-250 mice (n = 3) and in DIO-V mice (n = 2). (A)
Transport, p-oxidation and transcriptional factors: PPAR-a, CD 36,
Cptla; (B) Adenosine monophosphate-activated protein kinase
(AMPK) isomers: AMPK-al, AMPK-a2, AMPK-f1, and AMPK-
v1; (C) Peroxisomal B-oxidation pathway: Acox-1, Acox-2, Acox-3;
(D) Transcriptional factors: Acaa-la, Acaa-2, Acat-1 and Acat-2.
Abbreviations as listed in Table 1.

Discussion

Our data demonstrate that daily administration of diLaLA at 250
mg/kg of body weight for 6 weeks significantly reduced the body
weight of the DIO-250 male mice compared with that of the mice
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given vehicle alone. All the animals exhibited a dip in weight gain in
the first period of treatment. This dip was not substance-related, since
it also occurred in the vehicle-treated animals. The animals were
handled daily during the acclimatisation period of 11 days when the
food shift was being made; suggesting that the initial body weight drop
was possibly due to the first two weeks of gavage treatment. In order to
avoid effects on the eating behaviour and thereby the body weight due
to an aversive taste of the test item, the administration of the test item
was performed once daily in the mornings, a sufficiently long time
before dawn, when the wakening and eating period starts for rodents.

There are no published data to compare with; however, the two
components of the conjugate have been tested for their weight loss and
safety aspects in their own right. The significant reduction in body
weight observed in DIO-250 mice in this study is in agreement with
previously published findings for pure LA in rodents and humans
[20-22]. Pharmacological effects have been observed for LA
administered in doses from 600-1800 mg/kg body weight in humans
[18-20]. Therefore, our finding of an effect at 250 mg/kg diLaLA is
interesting and may suggest that a combination of DAG and LA offers
an advantage in terms of the minimum dose needed to obtain an
effect. Verification of this would require a different dose response set-
up, but merits further investigation.

LA causes weight loss in rodents partly due to the effect of reduced
Food Intake (FI) and partly to enhanced B-oxidation by suppressed
hypothalamic AMPK, whereas in skeletal muscle LA enhances fatty
acid oxidation by activating AMPK [21,22]. It is to be mentioned that
AMPK is the principal regulator in peripheral tissues other than
hypothalamus and skeletal muscle, which are integrated in
maintaining energy balance and food intake within the complex
physiological system [19,32]. Data from showed that dietary DAG
suppresses weight gain and the accumulation of body fat along with
intestinal expression of genes involved in lipid metabolism and
thermogenesis, an effect which may be related to the characteristic
metabolism of DAG in the small intestine [1,2,33,34].

This study showed that the plasma and hepatic total cholesterol
levels in the DIO-250 mice tended to be about 6% lower than those in
the mice given vehicle alone. It has previously been shown that mice
supplemented with 0.1% LA in an HFD decreased their plasma total
cholesterol and LDL-cholesterol, and increased their HDL-cholesterol
[23]. These changes have been reported to be mediated by the down-
regulation of genes involved in cholesterol synthesis. The cholesterol-
reducing effect of LA has been reported as a parallel and long-term
benefit of weight reduction [35].

Reports on the effects of DAG on plasma TAG levels have been
variable. In one study on diabetic apoE-deficient mice, the plasma total
cholesterol and TAG levels were significantly lower in the DAG-fed
animals than in the TAG-fed animals [36]. In another study [37], no
effects on fasting and postprandial plasma TAG levels, the hepatic
TAG content, or the rate of secretion of TAG from the liver were
observed in brown adipose tissue-deficient mice fed with either DAG
oil or TAG oil. It was suggested that the effects of DAG were
associated with the maintenance of normal insulin sensitivity.
Furthermore, gene expression data showed that the consumption of
DAG stimulated fatty acid oxidation in skeletal muscle (and possibly
in the liver and intestines) and caused suppression of hepatic
gluconeogenesis, which may explain the molecular changes underlying
these favourable effects of dietary DAG. A later study indicated that
DAG in test oil was effective in altering the postprandial serum TAG
and chylomicron-TAG concentrations [38].

The total hepatic TAG in the DIO-250 mice appeared to be 17%
lower than that in the vehicle-treated group. This might indicate that
diLaLA reduces the de novo synthesis of TAG in the liver, since it has
been shown that endogenous FA synthesis is reflected more by hepatic
TAG than by plasma TAG [39,40]. In male Sprague-Dawley rats fed
with DAG and TAG, the DAG diet resulted in a significant reduction
in the liver and serum TAG levels compared with the levels in the
TAG group [41]. It was suggested in [41] that these effects were
associated with the up-regulation of acyl-CoA carnitine acyltransferase
and the down-regulation of acyl-CoA DAG acyltransferase.

The plasma vitamin E level has recently been suggested as one of
the factors associated with obesity in adolescents. Alone, or in
combination with other dietary supplements, LA can favourably
modulate multiple metabolic targets, such as TAG, oxidative stress and
cholesterol homeostasis, to reduce the CVD risk [42]. The DIO-250
mice had approximately 22% higher plasma vitamin E levels than the
DIO-50 mice, which indicate a better antioxidant status in the former
group.

The DIO-250 significantly reduced both the plasma and the liver
FFA levels in obese mice. This interesting finding is in accordance with
the findings of Kim et al. [21] and Park et al. [39]. Our result is very
encouraging, since elevated concentrations of plasma FFAs associated
with obesity have been identified as an important factor behind insulin
resistance [6] and indicate defects in regulation of the storage and
mobilization of FAs in the WAT [43]. Therefore, a reduction in both
the plasma and the liver FFA concentrations can be expected to reduce
the risk of developing insulin resistance and Type 2 diabetes. The
portion of LA in the diLaLA molecule is only 32%, and therefore 250
mg of diLaLA/kg of body weight represents only 80 mg of LA, which
means that a surprisingly low dose of LA alone can still produce a
significant effect. The reduced concentration of FFAs induced by
diLaLA suggests that FA oxidation in the peripheral tissues is
increased, at the same time as the synthesis of hepatic TAGs is
reduced. Such a conclusion is consistent with our data on liver
transcripts discussed below. Future studies will have to show whether
this is dependent on a synergistic effect of LA and DAG on lipid
metabolism. Additional investigation of the effects of diLaLA on
fasting plasma glucose and post prandial glucose and related
biochemical parameters is highly warranted.

The critical question arises as to how diLaLA brings about these
positive reductions in FFA levels. A possible mediation through a
different intake of nutrients can be excluded, as in this study both the
treatment and vehicle groups were fed with same HFD with a similar
fatty acid composition. Moreover, as discussed above the cumulative
food intake measured between the two groups showed no significant
differences. Enhanced concentrations of plasma FFAs associated with
obesity are due to high loads of FFAs mainly from WAT, while the
clearance via oxidation in peripheral tissues remains relatively low
[8,44]. Thus the reduced concentration of FFAs induced by diLaLA
suggests an increase in FA oxidation in peripheral tissues, while
reducing synthesis of hepatic TAGs. Such a conclusion is consistent
with our exploratory data on liver transcripts discussed below.

In order to get a measure of de novo synthesis of FAs, we have
selected SCD1 activity as a relevant biomarker. The product of this
enzyme, C16:1n-7 is the major monounsaturated FA generated by de
novo synthesis [45]. Thus, SCD16 index reflects the rate of de novo
lipogenesis, while SCD18 reflects the subsequent elongation of FAs.
The significant decrease in SCD16 index in WAT along with a similar
trend observed in liver samples of diLaLA-treated mice suggest a
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reduction in de novo lipogenesis and can thus help to explain the
reduced body weight and also the fall in circulating levels of FAs. It is
of note that in obesity prone Sprague-Dawley the SCD-16 index is
elevated in adipose tissue early in the development of obesity may
precede elevations in the liver or plasma Cedernaes et al. [11].

The relatively low SCD18 index observed in liver samples might
indicate reduced FA elongation and desaturation activity in diLaLA
treated mice compared with the vehicle group, though the difference
was not statistically significant. Somewhat in contrast to this, and to
the effects on SCD16 index, a slightly higher SCDI18 index was
registered in WAT and plasma samples from mice given diLaLA. Such
seemingly opposing responses in SCD16 index and SCD18 index in
WAT might be due to the high MUFA content in the diet and to the
use of rapeseed oil as vehicle. Despite alterations of the endogenous FA
pool through several physiological processes, the overall FA
composition of WAT in rats resembles that of the diet they consume
[46]. In spite of the surprising results observed for elongation index in
WAT, the overall suppression induced by diLaLA on de novo
lipogenesis in the liver was further supported by the low levels of
hepatic FFAs clearly observed in DlaLA-treated mice.

Data from our exploratory RT-qPCR analysis on target gene
expression in liver samples provided further indications as to how
these metabolic effects were mediated. It must be mentioned, in this
connection, that the number of observations per group were limited,
because only the samples which had an RIN from 4.6 to 9.8 were
analysed, as described below in the methods section. However, the
majority of these data are well in line with the other results obtained in
this study. The activation of PPARa is known to induce key genes
encoding for mitochondrial proteins involved in the [-oxidation
pathway, such as CD 36 and CPT1 [47]. Accordingly, in our study FA
translocase, CD 36, and CPT1 were up-regulated in the diLaLA-
treated mice compared with the corresponding levels in the vehicle
group. The expression of the peroxisomal enzymes Acox-1, -2, and -3
was increased by diLaLA, indicating a possible increase in the initial
oxidation of long-chain acetyl-CoA in peroxisomes, which is a crucial
step before mitochondrial B-oxidation. This was followed by the up-
regulation of Acetyl-Coa Acyltransferase (Acaa) and Acetyl-Coa
Acetyltransferase (Acat), catalyzing the subsequent steps of f-
oxidation. Valdecantos et al. [25] suggested that the ability of LA to
increase the transcriptional activity of PPARa is an important
mechanism mediating positive effects of LA, since PPARa is a key
transcriptional factor involved in lipid metabolism.

In the diLaLA-treated mice, AMPK-al and -yl were up-regulated,
whereas AMPK-a2 and AMPK-B1 were down-regulated. The reason
for this differential regulation is currently not completely elucidated,
but it has been shown that hepatic AMPK can limit anabolic pathways
and facilitate catabolic pathways to increase ATP production. A
number of previous studies have suggested that LA mediates the
expression of AMPK in the liver and skeletal muscles [20-22].
According to Park et al. [39], pure LA could reduce FFA and TAG
through both AMPK-dependent and -independent ways.

The few studies available on the effects of DAG on lipid metabolic
gene expressions show results in line with our results. For example, in
a study of male Sprague-Dawley rats fed with DAG and TAG, the
high-DAG diet resulted in a significant reduction in the body weight
gain and in the liver TAG and serum TAG levels compared with the
high-TAG diet. These effects were associated with the up-regulation of
acyl-CoA carnitine acyltransferase gene expression in the liver, the
down-regulation of acyl-CoA DAG Acyltransferase (DGAT) and

phosphoenolpyruvate carboxykinase gene expression in the liver, and
increased expression of the genes for peroxisome proliferator-activated
receptor a, lipoprotein lipase, and uncoupling proteins 2 and 3 in
skeletal muscle [38,41].

The metabolic fate of diLaLA has not been studied before, and we
propose that it is hydrolyzed by pancreatic lipase in the small intestine,
producing mixtures of 1(3)-lauroyl-2-lipoyl-sn-glycerol, 2-lipoyl-sn-
glycerol, free lauric acid, and some free LA and other possible
metabolites. Since 1(3)-2-lipoyl-sn-glycerol and 2-lipoyl-sn-glycerol
are not natural lipid molecules, they may not be easily absorbed by the
enterocytes or used as precursors for re-esterification to TAG. Instead,
the free lauric acid will preferentially be channelled to the liver for p-
oxidation and result in a prolonged absorption time and the
bioavailability of free LA. However, how these anticipated events are
integrated in the metabolic processes with other signal pathways
remains be studied.

Conclusion

This study demonstrated that the oral administration of novel
diLaLA at 250 mg/kg of body weight for 6 weeks gave promising
effects in reducing the body weight of DIO mice on an HFD, and that
this effect possibly not primarily due to a decrease in the food intake.
In addition to the weight reduction property, improvements were
observed here in the plasma glucose and vitamin E status and the lipid
profile, and a reduction in the plasma and hepatic FFA levels was
observed. These interesting results are most probably caused by a
decreased de novo lipogenesis and increased p-oxidation of fatty acids
in the liver in the obese mice following the diLaLA treatment.
Therefore, this approach may open a new research area for the
treatment and prevention of obesity and related metabolic disorders.
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