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Abstract: Conjugated linoleic acid (CLA) is a dietary supplement that has been shown to improve
obesity. However, some authors have associated high doses of CLA supplementation with liver
impairment and insulin resistance. The aim of this study was to assess whether the consumption of
low doses of CLA maintained the beneficial effects on the main metabolic disturbances associated
with metabolic syndrome (MetS) but prevented the occurrence of non-desirable outcomes associated
with its consumption. Male Wistar rats, fed standard or cafeteria (CAF) diet for 12 weeks, were
supplemented with three different low doses of CLA in the last three weeks. Both biochemical
and H1 NMR-based metabolomics profiles were analysed in serum and liver. The consumption of
100 mg/kg CLA, but not doses of 200 and 300 mg/kg, ameliorated the increase in body weight gain as
well as the serum concentrations of glucose, insulin, cholesterol, triglyceride, diglyceride, and total
phospholipid induced by a CAF diet. In turn, CLA reverted the increase in lactate, alanine, and glucose
concentrations in the liver of these animals, but enhanced hepatic cholesterol accumulation without
any detrimental effect on liver function. In conclusion, a low dose of CLA corrected the adverse
effects associated with MetS without compromising other metabolic parameters.
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1. Introduction

The obesity epidemic is a major health risk factor that frequently occurs concurrently with
many other cardiovascular risk factors related to lifestyle, such as dyslipidaemia, impaired glucose
tolerance or non-alcoholic fatty liver disease (NAFLD), resulting in metabolic syndrome (MetS) [1].
This disease is considered as such when at least three of the following five symptoms are present: high
waist circumference, hypertriglyceridaemia, hyperglycaemia, hypertension, and reduced high-density
lipoprotein (HDL) cholesterol concentrations. These symptoms provide an easy-to-assess method of
diagnosing MetS, but do not provide a full picture of the underlying problem. Metabolomics studies
have found many links between MetS and particular metabolites that could be used to better characterise
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this disease [2]. In this sense, Cheng et al. studied the plasma concentrations of 45 metabolites in
the Framingham Heart Study (n = 1015) and the Malmö Diet and Cancer Study (n = 746). Metabolic
risk factors such as obesity, insulin resistance, hypertension and dyslipidaemia were associated with
multiple metabolites including branched-chain amino acids (BCAAs), other hydrophobic amino acids,
tryptophan breakdown products, and nucleotide metabolites [3]. Other studies have also reported
a strong association between plasma metabolites and cardiometabolic risk factors such as increased
levels of BCAAs and aromatic amino acids with increased proinflammatory mediators and metabolic
disease [4], high alanine levels with insulin resistance [2], and low levels of histidine with inflammation,
oxidative stress, and mortality in patients which chronic kidney disease [5]. In addition, reduced
plasma levels of lysine and methionine have been pointed to as important contributors and early
biomarkers of incipient MetS [4]. Other metabolites such as the phospholipids phosphatidylcholine
and phosphatidylethanolamine have also emerged as biomarkers that correlated with features of MetS,
as well as adipose tissue dysfunction and inflammation [6].

Wistar rats fed a cafeteria (CAF) diet, which consists of free access to highly palatable, energy
dense, unhealthy human food, rich in carbohydrate and fat dietary components, are considered
a robust model of human MetS. CAF diet-fed rats present hyperphagia, increased body weight (bw)
and develop hyperinsulinaemia, hyperglycaemia and NAFLD [7,8]. In addition, the development of
hypertension in animals fed a CAF diet for 10 weeks has also been reported [7]. Therefore, this diet
experimental model can be especially suitable to evaluate the effectiveness of different compounds on
obesity and other complications related to MetS.

Conjugated linoleic acid (CLA) is a dietary supplement that has been reported, with its effects on
body weight loss being one of the most investigated [9,10]. CLA is a group of positional and geometric
isomers of the omega-6 essential fatty acid linoleic acid, which present conjugated double bonds
naturally produced by ruminal biohydrogenation. These double bonds can take place in different
positions, generating a family of isomeric fatty acids, of which cis-9 (c9), trans-11 (t11), and trans-10
(t10), cis-12 (c12) CLA are the most naturally abundant and widely studied [11,12]. The administration
of CLA to different animal species at doses from 0.5 to 1.5% of total dietary fat has been shown
to reduce body fat [13–16], and a meta-analysis of human trials concluded that at an average dose
of 3.2 g per day of CLA reduces body fat mass [10]. However, the results in animal studies might
not be comparable with those obtained in human studies since much higher CLA doses are used in
preclinical trials (27.1–81.7 g/day) than the doses in clinical trials (0.7–6.8 g/day) [10,17]. In addition,
depending on the duration of CLA intake, animal species and dose of CLA, several authors have
reported controversial metabolic effects of CLA consumption including insulin resistance and hepatic
lipid accumulation with a consequent development of type II diabetes [18–21].

Therefore, the aim of this study was to evaluate the effects of a three-week supplementation of
CLA on obesity and other cardiometabolic conditions associated with MetS using three low doses of
CLA of similar value to that administrated to humans [22] in rats fed a CAF diet. The doses assessed
in this study were 100, 200, and 300 mg CLA/kg of bw, corresponding to approximately 0.036%,
0.072%, and 0.11% in the diet, respectively. In addition, this experimental model mimics the classical
model of human MetS characterised by exaggerated obesity accompanied by glucose intolerance and
inflammation. Furthermore, a potential adverse effects in the liver of these animals was also evaluated
by metabolomic, histological and biochemical approaches.

2. Materials and Methods

2.1. The Conjugated Linoleic Acid

CLA (Tonalin®TG 80) was purchased by BASF The Chemical Company (Düsseldorf, Germany)
and is a mix of glycerides of which 80% are conjugated linoleic acids. According to the manufacturer,
the product was composed of equal amounts of two CLA isomers, c9, t11 and t10, c12.
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2.2. Experimental Procedure

Thirty male Wistar rats of 5 weeks old where purchased from Charles River Laboratories (Barcelona,
Spain). The animals were maintained at 22 ◦C, receiving standard (STD) chow Panlab A04 (Barcelona,
Spain) and tap water ad libitum for 10 days. Subsequently, rats were divided into two groups, STD
diet-fed rats (n = 6), fed STD chow Panlab A04 and tap water, or CAF diet-fed rats (n = 24), fed fresh
CAF diet in addition to STD diet and tap water. CAF diet consisted of biscuits with pate and cheese,
bacon, semi-cured cheese, carrots, ensaïmada (traditional sweetened pastry) and milk with 20% sucrose
(w/v) daily. As previously reported [8], the composition of the STD diet was 4% fat, 76% carbohydrates
and 20% protein, whereas the CAF diet was approximately 35% fat, 51% carbohydrates and 14%
protein. The different diets were administered for 12 weeks. At week 9, the STD diet-fed animals
were orally administered sweetened skim condensed milk, containing 20% sucrose, as vehicle (VH)
(n = 6 per group; STD). CAF diet-fed animals was divided into 4 groups (n = 6 in each group) and
the animals were orally administered VH (CAF) and VH containing 100, 200 or 300 mg/kg of CLA
(CLA100, CLA200 or CLA300, respectively). All doses were administered daily in a volume of 1 mL
between 8:00 a.m. and 9:00 a.m. for 3 weeks. To calculate the daily consumption of CLA with respect
to total food intake, both animal body weight and total food intake were determined in each animal
at the beginning of CLA supplementation (week 9). The daily amount of CLA was approximately
45, 90, and 135 mg in rats weighing 450 g to obtain doses of 100, 200, and 300 mg/kg, respectively. In
addition, considering that the food intake of our animals was approximately 100 g per day and that in
Tonalin®TG 80 only an 80% is CLA, the percentage of CLA in diet in our study was approximately
0.036, 0.072 and 0.11%. Body weight was recorded weekly during the experiment. In addition, fat
and lean mass contents were recorded by nuclear magnetic resonance (NMR) using an EchoMRI-700
(Echo Medical Systems, LLC., Texas, USA). The results are expressed as a percentage of fat or lean
mass with respect to the total body weight. At the end of the experiment, rats were fasted for 3 h
after the oral administration and then were sacrificed by decapitation. Serum was obtained after
blood clotting and centrifugation (2000× g, 15 min, 4 ◦C) and stored at −80 ◦C. Fasting conditions of
the animals were confirmed by evaluating the serum glucose levels with an enzymatic colorimetric
assay (QCA, Barcelona, Spain) (data not shown). Livers were dissected, weighted, frozen immediately
in liquid nitrogen and stored at −80 ◦C. The complete experimental design is schematised in Figure 1.
The Animal Ethics Committee of University Rovira i Virgili approved all procedures (reference number
7959 by Generalitat de Catalunya). All of the above-mentioned experiments were carried out as
authorised (European Directive 86/609/CEE and Royal Decree 223/1988 of the Spanish Ministry of
Agriculture, Fisheries and Food, Madrid, Spain).
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Figure 1. A scheme of the distribution of animals in the study. During the first nine weeks, one group
was fed the standard chow diet (STD group), whereas the other group was fed the cafeteria diet (CAF
group). After nine weeks, the animals were orally administered either vehicle (VH) or conjugated
linoleic acid (CLA) at three doses (100, 200 and 300 mg/kg). On week twelve, the animals were sacrificed.
CAF: cafeteria diet; CLA: conjugated linoleic acid; STD: standard chow diet; VH: vehicle.

2.3. Biochemical and Histopathological Analyses

Serum leptin (Ref. #EZRL-83K) and insulin (Ref. #EZRMI-13K) were measured using ELISA kits
(Millipore, Madrid, Spain) according to the manufacturer’s instructions. The sensitivity of the assays
for leptin and insulin were 0.04 and 0.2 ng/mL, respectively. The intra-assay variations were 2.5% for
leptin and 1.9% for insulin and the inter-assay variations were 3.2% for leptin and 9.2% for insulin.
All samples were diluted 1:2 with assay buffer (0.05 M phosphosaline, pH 7.4, containing 0.025 M
EDTA, 0.08% sodium azide and 1% BSA) and tested in duplicates. The enzyme-substrate reaction was
developed using 3,3’,5,5’-tetramethylbenzidine and the optical densities were measured at 450 nm in
the microtiter plate reader EON Microplate (BioTek, VT, USA). The concentrations were calculated from
a standard curve obtained from eight dilutions of lyophilized native rat leptin (range 0.2–30 ng/mL) or
insulin (range 0.2–10 ng/mL). GOT (glutamic oxaloacetic transaminase) and GPT (glutamate pyruvate
transaminase) enzymatic activity were measured using QCA kits (Comercial Bellés, Tarragona, Spain).
A piece of liver was sent for histopathology (Eldine®facilities, Tarragona, Spain). Briefly, liver pieces
were thawed and fixed in 4% formaldehyde for 24 h to later undergo several dehydration steps (with
ethanol at 70%, 96% and 100%, in addition to xylol/dimethyl benzene) and paraffin infiltration at
52 ◦C (Citaldel 2000, Thermo Scientific, Madrid, Spain). Sections of 2 µm thickness were cut (Microm
HM 355S, Thermo Scientific, Madrid, Spain) and stained with haematoxylin-eosin (Varistain Gemini,
Shandon, Madrid, Spain). Stained slides were analysed by a pathologist blinded to experimental
groups to measure the steatosis degree, percentage of micro- and macro-steatosis, microgranulomes,
lipogranulomes, portal chronic inflammation, sinusoidal dilatation and fibrosis.

2.4. Western Blot Analysis

Liver (60 mg) was mixed with 1 mL of RIPA (radio-immunoprecipitation assay) lysis buffer
(100 mM Tri-HCl, 300 mM NaCl, 7% Tween. 10% Na-Deox, at pH 7.4) and proteases inhibitors as
recommended by the TissueLyser LT protocol of Qiagen (S.G Servicios Hospitalarios, Barcelona, Spain).
Samples were homogenised with the TissueLyser in 3 pulses of 15 s and 50 oscillations/s. After that, they
were centrifuged at 12,000× g for 20 min at 4 ◦C and the supernatant collected and stored at −20 ◦C for
later analysis. Quantification of the protein concentration was measured following the recommended
protocol of the Pierce BCA (bicinchoninic acid) protein assay kit (Thermo Scientific, Cedex, France).
Quantified samples were prepared for western blot analysis by mixing them with Bio-Rad’s Laemmli
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sample buffer and heated at 99 ◦C for 5 min. SDS-polyacrylamide gel electrophoresis (PAGE) was
prepared using the TGFX Fas Cast Acrylamide Kit (Bio-Rad, Barcelona, Spain), and 25 µg of protein
was loaded and run in electrophoresis buffer (25 mM Tris-Base, 1% SDS and 192 mM glycine). Proteins
were transferred into PVDF (polyvinylidene difluoride) membranes using the recommended protocol
by the Trans-Blot Turbo Mini PVDF Transfer packs by Bio-Rad. Blocking was performed with 5%
non-fat dried milk. After that, membranes were cut around the expected location of the interested
proteins and incubated with anti-rabbit p-STAT3 primary antibody (41135, Cell signalling, Barcelona,
Spain) and β-Actin (A2066-100 µL, Sigma, Madrid, Spain), both diluted at 1:1000. Next, membranes
were incubated with 1:10,000 diluted anti-rabbit horseradish peroxidase secondary antibody (NA9344,
GE Healthcare, Barcelona, Spain) and labelled using the chemiluminescent detection reagent ECL
Select (GE Healthcare, Barcelona, Spain) and GeneSys software (B:Box series, Syngene, Barcelona,
Spain). Quantification by densitometry was performed with ImageJ (W.S Rasband, Bethesda, MD,
USA), and the data were normalised by β-Actin.

2.5. Metabolite Extraction Procedure for 1H NMR Spectrometry

Serum extraction was performed following Bligh-Dyer procedure with slight modifications [23].
Briefly, serum (100 µL) was added to 400 µL of methanol and 100 µL of ultrapure water obtained
from a Milli-Q Advantage A10 system (Madrid, Spain). After homogenisation, 200 µL of chloroform
(Prolabo®, VWR, Llinars del Vallès, Spain) was added and homogenised to yield a monophasic
solution. Next, an additional 600 µL of chloroform (Prolabo®, VWR, Llinars del Vallès, Spain) and
200 µL of ultrapure water were added and the samples were centrifuged at 8500× g for 15 min, at 4 ◦C,
to obtain two phases separated by protein debris. The upper aqueous phase (hydrophilic metabolites)
was freeze-dried and stored at −80 ◦C while the remaining lipidic phase (lipophilic metabolites) was
dried under nitrogen stream and stored at −80 ◦C until further NMR measurement. Meanwhile,
liver extraction was performed following the procedure described in [24] with slight modifications.
Briefly, 50 mg of liver was manually homogenised using a micropestle in 1 mL of water/acetonitrile
(1/1). The homogenate was centrifuged at 15,000× g for 30 min at 4 ◦C. The aqueous upper phase
was separated and lyophilised overnight and, once dried, stored at −80 ◦C until further analysis.
The lipophilic pellet was subsequently mixed with 1 mL of a solution of chloroform/methanol (2:1) at
0 ◦C, allowed to rest at room temperature for 10 min and then vortexed and centrifuged for 15 min at
6000× g at room temperature. The lipophilic supernatant was isolated from debris, dried with nitrogen
flux and stored at −80 ◦C.

2.6. 1H NMR Spectrometry

For NMR measurements, the aqueous extracts were reconstituted in 600 µl of deuterium oxide
(D2O) phosphate buffer (PBS (phosphate-buffered saline) 0.05 mM, pH 7.4, 99.5% D2O) containing
0.73 mM trisilylpropionic acid (Cortecnet®, Voisins-Le-Bretonneux, France). The dried lipophilic
extracts were reconstituted with a solution of deuterated chloroform/deuterated methanol (2:1)
containing 1.18 mM tetramethylsilane (TMS) and then vortexed. Both extracts were transferred into
5-mm O.D. NMR glass tubes for NMR measurement. 1H NMR spectra were recorded at 300 K on an
Avance III 600 spectrometer (Bruker, Germany) operating at a proton frequency of 600.20 MHz using
a 5-mm PABBO (proton enhanced–Smartprobe®(Bruker®) broadband gradient probe). For aqueous
extracts, one-dimensional 1H pulse experiments were carried out using the nuclear Overhauser effect
spectroscopy (NOESY) pre-saturation sequence (RD–90◦–t1–90◦–tm–90◦ ACQ) to suppress the residual
water peak, and the mixing time was set at 100 ms. Solvent pre-saturation with an irradiation power of
75 Hz was applied during the recycling delay (RD = 5 s) and mixing time. The 90◦ pulse length was
calibrated for each sample and varied from 9.95 to 10.06 µs. The spectral width was 12 kHz (20 ppm),
and a total of 256 transients were collected into 64 K data points for each 1H spectrum. In the case
of lipophilic extracts, a 90◦ pulse with pre-saturation sequence (zgpr) was used to supress the small
residual water signal absorbed from ambient moisture by methanol. An RD of 5.0 s with acquisition
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time of 2.94 s were used. The 90◦ pulse length was calibrated for each sample and varied from 9.92 to
10.04 µs. After 4 dummy scans, a total of 128 scans were collected into 64 K data points with a spectral
with of 18.6 ppm. The exponential line broadening applied before Fourier transformation was of 0.3 Hz.
The frequency domain spectra were phased, baseline-corrected and referenced to the TSP or TMS
signal (δ = 0 ppm) using TopSpin software (version 2.1, Bruker, Mannheim, Germany). The acquired
1H NMR were compared to references of pure compounds from the metabolic profiling AMIX spectra
database (Bruker), HMDB, Chenomx NMR suite 8.4 software (Chenomx Inc., Edmonton, Canada) and
databases for metabolite identification. In addition, we assigned metabolites by 1H–1H homonuclear
correlation (COSY (correlation spectroscopy) and TOCSY (total correlation spectroscopy) and 1H–13C
heteronuclear (HSQC) 2D NMR experiments and by correlation with pure compounds run in-house.
After pre-processing, specific 1H NMR regions identified in the spectra were integrated and quantified
using the AMIX 3.9 software package using TSP signal of buffer as internal reference [24]. A general
view and metabolite assignment of a representative serum extract NMR aqueous spectra is presented
in Supplementary Figure S1.

2.7. Gene Expression Analysis

Liver was homogenised and RNA extraction was performed using TRIzol LS Reagent (Thermo
Fisher, Madrid, Spain). Total extracted RNA was quantified and its purity measured in a Nanodrop
100 Spectrophotometer (Thermo Scientific, Madrid, Spain). RNA quality was assessed on denaturing
agarose gels. Reverse transcription was performed to obtain cDNA using the High-Capacity
Complementary DNA Reverse Transcription Kit (Thermo Fisher, Madrid, Spain). Quantitative
PCR amplification and detection were performed in the ABI prism 7900HT real-time PCR system
(Applied Biosystems) using 96-well plates and SYBR PCR Premix Reagent Ex Taq™ (Takara, Barcelona,
Spain) following the commercial protocol. Relative mRNA levels of Tnf-α (tumour necrosis factor
α), Ccl2 (C-C motif chemokine ligand 2), Hmgcr (3-hydroxy-3-methyl-glutaryl-CoA reductase), Ldlr
(low-density lipoprotein receptor), Cyp7a1 (cytochrome P450 family 7 subfamily a member 1), Asbt
(apical sodium-dependent bile acid transporter) and Ppia (peptidylprolyl isomerase A) were analysed
by real-time PCR using Ppia as the housekeeping gene. Primer specificity was verified by melting
curve analysis. The forward (FW) and reverse (RV) primers used in this study were obtained from
Biomers.net (Ulm, Germany) and can be found in Supplementary Table S1. The efficiency of qPCR was
calculated by evaluating a 2-fold dilution series of cDNA and calculated by E =10(1/slope). The results
are expressed as the logarithm of the cDNA concentration vs the obtained Ct value. The relative
expression was calculated by dividing the ECt of the studied gene by the ECt of Ppia and then dividing
by the value of the control, normalising to the STD group. Each sample was performed in triplicate.

2.8. Statistical Analysis

The data are expressed as the means ± standard errors of the means (SEM). Groups were compared
by Student’s t-test or one-way ANOVA and Duncan’s post hoc test. Outliers were determined by
Grubbs’ test. Statistical analyses were performed using XLSTAT 2017: Data Analysis and Statistical
Solution for Microsoft Excel (Addinsoft, Paris, France (2017)). Graphics were prepared using GraphPad
Prism 6 (GraphPad Software, San Diego, CA, USA). p < 0.05 was considered statistically significant.

3. Results

3.1. Body Weight Gain, Body Composition and Serum Leptin Levels

The body weight of all animals immediately before the study was 164 ± 5 g. The STD diet-fed rats
gained weight progressively during the course of the experiment. However, as expected, the weight
gain in the group fed the CAF diet was significantly higher than that of the STD animals (554 ± 39 g vs
432 ± 20 g, respectively). Notably, in the last week of treatment (week 12), there was a statistically
significant reduction in the body weight gain in animals supplemented with 100 mg/kg of CLA
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compared with that in the CAF group (Figure 2A). The effect of CLA on body weight gain was
only found in the animals treated with the lowest dose of CLA and not doses of 200 and 300 mg/kg.
Specific tissue weights (Supplementary Table S2) and body composition analysis indicated no statistical
differences among groups, although there was a trend to decrease fat mass and increase lean mass in
the group treated with CLA at a dose of 100 mg/kg (Figure 2B,C).
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Figure 2. Metabolic parameters. The rats were fed the STD or CAF diet for 9 weeks and then were
treated orally with CLA (100, 200 or 300 mg per kg bw) for 3 weeks. (A) Body weight gain (g) from
the first, second and third week of the supplementation until the last day. (B) and (C) Body composition
(%) assessed by NMR, including fat and lean content, respectively. (D) Serum levels of leptin. Data are
expressed as the mean ± SEM. a,b,c denotes p < 0.05 assessed by one-way ANOVA and Duncan’s post
hoc test. CAF: cafeteria diet; NMR: nuclear magnetic resonance; CLA: conjugated linolenic acid; STD:
standard chow diet; bw: body weight.

A very similar pattern was also observed for the leptin levels, which exhibited a slight decrease in
animals treated with the lowest dose of CLA, but the difference with respect to that in the CAF group
was not statistically significant (Figure 2D). In addition, the CAF diet caused a decrease in hepatic
leptin signalling compared with the STD diet measured by the quotient between p-STAT3 and serum
leptin concentrations. However, no changes in this quotient were observed in the liver of CAF rats
supplemented with CLA with respect to the control group (Supplementary Figure S2).

3.2. Glucose and Insulin Metabolism

From here onwards, we continued our study only on the dose of 100 mg/kg as the consumption of
this dose, but not doses of 200 and 300 mg/kg, exerted a significant reduction in body weight gain
induced by CAF diet. In this context, the CAF diet caused an increase in both glucose and insulin
values compared with levels with the STD diet. Notably, the administration of 100 mg/kg of CLA
normalised them to basal levels observed in the STD group (Figure 3A,B). In addition, a very similar
pattern was also observed in some individual serum metabolites identified in aqueous extract including
citrate, glycerol and threonine (Table 1). At the hepatic level, animals treated with 100 mg/kg of
CLA also displayed lower concentrations of glucose, alanine, lactate and diglycerides than levels in
the CAF animals (Figure 3C–F), suggesting an improvement in the overall carbohydrate metabolism in
animals treated with this dose of CLA. Hepatic individual concentrations of metabolites identified in
the aqueous extract are shown in Table 2.
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Figure 3. Glucose metabolism. The rats were fed the STD or CAF diet for 9 weeks and then were
treated orally with CLA at 100 mg per kg of bw for 3 weeks. (A) Serum insulin and (B) serum
glucose levels. The panels from (C–F) show liver metabolite levels of glucose, alanine, lactate and
diglycerides, respectively. Data are expressed as the mean ± SEM. a,b denotes p < 0.05 assessed by
one-way ANOVA and Duncan’s post hoc test. CAF: cafeteria diet; CLA: conjugated linolenic acid; STD:
standard chow diet.

Table 1. Serum individual concentrations (mM) of metabolites identified in aqueous extracts.

STD CAF CLA 100

O-Acetylcarnitine 0.113 ± 0.01 0.119 ± 0.01 0.11 ± 0.01

Formate 0.42 ± 0.03 0.42 ± 0.01 0.46 ± 0.02

Glycerol 1.32 ± 0.1 a 1.71 ± 0.1 b 1.52 ± 0.2 a,b

Acetate 3.52 ± 0.1 3.65 ± 0.1 3.77 ± 0.1

3-Hidroxybutyrate 1.25 ± 0.2 0.87 ± 0.1 1.21 ± 0.3

Glucose 2.00 ± 0.11 a 2.43 ± 0.05 b 2.13 ± 0.03 a

Piruvate 0.44 ± 0.1 0.64 ± 0.1 0.6 ± 0.1

Succinate 0.19 ± 0.01 0.17 ± 0.01 0.2 ± 0.02

Lactate 20.13 ± 2.7 24.56 ± 3.1 24.14 ± 3.2

Citrate 0.17 ± 0.01 a 0.22 ± 0.01 b 0.18 ± 0.01 a

Asparagine 0.46 ± 0.02 0.51 ± 0.04 0.53 ± 0.02

Leucine 0.97 ± 0.02 0.94 ± 0.08 0.96 ± 0.04

Threonine 1.35 ± 0.1 a 1.67 ± 0.1 b 1.57 ± 0.1 a,b

Tryptophan 0.74 ± 0.04 0.87 ± 0.06 0.8 ± 0.05

Tyrosine 0.61 ± 0.04 0.76 ± 0.07 0.65 ± 0.03

Proline 0.89 ± 0.1 1.14 ± 0.1 1.04 ± 0.1

Isoleucine 0.68 ± 0.02 0.62 ± 0.05 0.6 ± 0.03

Glycine 1.9 ± 0.1 1.57 ± 0.1 1.64 ± 0.13

Glutamate 1.01 ± 0.05 1.11 ± 0.07 1.11 ± 0.04
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Table 1. Cont.

STD CAF CLA 100

Glutamine 5.52 ± 0.1 5.51 ± 0.4 5.39 ± 0.1

Methionine 0.61 ± 0.01 0.69 ± 0.04 0.61 ± 0.01

Lysine 2.3 ± 0.1 2.45 ± 0.2 2.57 ± 0.2

Valine 1.11 ± 0.1 1.17 ± 0.1 1.11 ± 0.1

Serine 2.2 ± 0.1 a 2.6 ± 0.2 a,b 2.75 ± 0.1 b

Alanine 3.06 ± 0.1 3.99 ± 0.5 3.54 ± 0.2

Phenylalanine 0.56 ± 0.01 0.61 ± 0.03 0.55 ± 0.01

Taurine 0.29 ± 0.02 0.29 ± 0.01 0.31 ± 0.01

Carnosine 0.26 ± 0.01 0.23 ± 0.03 0.22 ± 0.01

Choline 0.16 ± 0.005 a 0.14 ± 0.008 b 0.14 ± 0.004 b

Betaine 0.82 ± 0.07 a 0.54 ± 0.04 b 0.58 ± 0.03 b

Creatinine 0.09 ± 0.003 0.08 ± 0.007 0.09 ± 0.003

Glutathione 0.04 ± 0.01 0.05 ± 0.01 0.05 ± 0.01

Allantoin 0.24 ± 0.01 a 0.19 ± 0.001 b 0.2 ± 0.01 b

Creatine 1.95 ± 0.2 2.57 ± 0.2 2.35 ± 0.2

Creatine phosphate 0.3 ± 0.01 0.33 ± 0.03 0.27 ± 0.01

Pantothenate 0.06 ± 0.002 0.07 ± 0.01 0.05 ± 0.007

Values are presented as the mean ± SEM. a,b denotes p < 0.05 assessed by one-way ANOVA and Duncan’s post hoc
test. CAF: cafeteria diet; CLA: conjugated linolenic acid; STD: standard chow diet.

Table 2. Hepatic individual concentrations (mM) of metabolites identified in aqueous extracts.

STD CAF CLA 100

Valine 0.48 ± 0.02 0.57 ± 0.04 0.49 ± 0.04

Isoleucine 0.3 ± 0.01 a 0.27 ± 0.02 a,b 0.22 ± 0.01 b

Leucine 1.17 ± 0.1 1.18 ± 0.1 1.04 ± 0.1

Glycine 0.1 ± 0.016 0.1 ± 0.007 0.09 ± 0.015

Alanine 3.8 ± 0.2 a 4.99 ± 0.2 b 3.54 ± 0.3 a

Glutamine 5.51 ± 0.4 4.47 ± 0.4 5.13 ± 0.3

Tyrosine 0.27 ± 0.009 a 0.26 ± 0.015 a 0.2 ± 0.014 b

Histidine 0.61 ± 0.03 0.57 ± 0.03 0.53 ± 0.02

Methionine 0.33 ± 0.01 a 0.25 ± 0.01 b 0.23 ± 0.01 b

Glutamate 2.26 ± 0.1 2.89 ± 0.2 2.41 ± 0.3

Phenylalanine 0.8 ± 0.05 0.84 ± 0.07 0.7 ± 0.04

Glucose 32.38 ± 2.6 a 35.79 ± 1.0 b 27.95 ± 2.6 a,b

Succinate 1.5 ± 0.1 1.23 ± 0.5 1.54 ± 0.3

Acetate 0.37 ± 0.02 0.47 ± 0.05 0.5 ± 0.13

Lactate 11.26 ± 1.0 a 14.54 ± 1.0 b 11.76 ± 0.8 a,b

Fumarate 0.09 ± 0.009 0.07 ± 0.008 0.1 ± 0.01

NAD+ 0.64 ± 0.04 0.54 ± 0.1 0.64 ± 0.03

NADP+ 0.37 ± 0.03 0.32 ± 0.03 0.34 ± 0.02
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Table 2. Cont.

STD CAF CLA 100

3-Hydroxybutyrate 0.47 ± 0.05 0.35 ± 0.02 0.41 ± 0.05

Uridine 0.55 ± 0.02 0.56 ± 0.09 0.43 ± 0.02

Choline 0.12 ± 0.005 a 0.09 ± 0.005 a,b 0.08 ± 0.016 b

Phosphocholine 1.48 ± 0.1 1.13 ± 0.2 1.05 ± 0.3

Beatine 2.32 ± 0.2 a 1.08 ± 0.1b 1.04 ± 0.2 b

Glutathione 4.07 ± 0.8 2.69 ± 0.4 3.15 ± 0.6

Niacinamide 0.3 ± 0.02 a 0.31 ± 0.01 a 0.22 ± 0.01 b

Ascorbate 1.46 ± 0.1 1.52 ± 0.22 1.6 ± 0.1

Dimethylamine 0.04 ± 0.003 a 0.03 ± 0.001 a,b 0.02 ± 0.002 b

Inosine 1.94 ± 0.1 1.98 ± 0.2 1.59 ± 0.1

Creatinine 0.86 ± 0.2 0.59 ± 0.1 0.44 ± 0.1

Creatine phosphate 1.86 ± 0.1 2.00 ± 0.3 1.59 ± 0.1

Creatine 0.09 ± 0.005 0.09 ± 0.01 0.08 ± 0.01

Values are presented as the mean ± SEM. a,b denotes p < 0.05 assessed by one-way ANOVA and Duncan’s post hoc
test. CAF: cafeteria diet; CLA: conjugated linolenic acid; STD: standard chow diet; NAD+: nicotinamide adenine
dinucleotide; NADP+: nicotinamide adenine dinucleotide phosphate.

3.3. Serum Lipid Profile

As expected, the CAF diet caused an increase in total, esterified and free cholesterol serum
values compared with those in the STD diet group. However, the administration of 100 mg/kg
of CLA normalised cholesterol levels in these animals to that in the STD group (Figure 4A–C). In
addition, the administration of a CAF diet increased serum triglyceride, diglyceride and phospholipid
concentrations compared to those of the STD group, and the administration of 100 mg/kg of CLA
also produced a significant decrease in all of these values compared with those of the CAF animals
(Figure 4D–F). In a similar way, the concentration of other important lipid forms including linoleic
acid, oleic acid, polyunsaturated fatty acids (PUFAs), monounsaturated fatty acids (MUFAs) and
docosahexaenoic acid (DHA) were reduced in the serum of CLA-treated animals with respect to
the CAF group but did not reach to basal levels observed in the STD group (Table 3).

Table 3. Serum individual concentrations (mM) of metabolites identified in lipophilic extracts.

STD CAF CLA 100

Total Cholesterol 3.12 ± 0.8 a 4.98 ± 0.1 b 4.12 ± 0.1 a,b

Free Cholesterol 1.55 ± 0.2 a 2.23 ± 0.1 b 1.94 ± 0.1 a,b

Esterified Cholesterol 2.05 ± 0.5 a 2.92 ± 0.1 b 2.53 ± 0.1 a,b

Triglycerides 1.76 ± 0.6 a 10.91 ± 0.6 b 6.89 ± 1.4 c

Diglycerides 0.07 ± 0.01 a 0.18 ± 0.01 b 0.12 ± 0.02 c

Total Phospholipids 1.62 ± 0.4 a 3.95 ± 0.1 b 3.01 ± 0.2 c

Linoleic acid 1.25 ± 0.4 a 3.42 ± 0.1 b 2.09 ± 0.1 c

Oleic acid 1.71 ± 0.6 a 14.33 ± 0.7 b 8.88 ± 2 c

Sphingomyelin 0.51 ± 0.03 0.48 ± 0.01 0.49 ± 0.02

ARA + EPA 1.97 ± 0.5 2.22 ± 0.2 1.79 ± 0.1
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Table 3. Cont.

STD CAF CLA 100

DHA 0.13 ± 0.03 a 0.26 ± 0.02 b 0.2 ± 0.01 a,b

Omega-3 0.6 ± 0.14 a 0.98 ± 0.05 b 0.75 ± 0.02 b

Phosphocholine 2.84 ± 0.7 a 5.83 ± 0.2 b 4.63 ± 0.2 b

PUFA 6.84 ± 1.8 9.56 ± 0.8 7.6 ± 0.2

MUFA 4.94 ± 1.5 a 21.24 ± 1 b 13.12 ± 2.4 c

Values are presented as the mean ± SEM. a,b,c denotes p < 0.05 assessed by one-way ANOVA and Duncan’s post hoc
test. CAF: cafeteria diet; CLA: conjugated linolenic acid; STD: standard chow diet; ARA: arachidonic acid; EPA:
eicosapentaenoic acid; DHA: docosahexaenoic acid; PUFA: polyunsaturated fatty acid; MUFA: monounsaturated
fatty acid.

Nutrients 2020, 12, 408  10  of  19 

 

Values  are presented as  the mean ± SEM.  a,b denotes p < 0.05 assessed by one‐way ANOVA and 

Duncan’s post hoc test. CAF: cafeteria diet; CLA: conjugated linolenic acid; STD: standard chow diet; 

NAD+: nicotinamide adenine dinucleotide; NADP+: nicotinamide adenine dinucleotide phosphate. 

3.3. Serum Lipid Profile 

As  expected,  the CAF diet  caused  an  increase  in  total,  esterified  and  free  cholesterol  serum 

values compared with  those  in  the STD diet group. However,  the administration of 100 mg/kg of 

CLA  normalised  cholesterol  levels  in  these  animals  to  that  in  the  STD  group  (Figure  4A–C).  In 

addition,  the  administration  of  a  CAF  diet  increased  serum  triglyceride,  diglyceride  and 

phospholipid concentrations compared  to  those of  the STD group, and  the administration of 100 

mg/kg of CLA also produced a significant decrease in all of these values compared with those of the 

CAF  animals  (Figure  4D–F).  In  a  similar way,  the  concentration  of  other  important  lipid  forms 

including linoleic acid, oleic acid, polyunsaturated fatty acids (PUFAs), monounsaturated fatty acids 

(MUFAs) and docosahexaenoic acid (DHA) were reduced in the serum of CLA‐treated animals with 

respect to the CAF group but did not reach to basal levels observed in the STD group (Table 3).   

 

Figure 4. Serum lipid profile. The rats were fed the STD or CAF diet for 9 weeks and then were treated 

orally with CLA at 100 mg per kg of bw for 3 weeks. The panels from (A–F) show metabolite levels of 

different forms of cholesterol, triglycerides, diglycerides and total phospholipids, respectively. Data 

are expressed as the mean ± SEM. a,b,c denotes p < 0.05 assessed by one‐way ANOVA and Duncan’s 

post hoc test. CAF: cafeteria diet; CLA: conjugated linolenic acid; STD: standard chow diet. 

3.4. Hepatic Fat Accumulation and Liver Function 

The CAF diet caused an  increase  in serum GOT and GPT enzymatic activity compared with 

levels in the STD group, and the administration of 100 mg/kg of CLA normalised these enzymatic 

activities (Figure 5A,B). In addition, CAF animals presented hepatic steatosis with respect to STD rats 

as  indicated by  the histological score of steatosis  (Figure 5C). However,  the administration of 100 

mg/kg of CLA did not normalise the steatosis degree to basal levels and did not generate significant 

changes  in  the presence of microgranulomes and sinusoidal dilatation  (Table 4).  In addition, any 

group of animals developed portal chronic inflammation, fibrosis or lipogranulomes. In contrast, the 

hepatic  gene  expression  of  the  inflammatory  marker  Ccl2  significantly  decreased  after  the 

administration of 100 mg/kg of CLA (Figure 5D).   

Table 3. Serum individual concentrations (mM) of metabolites identified in lipophilic extracts. 

  STD  CAF  CLA 100 

Total Cholesterol  3.12 ± 0.8 a  4.98 ± 0.1 b  4.12 ± 0.1 a,b 

Figure 4. Serum lipid profile. The rats were fed the STD or CAF diet for 9 weeks and then were treated
orally with CLA at 100 mg per kg of bw for 3 weeks. The panels from (A–F) show metabolite levels of
different forms of cholesterol, triglycerides, diglycerides and total phospholipids, respectively. Data are
expressed as the mean ± SEM. a,b,c denotes p < 0.05 assessed by one-way ANOVA and Duncan’s post
hoc test. CAF: cafeteria diet; CLA: conjugated linolenic acid; STD: standard chow diet.

3.4. Hepatic Fat Accumulation and Liver Function

The CAF diet caused an increase in serum GOT and GPT enzymatic activity compared with
levels in the STD group, and the administration of 100 mg/kg of CLA normalised these enzymatic
activities (Figure 5A,B). In addition, CAF animals presented hepatic steatosis with respect to STD rats
as indicated by the histological score of steatosis (Figure 5C). However, the administration of 100 mg/kg
of CLA did not normalise the steatosis degree to basal levels and did not generate significant changes
in the presence of microgranulomes and sinusoidal dilatation (Table 4). In addition, any group of
animals developed portal chronic inflammation, fibrosis or lipogranulomes. In contrast, the hepatic
gene expression of the inflammatory marker Ccl2 significantly decreased after the administration of
100 mg/kg of CLA (Figure 5D).
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Figure 5. Liver function. The rats were fed the STD or CAF diet for 9 weeks and then were treated
orally with CLA at 100 mg per kg of bw for 3 weeks. (A) GOT and (B) GPT serum enzymatic activities.
(C) Representative histological sections of liver from from STD, CAF and CLA groups. Hepatic (D)
Ccl2 and (E) Tnf-α relative gene expression. Data are expressed as the mean ± SEM. a,b denotes p < 0.05
assessed by one-way ANOVA and Duncan’s post hoc test. CAF: cafeteria diet; CLA: conjugated
linolenic acid; STD: standard chow diet; GOT: Glutamic oxaloacetic transaminase; GPT: glutamate
pyruvate transaminase.

Table 4. Summary of liver histological analysis.

STD CAF CLA 100

Steatosis degree (0 to 3 in severity) 0.67 ± 0.3 a 1.50 ± 0.2 b 1.33 ± 0.2 a,b

Sinusoidal dilatation (0 to 2 in severity) 0.17 ± 0.2 0.33 ± 0.2 0.67 ± 0.2

Microgranulomes (number of samples) 2/6 1/6 2/6

Fibrosis degree (0 to 4 in severity) 0 0 0

Portal inflammation (0 to 2 in severity) 0 0 0

Lipogranulomes (number of samples) 0/6 0/6 0/6

Values are presented as the mean ± SEM. a,b denotes p < 0.05 assessed by one-way ANOVA and Duncan’s post
hoc test.

At the metabolomics level, the administration of 100 mg/kg of CLA did not significantly change
the lipid profile in the liver of these animals (Table 5), although the concentrations of total and esterified
cholesterol were significantly increased with respect to the STD animals (Figure 6A,B). No changes
in free cholesterol values were observed among the three groups of animals (Figure 6C). In order to
understand these cholesterol alterations, the gene expression of key enzymes involved in cholesterol
metabolism was studied in the liver. Accordingly, Asbt, Ldlr, and Cyp7a1 relative gene expression
was not influenced by CLA supplementation (Figure 6D–F). However, animals supplemented with
CLA showed a significant downregulation in liver expression of Hmgcr with respect to the STD group
(Figure 6G).
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Table 5. Summary of metabolites from the liver lipidic extraction.

STD CAF CLA 100

Total Cholesterol 9.42 ± 0.7 a 16.91 ± 2.6 a,b 24.53 ± 4.6 b

Free Cholesterol 1.26 ± 0.08 1.38 ± 0.16 1.41 ± 0.13

Esterified Cholesterol 1.05 ± 0.1 a 7.83 ± 1.9 a,b 15.17 ± 4.5 b

Triglycerides 42.02 ± 3.5 a 81.03 ± 11.3 b 87.01 ± 11.1 b

Diglycerides 7.14 ± 0.7 a 11.51 ± 1.1 b 9.37 ± 1 a,b

Sphingomyelin 2.88 ± 0.1 2.76 ± 0.4 2.84 ± 0.3

ARA + EPA 28.66 ± 2.3 25.02 ± 3.5 25.61 ± 2

Plasmalogen 1.36 ± 0.1 a 1.62 ± 0.2 a 2.58 ± 0.3 b

Total Phospholipids 48.1 ± 5.5 45.42 ± 7.4 45.34 ± 5.5

Phosphoethanolamine 17.37 ± 3.1 20.32 ± 2.6 20.68 ± 1.7

Linoleic acid 32.29 ± 2.8 36.05 ± 6.1 44.94 ± 5.7

Oleic acid 16.96 ± 2.4 a 86.78 ± 14.6 b 87 ± 16.3 b

Omega-3 0.05 ± 0.002 a 0.03 ± 0.004 b 0.03 ± 0.002 b

DHA 4.19 ± 0.6 4.22 ± 0.8 4.64 ± 0.2

PUFA 120.63 ± 10.5 112.11 ± 15.6 118.57 ± 7.1

MUFA 38.89 ± 4.5 a 109.45 ± 19.6 b 120.16 ± 23.7 b

Total fatty acids 150.44 ± 9.8 a 277.54 ± 35.5 b 290.55 ± 9.8 b

Values are presented as the mean ± SEM. a,b denotes p < 0.05 assessed by one-way ANOVA and Duncan’s post hoc
test. CAF: cafeteria diet; CLA: conjugated linolenic acid; STD: standard chow diet; ARA: arachidonic acid; EPA:
eicosapentaenoic acid; DHA: docosahexaenoic acid; PUFA: polyunsaturated fatty acid; MUFA: monounsaturated
fatty acid.
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Figure 6. Hepatic cholesterol metabolism. The rats were fed the STD or CAF diet for 9 weeks and
then were treated orally with CLA at 100 mg per kg of bw for 3 weeks. The panels from (A–C)
show metabolite levels of different forms of cholesterol including total, esterified and free cholesterol,
respectively. The panels from (D–G) illustrate the hepatic relative gene expression levels of Asbt, Ldlr,
Cyp7a1 and Hmgcr, respectively. Data are expressed as the mean ± SEM. a,b denotes p < 0.05 assessed
by one-way ANOVA and Duncan’s post hoc test. CAF: cafeteria diet; CLA: conjugated linolenic acid;
STD: standard chow diet.
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4. Discussion

MetS is a cluster of conditions including hypertension, high blood glucose, excess body fat around
the waist, and abnormal blood lipid levels, which increases the risk of cardiovascular disease and
type 2 diabetes. Different bioactive compounds have been widely studied as strategies for preventing
the onset of MetS and its comorbidities, with CLA supplementation being one of the most investigated
for weight loss [25]. However, animal studies have mainly been carried out with diets supplemented
with 0.5–1.5%, which implies a daily CLA supplementation approximately 50 times higher than those
successfully used in clinical trials [10,17]. Therefore, since a greater level of inflammation, insulin
resistance, and steatosis are related to the use of higher doses [26], low doses of CLA were tested in this
study. Nevertheless, as the beneficial effect of body fat loss is also related to the dose of CLA used [27],
the aim of this study was to test whether low doses of CLA were able to promote an ameliorating effect
on obesity without inducing metabolic adverse effects. In addition, as differential effects of both CLA
isomers have been reported, an equal ratio of c9,t11 and t10,c12 was used. In fact, although the isomer
t10,c12 is the isomer related to the weight loss [11], the effects of this isomer on other cardiometabolic risk
factors such as insulin sensitivity, markers of cardiovascular risk and liver function have raised safety
concerns [28]. However, the isomer c9,t11 has not been reported to develop detrimental effects and it is
generally considered safer to supplement [21], but does not have a meaningful impact on obesity [29].
This isomer has also been shown to reduce the appearance of steatosis and the concentration of
inflammatory cytokines [30]. It is also known to improve mitochondrial activity in liver, modulating
the release of ROS. Concretely, the c9,t11 isomer reduces ROS yield production, H2O2 concentration
and promotes fatty acid oxidation rate [31]. This process, however, was reported not to be enough to
compensate for the increase in fatty acid accumulation, ultimately leading to hepatic steatosis. Finally,
as CAF diet-fed rats present not only obesity, but also other cardiometabolic risk factors, the impact of
low doses of an equal ratio of c9,t11 and t10,c12 isomers was also investigated in other abnormalities
associated with MetS.

Our results showed that supplementation with low doses of CLA caused a decrease in the body
weight gain in the animals fed the CAF diet. The doses assessed in this study (100, 200 and 300 mg
CLA/kg), correspond to approximately 0.036, 0.072 and 0.11% in the diet, respectively, and are similar
to the human recommended doses [22]. Paradoxically, the most effective dose to reduce the body
weight gain at the end of the study was the lowest dose. Supporting these results, mice supplemented
with moderate doses of CLA (150 and 500 mg/kg) also showed a decrease in body weight gain, which
was not greater for the higher dose [32]. Interestingly, the changes in body weight gain observed after
the lowest dose of CLA supplementation in our study were not accompanied by a reduction in body
fat mass, nor by a reduction in lean mass, which is the major undesirable effect obtained when a caloric
restriction diet is used to reduce body weight [33]. In addition, as expected, the CAF group showed
increased serum leptin levels reinforcing the well-established association between leptin resistance
and obesity. However, CLA supplementation failed to reduce the concentration of this hormone as
well as to restore the hepatic leptin sensitivity in these animals, indicating that the anti-obesity effect of
CLA is independent of the leptin system.

In this study, CAF diet-fed rats showed elevated serum glucose and insulin levels. The presence
of peripheral insulin resistance and increased pancreatic insulin secretion have been reported in this
animal model [34]. Nevertheless, despite insulin resistance being one of the most commonly reported
detrimental effects of CLA supplementation, the results of this study not only demonstrated no adverse
effects on insulin signalling but that the use of a low dose of CLA improved the overall carbohydrate
metabolism in these animals. In this sense, serum and liver glucose and circulating insulin were
normalised to STD levels after CLA supplementation, counteracting the effect of the CAF diet. In
addition, a reduction in both alanine and lactate hepatic levels was found in animals supplemented with
CLA, reaching values similar to those of the STD animals. Reduced levels of these hepatic metabolites,
namely, alanine [35] and lactate [36], might indicate a lower gluconeogenesis that would result in better
insulin signalling because the liver would not need to produce as much glucose. However, a direct
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confirmation of this hypothesis should be further tested in future studies. In addition, isoleucine and
other BCAAs have also been directly linked with the development of type II diabetes [37,38], and
our results showed a reduction in hepatic isoleucine in animals supplemented with a low dose of
CLA. Increased hepatic diglyceride levels have also been associated with insulin resistance because
diglycerides modulate the affinity of the insulin receptor, through protein kinase Ce (PKCe) [39–41],
and our results showed that a low dose of CLA significantly reduced their concentrations. The effect of
low-dose CLA supplementation on lipid metabolism was also examined in this study. Our results
showed an extensive reduction in several lipid metabolite concentrations, suggesting an improvement
in the management of fat in CLA-supplemented animals. Supporting these results, an improvement
in the lipid profile caused by CLA supplementation has been previously reported in animal [42] and
human studies [43]. In fact, diverse lines of research indicate that the CLA effects on lipid metabolism
are mediated by the modulation of eicosanoid formation [44], and these effect seems to be more
favourably influenced by the c9,t11 isomers than others in both animals [45] and humans [46].

NAFLD is considered as one of the main harmful concomitant outcomes from CLA
supplementation [21]. Factors leading to hepatic lipid accumulation are multifactorial and involve
increased fatty acid influx and synthesis, as well as altered fatty acid oxidation and triglyceride
secretion [47–53]. In this sense, a decrease in the PUFA/MUFA ratio has been considered as a marker
of liver steatosis in different metabolomics studies [24]. However, our results indicated that CLA
consumption did not reduce this ratio with respect to CAF animals. In addition, the hepatic
histopathological analyses performed in our animals showed no signs of liver damage aggravation
in rats supplemented with CLA with respect to CAF animals, and even a lower steatosis degree was
observed in animals supplemented with CLA. Supporting these results, serum GOT and GPT enzymatic
activities were also normalised in the CLA group with respect to the STD group, suggesting a slight
recovery of the hepatic damage associated with the CAF diet. In addition, many CLA supplements are
currently formulated to contain an equal ratio of c9,t11 and t10,c12, aiming to obtain the reduction
of fat mass and obesity, but compensating with the health benefits of the c9,t11 isomer. This slight
improvement of hepatic steatosis by the c9,t11 isomer, besides the low dose of t10,c12, could explain
why we did not find signs of worsening liver status, as c9,t11 might be able to compensate the damage
by the t10,c12. However, it is difficult to assess and compare among experiments as doses and diet
play a major role in the effect of CLA.

Conversely, a significant increase in the hepatic esterified cholesterol content after CLA
supplementation was observed in these animals. To uncover the potential mechanism of the hepatic
cholesterol-increasing effect of CLA, we investigated the relative gene expression of Hmgcr, Asbt, Ldlr,
and Cyp7a1 that are the key regulators associated with cholesterol metabolism and have been reported
to be regulated by dietary intervention [54]. However, our data demonstrated that this increase
was not related to changes in hepatic cholesterol synthesis, cholesterol conversion into bile acids,
cholesterol caption or hepatic bile acid reabsorption. Thus, further research is worthy to be conducted
assess the effects of dietary supplemental CLA on hepatic cholesterol deposition and elucidating its
possible mechanism.

Finally, the role of CLA as pro- or anti-inflammatory agent has no clear consensus as of yet
among the scientific community. While several studies in rodents and cell culture showed CLA
is an anti-inflammatory molecule, some authors do not consider that its anti-inflammatory effects
have been sufficiently demonstrated in humans [55]. In addition, other studies have clearly marked
CLA as a proinflammatory inductor [56,57], indicating that this effect could be greatly heterogeneous
depending on physiological conditions, animal species and the dose of CLA. In addition, initial studies
in cells showed that CLA, specifically t10,c12, presented ameliorating effects over the production of
reactive oxygen species (ROS), correlating to lower gene expression of inflammatory markers [58].
Some studies in humans revealed consistent improvements in inflammation with a reduction in TNF-α
(tumour necrosis factor α) and IL-1β (interleukin 1-β) levels [59], while others found increases in
TNF-α values [56]. Thus, although there is no clear consensus of the effect of CLA on inflammation,
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our results indicated that low doses of CLA have the ability to decrease the gene expression of
Ccl2 in the liver as well as the levels of diglycerides, which have been reported as key markers of
hepatic inflammation [60,61]. In addition, the levels of niacinamide were also significantly reduced in
CLA-supplemented animals, indicating the ability of these animals to control oxidative stress and,
consequently, to reduce ROS-induced damage in this tissue [62]. However, non-significant changes in
Tnf-αmRNA levels were observed and, therefore, further studies are warranted in order to determine
the potential anti-inflammatory effect of low-doses of CLA.

Finally, in this study, the most effective dose of CLA for reducing body fat was 100 mg/kg/day.
This dose, using a translation of animal to human doses [63] and estimating the daily intake for an 80 kg
human, correspond to an intake of 2 g/day. Although experimental results obtained in our study
cannot be directly translatable to humans, the fact that only 100 mg/kg of CLA ameliorate the metabolic
alterations induced by a CAF diet suggests that the utilization of CLA in the diets of obese humans
could be a good strategy for improving their health outcomes.

5. Conclusions

In summary, long-term supplementation with CLA at a dose of 100 mg/kg caused a decrease in
the body weight gain in animals fed a CAF diet. In addition, other important cardiometabolic conditions
associated with MetS were also improved after CLA supplementation. In particular, an improvement
in glucose and lipid metabolism was observed. Notably, although no major detrimental effect at this
dose of CLA was found in our study, a note of caution should be sounded concerning the increased
cholesterol values observed in the liver and, thus, further studies are needed to elucidate the molecular
mechanisms involved in this phenomenon. In addition, these results corroborated with other studies
carried out in humans in which 3 g of CLA (a slightly higher dose than the one we have studied) was
given to normal weight, overweight and obese subjects for up to six months and no adverse effects
on insulin sensitivity, blood glucose and liver function were reported [22]. The use of a CLA mixture
with equal ratios of both isomers used in this study could also be decisive in this study. However, as
the preconditions of our experiment are different from others reported, as we use the CAF diet as an
inducer of MetS, we cannot rule out that this lack of detrimental qualities of CLA might not be due to
a different metabolic and physiological status. Studies with rats have been performed using high-fat
diets, inducing different metabolic alterations in which CLA might have a different impact. A synergic
effect coming from the low dose of CLA, with a better experimental model that mimicked human MetS,
might be the reason why we are not finding signs of inflammation, insulin resistance and NAFLD but
significant beneficial effects on MetS. Thus, our results suggest that long-term supplementation with
low-dose CLA might have a deeper, healthy impact on obesity.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/2/408/s1,
Table S1: A summary of the rat-specific primer sequences used for qPCR analysis, Table S2: Relative tissue
weights, Figure S1: General view and metabolite assignment of representative serum extract NMR aqueous
spectra, Figure S2: Hepatic leptin sensitivity.

Author Contributions: Conceptualisation, L.A., G.A. and B.M.; methodology, M.Z.M.-G. and H.P.; formal analysis,
M.Z.M.-G., H.P. and M.A.R.; writing—original draft preparation, M.Z.M.-G.; writing—review and editing, G.A.
and B.M.; funding acquisition, L.A. and B.M. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Ministerio de Economía, Industria y Competitividad (AGL2013-40707-R
and AGL2016-77105-R) and by the Universitat Rovira i Virgili (2017R2B-05). G.A. is a Serra-Hunter Fellow.

Acknowledgments: We gratefully acknowledge the aid of Niurka Dariela Llópiz and Rosa Pastor,
the laboratory technicians.

Conflicts of Interest: The authors declare no conflicts of interest.

http://www.mdpi.com/2072-6643/12/2/408/s1


Nutrients 2020, 12, 408 17 of 20

References

1. Bremer, A.A.; Mietus-Snyder, M.; Lustig, R.H. Toward a Unifying Hypothesis of Metabolic Syndrome.
Pediatrics 2012, 129, 557–570. [CrossRef]

2. Lent-Schochet, D.; McLaughlin, M.; Ramakrishnan, N.; Jialal, I. Exploratory metabolomics of metabolic
syndrome: A status report. World J. Diabetes 2019, 10, 23–36. [CrossRef] [PubMed]

3. Cheng, S.; Rhee, E.P.; Larson, M.G.; Lewis, G.D.; McCabe, E.L.; Shen, D.; Palma, M.J.; Roberts, L.D.; Dejam, A.;
Souza, A.L.; et al. Metabolite profiling identifies pathways associated with metabolic risk in humans.
Circulation 2012, 125, 2222–2231. [CrossRef] [PubMed]

4. Newgard, C.B. Interplay between lipids and branched-chain amino acids in development of insulin resistance.
Cell Metab. 2012, 15, 606–614. [CrossRef] [PubMed]

5. Watanabe, M.; Suliman, M.E.; Qureshi, A.R.; Garcia-Lopez, E.; Bárány, P.; Heimbürger, O.; Stenvinkel, P.;
Lindholm, B. Consequences of low plasma histidine in chronic kidney disease patients: Associations with
inflammation, oxidative stress, and mortality. Am. J. Clin. Nutr. 2008, 87, 1860–1866. [CrossRef]

6. van der Veen, J.N.; Kennelly, J.P.; Wan, S.; Vance, J.E.; Vance, D.E.; Jacobs, R.L. The critical role of
phosphatidylcholine and phosphatidylethanolamine metabolism in health and disease. Biochim. Biophys.
Acta Biomembr. 2017, 1859, 1558–1572. [CrossRef] [PubMed]

7. Sampey, B.P.; Vanhoose, A.M.; Winfield, H.M.; Freemerman, A.J.; Muehlbauer, M.J.; Fueger, P.T.;
Newgard, C.B.; Makowski, L. Cafeteria diet is a robust model of human metabolic syndrome with liver and
adipose inflammation: Comparison to high-fat diet. Obesity 2011, 19, 1109–1117. [CrossRef]

8. Pons, Z.; Margalef, M.; Bravo, F.I.; Arola-Arnal, A.; Muguerza, B. Acute administration of single oral dose of
grape seed polyphenols restores blood pressure in a rat model of metabolic syndrome: role of nitric oxide
and prostacyclin. Eur. J. Nutr. 2016, 55, 749–758. [CrossRef]

9. Evans, M.E.; Brown, J.M.; McIntosh, M.K. Isomer-specific effects of conjugated linoleic acid (CLA) on
adiposity and lipid metabolism. J. Nutr. Biochem. 2002, 13, 508–516. [CrossRef]

10. Whigham, L.D.; Watras, A.C.; Schoeller, D.A. Efficacy of conjugated linoleic acid for reducing fat mass:
a meta-analysis in humans. Am. J. Clin. Nutr. 2007, 85, 1203–1211. [CrossRef]

11. Pariza, M.W.; Park, Y.; Cook, M.E. The biologically active isomers of conjugated linoleic acid. Prog. Lipid Res.
2001, 40, 283–298. [CrossRef]

12. Shen, W.; Baldwin, J.; Collins, B.; Hixson, L.; Lee, K.T.; Herberg, T.; Starnes, J.; Cooney, P.; Chuang, C.C.;
Hopkins, R.; et al. Low level of trans-10, cis-12 conjugated linoleic acid decreases adiposity and increases
browning independent of inflammatory signaling in overweight Sv129 mice. J. Nutr. Biochem. 2015, 26,
616–625. [CrossRef] [PubMed]

13. Kim, M.R.; Park, Y.; Albright, K.J.; Pariza, M.W. Differential responses of hamsters and rats fed high-fat or
low-fat diets supplemented with conjugated linoleic acid. Nutr. Res. 2002, 22, 715–722. [CrossRef]

14. Koba, K.; Akahoshi, A.; Yamasaki, M.; Tanaka, K.; Yamada, K.; Iwata, T.; Kamegai, T.; Tsutsumi, K.; Sugano, M.
Dietary conjugated linolenic acid in relation to CLA differently modifies body fat mass and serum and liver
lipid levels in rats. Lipids 2002, 37, 343–350. [CrossRef] [PubMed]

15. Ostrowska, E.; Muralitharan, M.; Cross, R.F.; Bauman, D.E.; Dunshea, F.R. Dietary Conjugated Linoleic Acids
Increase Lean Tissue and Decrease Fat Deposition in Growing Pigs. J. Nutr. 2018, 129, 2037–2042. [CrossRef]

16. Szymczyk, B.; Pisulewski, P.M.; Szczurek, W.; Hanczakowski, P. Effects of conjugated linoleic acid on growth
performance, feed conversion efficiency, and subsequent carcass quality in broiler chickens. Br. J. Nutr. 2001,
85, 465–473. [CrossRef]

17. Benjamin, S.; Prakasan, P.; Sreedharan, S.; Wright, A.D.; Spener, F. Pros and cons of CLA consumption:
An insight from clinical evidences. Nutr. Metab. (Lond.) 2015, 12, 4. [CrossRef]

18. Lamarche, B.; Desroches, S. Metabolic syndrome and effects of conjugated linoleic acid in obesity and
lipoprotein disorders: the Québec experience. Am. J. Clin. Nutr. 2004, 79, 1149S–1152S. [CrossRef]

19. Tsuboyama-Kasaoka, N.; Takahashi, M.; Tanemura, K.; Kim, H.J.; Tange, T.; Okuyama, H.; Kasai, M.;
Ikemoto, S.; Ezaki, O. Conjugated linoleic acid supplementation reduces adipose tissue by apoptosis and
develops lipodystrophy in mice. Diabetes 2000, 49, 1534–1542. [CrossRef]

20. Poirier, H.; Shapiro, J.S.; Kim, R.J.; Lazar, M.A. Nutritional supplementation with trans-10, cis-12-conjugated
linoleic acid induces inflammation of white adipose tissue. Diabetes 2006, 55, 1634–1641. [CrossRef] [PubMed]

http://dx.doi.org/10.1542/peds.2011-2912
http://dx.doi.org/10.4239/wjd.v10.i1.23
http://www.ncbi.nlm.nih.gov/pubmed/30697368
http://dx.doi.org/10.1161/CIRCULATIONAHA.111.067827
http://www.ncbi.nlm.nih.gov/pubmed/22496159
http://dx.doi.org/10.1016/j.cmet.2012.01.024
http://www.ncbi.nlm.nih.gov/pubmed/22560213
http://dx.doi.org/10.1093/ajcn/87.6.1860
http://dx.doi.org/10.1016/j.bbamem.2017.04.006
http://www.ncbi.nlm.nih.gov/pubmed/28411170
http://dx.doi.org/10.1038/oby.2011.18
http://dx.doi.org/10.1007/s00394-015-0895-0
http://dx.doi.org/10.1016/S0955-2863(02)00211-5
http://dx.doi.org/10.1093/ajcn/85.5.1203
http://dx.doi.org/10.1016/S0163-7827(01)00008-X
http://dx.doi.org/10.1016/j.jnutbio.2014.12.016
http://www.ncbi.nlm.nih.gov/pubmed/25801353
http://dx.doi.org/10.1016/S0271-5317(02)00372-X
http://dx.doi.org/10.1007/s11745-002-0901-7
http://www.ncbi.nlm.nih.gov/pubmed/12030314
http://dx.doi.org/10.1093/jn/129.11.2037
http://dx.doi.org/10.1079/BJN2000293
http://dx.doi.org/10.1186/1743-7075-12-4
http://dx.doi.org/10.1093/ajcn/79.6.1149S
http://dx.doi.org/10.2337/diabetes.49.9.1534
http://dx.doi.org/10.2337/db06-0036
http://www.ncbi.nlm.nih.gov/pubmed/16731825


Nutrients 2020, 12, 408 18 of 20

21. Vyas, D.; Kadegowda, A.K.G.; Erdman, R.A. Dietary conjugated linoleic acid and hepatic steatosis:
Species-specific effects on liver and adipose lipid metabolism and gene expression. J. Nutr. Metab.
2012, 2012. [CrossRef] [PubMed]

22. European Food Safety Authority (EFSA). Scientific Opinion on the safety of “conjugated linoleic acid
(CLA)-rich oil” (Clarinol®) as a Novel Food ingredient. EFSA J. 2010, 8, 1601. [CrossRef]

23. Ulmer, C.Z.; Jones, C.M.; Yost, R.A.; Garrett, T.J.; Bowden, J.A. Optimization of Folch, Bligh-Dyer, and
Matyash Sample-to-Extraction Solvent Ratios for Human Plasma-Based Lipidomics Studies. Anal. Chim.
Acta 2018, 1037, 351–357. [CrossRef] [PubMed]

24. Vinaixa, M.; Rodríguez, M.A.; Rull, A.; Beltrán, R.; Bladé, C.; Brezmes, J.; Cañellas, N.; Joven, J.; Correig, X.
Metabolomic assessment of the effect of dietary cholesterol in the progressive development of fatty liver
disease. J. Proteome Res. 2010, 9, 2527–2538. [CrossRef]

25. Egras, A.M.; Hamilton, W.R.; Lenz, T.L.; Monaghan, M.S. An evidence-based review of fat modifying
supplemental weight loss products. J. Obes. 2011, 2011, 297515. [CrossRef]

26. Bezan, P.N.; Holland, H.; De Castro, G.S.; Cardoso, J.F.R.; Ovidio, P.P.; Calder, P.C.; Jordao, A.A. High dose of
a conjugated linoleic acid mixture increases insulin resistance in rats fed either a low fat or a high fat diet.
Exp. Clin. Endocrinol. Diabetes 2018, 126, 379–386. [CrossRef]

27. DeLany, J.P.; Blohm, F.; Truett, A.A.; Scimeca, J.A.; West, D.B. Conjugated linoleic acid rapidly reduces body
fat content in mice without affecting energy intake. Am. J. Physiol. Regul. Integr. Comp. Physiol. 1999, 276,
R1172–1179. [CrossRef]

28. Taylor, C.G.; Zahradka, P. Dietary conjugated linoleic acid and insulin sensitivity and resistance in rodent
models. Am. J. Clin. Nutr. 2004, 79, 1164–1168. [CrossRef]

29. Park, Y.; Storkson, J.M.; Albright, K.J.; Liu, W.; Pariza, M.W. Evidence that the trans-10,cis-12 isomer of
conjugated linoleic acid induces body composition changes in mice. Lipids. 1999, 34, 235–241. [CrossRef]

30. Engl, J.; Sturm, W.; Sandhofer, A.; Kaser, S.; Tschoner, A.; Tatarczyk, T.; Weiss, H.; Tilg, H.; Patsch, J.R.;
Ebenbichler, C.F. Effect of pronounced weight loss on visceral fat, liver steatosis and adiponectin isoforms.
Eur. J. Clin. Investig. 2008, 38, 238–244. [CrossRef]

31. Mollica, M.P.; Trinchese, G.; Cavaliere, G.; De Filippo, C.; Cocca, E.; Gaita, M.; Della-Gatta, A.; Marano, A.;
Mazzarella, G.; Bergamo, P. c9;t11-Conjugated linoleic acid ameliorates steatosis by modulating mitochondrial
uncoupling and Nrf2 pathway. J. Lipid Res. 2014, 55, 837–849. [CrossRef] [PubMed]

32. Parra, P.; Serra, F.; Palou, A. Moderate doses of conjugated linoleic acid isomers mix contribute to lowering
body fat content maintaining insulin sensitivity and a noninflammatory pattern in adipose tissue in mice.
J. Nutr. Biochem. 2010, 21, 107–115. [CrossRef]

33. Willoughby, D.; Hewlings, S.; Kalman, D. Body composition changes in weight loss: strategies and
supplementation for maintaining lean body mass: A brief review. Nutrients 2018, 10, 1876. [CrossRef]
[PubMed]

34. Pinto Júnior, D.A.C.; Seraphim, P.M. Cafeteria diet intake for fourteen weeks can cause obesity and insulin
resistance in wistar rats. Rev. Nutr. 2012, 25, 313–319. [CrossRef]

35. Petersen, M.C.; Vatner, D.F.; Shulman, G.I. Regulation of hepatic glucose metabolism in health and disease.
Nat. Rev. Endocrinol. 2017, 13, 572–587. [CrossRef]

36. Rui, L. Energy metabolism in the liver. Compr. Physiol. 2014, 4, 177–197. [PubMed]
37. Chen, X.; Yang, W. Branched-chain amino acids and the association with type 2 diabetes. J. Diabetes Investig.

2015, 6, 369–370. [CrossRef] [PubMed]
38. Connelly, M.A.; Wolak-Dinsmore, J.; Dullaart, R.P.F. Branched chain amino acids are associated with insulin

resistance independent of leptin and adiponectin in subjects with varying degrees of glucose tolerance.
Metab. Syndr. Relat. Disord. 2017, 15, 183–186. [CrossRef]

39. Yu, C.; Chen, Y.; Cline, G.W.; Zhang, D.; Zong, H.; Wang, Y.; Bergeron, R.; Kim, J.K.; Cushman, S.W.;
Cooney, G.J.; et al. Mechanism by which fatty acids inhibit insulin activation of insulin receptor substrate-1
(IRS-1)-associated phosphatidylinositol 3-kinase activity in muscle. J. Biol. Chem. 2002, 277, 50230–50236.
[CrossRef]

40. Arnold, R.S.; Newton, A.C. Diacylglycerol directly stimulates the insulin receptor tyrosine kinase. FEBS Lett.
1996, 380, 58–62. [CrossRef]

41. Erion, D.M.; Shulman, G.I. Diacylglycerol-mediated insulin resistance. Nat. Med. 2010, 16, 400–402.
[CrossRef] [PubMed]

http://dx.doi.org/10.1155/2012/932928
http://www.ncbi.nlm.nih.gov/pubmed/21869929
http://dx.doi.org/10.2903/j.efsa.2010.1601
http://dx.doi.org/10.1016/j.aca.2018.08.004
http://www.ncbi.nlm.nih.gov/pubmed/30292311
http://dx.doi.org/10.1021/pr901203w
http://dx.doi.org/10.1155/2011/297315
http://dx.doi.org/10.1055/s-0043-118348
http://dx.doi.org/10.1152/ajpregu.1999.276.4.R1172
http://dx.doi.org/10.1093/ajcn/79.6.1164S
http://dx.doi.org/10.1007/s11745-999-0358-8
http://dx.doi.org/10.1111/j.1365-2362.2008.01929.x
http://dx.doi.org/10.1194/jlr.M044032
http://www.ncbi.nlm.nih.gov/pubmed/24634500
http://dx.doi.org/10.1016/j.jnutbio.2008.10.010
http://dx.doi.org/10.3390/nu10121876
http://www.ncbi.nlm.nih.gov/pubmed/30513859
http://dx.doi.org/10.1590/S1415-52732012000300001
http://dx.doi.org/10.1038/nrendo.2017.80
http://www.ncbi.nlm.nih.gov/pubmed/24692138
http://dx.doi.org/10.1111/jdi.12345
http://www.ncbi.nlm.nih.gov/pubmed/26221513
http://dx.doi.org/10.1089/met.2016.0145
http://dx.doi.org/10.1074/jbc.M200958200
http://dx.doi.org/10.1016/0014-5793(96)00006-3
http://dx.doi.org/10.1038/nm0410-400
http://www.ncbi.nlm.nih.gov/pubmed/20376053


Nutrients 2020, 12, 408 19 of 20

42. Kloss, R.; Linscheid, J.; Johnson, A.; Lawson, B.; Edwards, K.; Linder, T.; Stocker, K.; Petitte, J.; Kern, M.
Effects of conjugated linoleic acid supplementation on blood lipids and adiposity of rats fed diets rich in
saturated versus unsaturated fat. Pharmacol. Res. 2005, 51, 503–507. [CrossRef] [PubMed]

43. Blankson, H.; Stakkestad, J.A.; Fagertun, H.; Thom, E.; Wadstein, J.; Gudmundsen, O. Conjugated Linoleic
Acid Reduces Body Fat Mass in Overweight and Obese Humans. J. Nutr. 2018, 130, 2943–2948. [CrossRef]
[PubMed]

44. Belury, M.A. Dietary conjugated linoleic acid in health: Physiological Effects and Mechanisms of Action.
Annu. Rev. Nutr. 2002, 22, 505–531. [CrossRef] [PubMed]

45. Valeille, K.; Gripois, D.; Blouquit, M.-F.; Souidi, M.; Riottot, M.; Bouthegourd, J.-C.; Sérougne, C.; Martin, J.-C.
Lipid atherogenic risk markers can be more favourably influenced by the cis -9, trans -11-octadecadienoate
isomer than a conjugated linoleic acid mixture or fish oil in hamsters. Br. J. Nutr. 2004, 91, 191–199. [CrossRef]
[PubMed]

46. Tricon, S.; Burdge, G.C.; Kew, S.; Banerjee, T.; Russell, J.J.; Jones, E.L.; Grimble, R.F.; Williams, C.M.; Yaqoob, P.;
Calder, P.C. Opposing effects of cis-9,trans-11 and trans-10,cis-12 conjugated linoleic acid on blood lipids in
healthy humans. Am. J. Clin. Nutr. 2004, 80, 614–620. [CrossRef]

47. Clément, L.; Poirier, H.; Niot, I.; Bocher, V.; Guerre-Millo, M.; Krief, S.; Staels, B.; Besnard, P. Dietary
trans-10,cis-12 conjugated linoleic acid induces hyperinsulinemia and fatty liver in the mouse. J. Lipid Res.
2002, 43, 1400–1409. [CrossRef]

48. Ide, T. Interaction of fish oil and conjugated linoleic acid in affecting hepatic activity of lipogenic enzymes
and gene expression in liver and adipose tissue. Diabetes 2005, 54, 412–423. [CrossRef]

49. Takahashi, Y.; Kushiro, M.; Shinohara, K.; Ide, T. Activity and mRNA levels of enzymes involved in hepatic
fatty acid synthesis and oxidation in mice fed conjugated linoleic acid. Biochim. Biophys. Acta Mol. Cell
Biol. Lipids 2003, 1631, 265–273. [CrossRef]

50. Javadi, M.; Beynen, A.C.; Hovenier, R.; Lankhorst, Æ.; Lemmens, A.G.; Terpstra, A.H.M.; Geelen, M.J.H.
Prolonged feeding of mice with conjugated linoleic acid increases hepatic fatty acid synthesis relative to
oxidation. J. Nutr. Biochem. 2004, 15, 680–687. [CrossRef]

51. Park, Y.; Pariza, M.W. Mechanisms of body fat modulation by conjugated linoleic acid (CLA). Food Res. Int.
2007, 40, 311–323. [CrossRef]

52. Belury, M.A.; Kempa-Steczko, A. Conjugated linoleic acid modulates hepatic lipid composition in mice.
Lipids 1997, 32, 199–204. [CrossRef] [PubMed]

53. Kelley, D.S.; Bartolini, G.L.; Warren, J.M.; Simon, V.A.; Mackey, B.E.; Erickson, K.L. Contrasting effects of t 10,
c 12- and c 9, t 11-conjugated linoleic acid isomers on the fatty acid profiles of mouse liver lipids. Lipids 2004,
39, 135–141. [CrossRef] [PubMed]

54. Chen, Z.-Y.; Ma, K.Y.; Liang, Y.; Peng, C.; Zuo, Y. Role and classification of cholesterol-lowering functional
foods. J. Funct. Foods. 2011, 3, 61–69. [CrossRef]

55. Reynolds, C.M.; Roche, H.M. Conjugated linoleic acid and inflammatory cell signalling. Prostaglandins
Leukot. Essent. Fat. Acids 2010, 82, 199–204. [CrossRef]

56. Haghighatdoost, F.; Nobakht, M.; Gh, B.F. Effect of conjugated linoleic acid on blood inflammatory markers:
a systematic review and meta-analysis on randomized controlled trials. Eur. J. Clin. Nutr. 2018, 72, 1071–1082.
[CrossRef]

57. Derakhshandeh-Rishehri, S.-M.; Rahbar, A.R.; Ostovar, A. Effects of Conjugated Linoleic Acid Intake in
the Form of Dietary Supplement or Enriched Food on C-Reactive Protein and Lipoprotein (a) Levels in
Humans: A Literature Review and Meta-Analysis. Iran. J. Med. Sci. 2019, 44, 359–373.

58. Dipasquale, D.; Basiricò, L.; Morera, P.; Primi, R.; Tröscher, A.; Bernabucci, U. Anti-inflammatory effects of
conjugated linoleic acid isomers and essential fatty acids in bovine mammary epithelial cells. Animal 2018,
12, 2108–2114. [CrossRef]

59. Song, H.J.; Grant, I.; Rotondo, D.; Mohede, I.; Sattar, N.; Heys, S.D.; Wahle, K.W.J. Effect of CLA
supplementation on immune function in young healthy volunteers. Eur. J. Clin. Nutr. 2005, 59, 508–517.
[CrossRef]

60. Pingitore, P.; Sasidharan, K.; Ekstrand, M.; Prill, S.; Lindén, D.; Romeo, S. Human Multilineage 3D Spheroids
as a Model of Liver Steatosis and Fibrosis. Int. J. Mol. Sci. 2019, 20, 1629. [CrossRef]

61. Ipsen, D.H.; Lykkesfeldt, J.; Tveden-Nyborg, P. Molecular mechanisms of hepatic lipid accumulation in
non-alcoholic fatty liver disease. Cell. Mol. Life Sci. 2018, 75, 3313–3327. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.phrs.2004.12.005
http://www.ncbi.nlm.nih.gov/pubmed/15829429
http://dx.doi.org/10.1093/jn/130.12.2943
http://www.ncbi.nlm.nih.gov/pubmed/11110851
http://dx.doi.org/10.1146/annurev.nutr.22.021302.121842
http://www.ncbi.nlm.nih.gov/pubmed/12055356
http://dx.doi.org/10.1079/BJN20031057
http://www.ncbi.nlm.nih.gov/pubmed/14756904
http://dx.doi.org/10.1093/ajcn/80.3.614
http://dx.doi.org/10.1194/jlr.M20008-JLR200
http://dx.doi.org/10.2337/diabetes.54.2.412
http://dx.doi.org/10.1016/S1388-1981(03)00038-6
http://dx.doi.org/10.1016/j.jnutbio.2004.06.005
http://dx.doi.org/10.1016/j.foodres.2006.11.002
http://dx.doi.org/10.1007/s11745-997-0025-0
http://www.ncbi.nlm.nih.gov/pubmed/9075211
http://dx.doi.org/10.1007/s11745-004-1211-9
http://www.ncbi.nlm.nih.gov/pubmed/15134140
http://dx.doi.org/10.1016/j.jff.2011.02.003
http://dx.doi.org/10.1016/j.plefa.2010.02.021
http://dx.doi.org/10.1038/s41430-017-0048-z
http://dx.doi.org/10.1017/S1751731117003676
http://dx.doi.org/10.1038/sj.ejcn.1602102
http://dx.doi.org/10.3390/ijms20071629
http://dx.doi.org/10.1007/s00018-018-2860-6
http://www.ncbi.nlm.nih.gov/pubmed/29936596


Nutrients 2020, 12, 408 20 of 20

62. Tilak, J.C.; Adhikari, S.; Devasagayam, T.P.A. Antioxidant properties of Plumbago zeylanica, an Indian
medicinal plant and its active ingredient, plumbagin. Redox Rep. 2004, 9, 219–227. [CrossRef] [PubMed]

63. Reagan-Shaw, S.; Nihal, M.; Ahmad, N. Dose translation from animal to human studies revisited. FASEB J.
2008, 22, 659–661. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1179/135100004225005976
http://www.ncbi.nlm.nih.gov/pubmed/15479566
http://dx.doi.org/10.1096/fj.07-9574LSF
http://www.ncbi.nlm.nih.gov/pubmed/17942826
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	The Conjugated Linoleic Acid 
	Experimental Procedure 
	Biochemical and Histopathological Analyses 
	Western Blot Analysis 
	Metabolite Extraction Procedure for 1H NMR Spectrometry 
	1H NMR Spectrometry 
	Gene Expression Analysis 
	Statistical Analysis 

	Results 
	Body Weight Gain, Body Composition and Serum Leptin Levels 
	Glucose and Insulin Metabolism 
	Serum Lipid Profile 
	Hepatic Fat Accumulation and Liver Function 

	Discussion 
	Conclusions 
	References

