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M. Guadalupe Martínez-Castaño,§ Josune Ayo,∥ Elisabette Bilbao,∥ and María P. Portillo*,†,‡

†Nutrition and Obesity Group, Department of Nutrition and Food Science, Faculty of Pharmacy, University of the Basque Country
(UPV/EHU), Paseo de la Universidad, 7. 01006 Vitoria, Spain
‡CIBERobn Physiopathology of Obesity and Nutrition, Institute of Health Carlos III (ISCIII), Spain
§Clinic Laboratory, University Hospital of Alava, Vitoria, Spain
∥Food Research Division, AZTI-Tecnalia, Astondo bidea, 609, Parque Tecnoloǵico de Bizkaia, 48160 Derio, Spain

ABSTRACT: Studies conducted in mice have revealed positive effects of punicic acid (PUA). The aim of this study was to
analyze the effects of PUA on fat accumulation and glycemic control in rats fed an obesogenic diet. Rats were randomly divided
into two groups: control group and PUA group (diet supplemented with 0.5% PUA). No changes were observed in adipose
tissue weights. The glucose tolerance test showed that the glycemic value in the PUA group had decreased significantly at the
final time (120 min) (−19.3%), as had fructosamine levels (−11.1%). However, homeostasis model assessment (HOMA-IR)
showed that insulin resistance did not improve. No changes were observed in the liver, skeletal muscle composition, or
peroxisome proliferator-activated receptors (PPARs) activation. Low levels (mg/g tissue) of PUA (0.04 ± 0.01 in both tissues)
and higher levels of cis-9,trans-11 conjugated linoleic acid (0.31 ± 0.08 in liver, 0.52 ± 0.11 in muscle) were found. PUA
supplementation induced hypoplasia (−16.1%) due to the antiproliferative effect on hepatocytes. In conclusion, dietary
supplementation of 0.5% PUA did not lead to decreased fat accumulation in adipose tissue, liver, or skeletal muscle, or to
improved glycemic control. The hypoplasia induced in liver is a negative effect that should be considered before proposing PUA
as a functional ingredient.
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■ INTRODUCTION

An extensive investigation carried out in recent years has
demonstrated that the trans-10,cis-12 conjugated linoleic acid
(CLA, 18:2) isomer has a clear body fat-lowering effect in
rodents.1−3 However, its effects on humans are controversial,
and its role as an antiobesity molecule is therefore still a matter
for debate.4,5 In October 2010, the European Food Safety
Authority (EFSA) provided a scientific opinion addressing the
substantiation of health claims relating to CLA. On the basis of
the data presented, the panel concluded that no causal
relationship had been established between the consumption
of CLA and attaining or maintaining normal body weight.6 The
panel has not yet provided any scientific opinion addressing the
relationship between the consumption of CLA and body fat
reduction.
Consequently, the scientific community is looking for

alternative biomolecules that could be used to manage obesity.
Several conjugated linolenic acid (CLNA, 18:3) isomers have
been described as potential antiobesity molecules. One
advantage of this group of conjugated fatty acids over CLA is
that CLNA isomers are present at much higher levels in
foodstuffs such as certain seed oils, including bitter gourd
(Momordica charantia) seed oil, tung (Vernicia fordii) seed oil,
and pomegranate (Punica granatum) seed oil (PSO).
The present study focuses on punicic acid (PUA; cis-9,trans-

11,cis-13 18:3), one of the CLNA isomers present in PSO and
Trichosanthes kirilowii.7 PUA constitutes 64−83% of PSO.8

PUA has been nutritionally evaluated in several studies. Arao et
al.9 showed that feeding obese OLETF rats a diet supplemented
with 1% PSO did not affect abdominal adipose tissue weight or
serum lipids when compared to the control diet. Nevertheless,
levels of hepatic triglycerides (TGs) decreased significantly. In
another study carried out on db/db mice using a well-
established model of obesity and type 2 diabetes, 1% dietary
supplementation of PSO improved glucose tolerance and
decreased inflammation.10

Furthermore, in vitro studies have reported that CLNA
isomers act as agonists for peroxisome proliferator-activated
receptors (PPARs),10−12 a family of nuclear receptors that
regulate the transcription of a large number of genes involved
in numerous metabolic pathways. However, it is important to
emphasize that, although a range of compounds, including fatty
acids, have been shown to bind to and activate PPARs in vitro,
it is still not fully clear which of these compounds serve as
ligands in the living organism.13 It is therefore essential to verify
the activating effect of molecules in vivo that have been
reported to be PPAR agonists by in vitro studies.
The main aim of the present study was therefore to analyze

the effect of PUA on glucose homeostasis impairment induced
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by an obesogenic diet in rats. We also assessed the preventive
action of PUA on other alterations induced by such a diet, such
as fat accumulation in adipose tissue, liver, and skeletal muscle.
Finally, we examined the action of PUA on PPARα and PPARδ
in liver and skeletal muscle, respectively, and the consequences
of these effects on fatty acid oxidation.

■ MATERIALS AND METHODS
Chemicals and Reagents. Kits used to measure total cholesterol,

HDL cholesterol, and glucose were obtained from BioSystems
(Barcelona, Spain), while kits for measuring TGs, phospholipids,
alanine transaminase (ALT), aspartate transaminase (AST), and
fructosamine were obtained from Spinreact (Sant Esteve de Bas,
Spain). Insulin kit (EZRMI 13K) came from Linco (St. Charles, MO).
Apoptosis was measured using the Cell Death Detection ELISA assay
from ROCHE Diagnostics (Mannhein, Germany). Sodium methoxide
for fatty acid analysis and standards for gas chromatography, including
nonadecanoic acid (internal standard), were purchased from Sigma
Chemical Co. (St. Louis, MO), and pure CLA and CLNA isomers
were from Larodan Fine Chemicals AB (Malmö, Sweden). The SYBR
Green Real-time RT-PCR Master Mixes for RT-PCR were purchased
from Applied Biosystems (Foster City, CA), while specific primers
were commercially synthesized by Eurogentec (Leuven, Belgium).
Nuclear Extraction and PPARα Transcription Factor Assay Kits were
obtained from Cayman Chemical Co. (Ann Arbor, MI), and PPARα
(H-98) rabbit antibody was obtained from Santa Cruz Biotechnology
(Santa Cruz, CA). All other reagents were obtained from Sigma
Chemical Co. (St. Louis, MO), unless otherwise indicated.
Animals, Diets, and Experimental Design. The experiment

used 24 male Wistar rats (132 ± 2 g) purchased from Harlan Ibeŕica
(Barcelona, Spain) and was conducted according to the institution’s
guide for the care and use of laboratory animals (CUEID CEBA/30/
2010). The rats were housed individually in polycarbonate metabolic
cages (Techniplast Gazzada, Guguggiate, Italy), and placed in an air-
conditioned room (22 ± 2 °C) with a 12-h day−night rhythm. After a
6-day adaptation period, the rats were randomly divided into two
groups of 12 animals: a control group and a PUA group. Both groups
were fed for 6 weeks on a high-sucrose and moderately high-fat diet
(Table 1). The composition of this diet was based on reports from

previous studies by other researchers.14,15 PUA derived from PSO and
it was added to diet at a dose of 0.5 g/100 g in the case of PUA group.
We chose this dose (0.5%) because it is commonly used in studies on
functional molecules such as CLA and other CLNA isomers.16−19

Moreover, a promising new investigation recently published by Saha et
al. has demonstrated beneficial properties of PUA at this dose.20,21

Serum Sampling and Tissue Removal. At the end of the
experimental period, rats were fasted overnight and blood samples

were collected under anesthesia (chloral hydrate) by cardiac puncture.
Serum was obtained from blood samples after centrifugation (1000g
for 10 min at 4 °C). White adipose tissue (WAT) from different
anatomical locations (epididymal, perirenal, mesenteric, and subcuta-
neous), interscapular brown adipose tissue (IBAT), liver, and
gastrocnemius muscles were dissected, weighed, and immediately
frozen. All samples were stored at −80 °C until analysis.

Serum Analysis. Commercial kits were used to measure serum
parameters: total cholesterol, HDL cholesterol, glucose, TGs, ALT,
AST, fructosamine, and insulin. The Homeostatic Model Assessment
for Insulin Resistance (HOMA-IR) was calculated from insulin and
glucose values using Matthews’ formula (shown below).22

‐ =

×

HOMA IR [fasting glucose (mmol/L)

fasting insulin (mU/L)]/22.5

Glucose Tolerance Test. During the week prior to the sacrifice,
the rats were deprived of food (but not water) for 12 h before the start
of the glucose tolerance test. A glucose load at a dose of 2 g/kg body
weight was injected intraperitoneally. Blood glucose was determined at
0, 30, 60, 90, and 120 min using blood from the tail vein. The area
under the curve (AUC) was calculated using the trapezoidal method.23

Composition of the Liver and the Gastrocnemius Muscle.
Total lipids were extracted from the liver and skeletal muscle as
previously described.24 The lipid extract was then dissolved in
isopropanol. TG content in muscle and phospholipids and TGs in
the liver were measured using commercial kits. Protein content was
analyzed using the Lowry method,25 and water content was measured
gravimetrically by drying samples at 105 °C until a constant weight
was reached.

Fatty Acid Analysis. In the case of the fatty acid profile of the
tissues, nonadecanoic acid was added as internal standard to the
samples previously to the extract preparation. Lipids were extracted in
duplicate according to the Bligh and Dyer procedure.26 Sodium
methoxide in 0.5 M methanol was added to the lipid extracts to
prepare the fatty acid methyl esters (FAME). FAMEs were analyzed
using a Hewlett-Packard HP6890 gas chromatograph (Hewlett-
Packard, Palo Alto, CA) equipped with a flame ionization detector,
and split/splitless injection port, an HP Chemstation software data
system, and an HP7673 autosampler (Hewlett-Packard) as previously
described.27 Peak identifications were determined by comparing
retention times with their respective standards.

Hepatocyte Size and Number. DNA content was quantified as
previously described.24 Hepatocyte size and number were then
calculated using this data. Apoptosis in the liver was measured using
the Cell Death Detection ELISA protocol (ROCHE Diagnostics,
Mannhein, Germany) for homogenates of liver samples, following the
method described by Selman et al.28

Oxidative Enzyme Activities. Carnitine palmitoyltransferase-1
activities (CPT-1a in the liver and CTP-1b in skeletal muscle) were
assessed in the mitochondrial/peroxisomal fraction following the
method outlined by Bieber et al.29 Liver and muscle samples (0.5 g)
were homogenized in 3 mL of buffer solution (pH 7.4) containing
0.25 mol/L sucrose, 1 mmol/L EDTA, and 10 mmol/L Tris·HCl.
Homogenates were centrifuged (700g for 10 min at 4 °C), and the
supernatant fluid was centrifuged again (12 000g for 15 min at 4 °C).
Pellets were resuspended in a buffer solution (pH 7.4) containing 70
mmol/L sucrose, 220 mmol/L mannitol, 1 mmol/L EDTA, and 2
mmol/L HEPES. CPT-1a and CPT-1b activities were expressed as
nmol CoA formed/min/mg protein.

Extraction and Analysis of RNA and Quantification by
Reverse Transcription-Polymerase Chain Reaction (RT-PCR).
Total RNA isolation from 100 mg of liver or gastrocnemius muscle
and relative quantification of ACO, CPT-1a, CTP-1b, PPARα, PPARδ,
retinoid X receptor-α (RXR α), and peroxisome proliferator-activated
receptor gamma coactivator (PGC-1α) mRNA abundance was
performed as previously described using SYBR Green RT-PCR
technology.24 Specific primers were synthesized commercially; the
sequences have been previously described.24,30−33 In addition, the
following primers were designed: RXRα 5′-GCC ATC TTT GAC

Table 1. Diet Composition

ingredients control group (g/kg) PUA group (g/kg)

sucrosea 411 411
caseinb 200 200
wheat starchc 150 150
fat 150 150

soybean oila 85 78.4
larda 65 65
pomegranate seed oile 0 6.6

mineral mixd 40 40
cellulosec 30 30
vitamin mixd 11 11
L-methionineb 4 4
choline chlorhydrateb 4 4
aLocal market. bSigma St. Louis, MO. cVencasser, Bilbao, Spain. dICN
Pharmaceuticals, Costa Mesa, CA. eMoleva S.A.-Dallant Group, Lleida,
Spain.
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AGG GTG CTA-3′ (forward); 5′-CTC CGT CTT GTC CAT CTG
CAT-3′ (reverse); and PGC-1α 5′-CCA AAG CTGA AGC CCT
CTT GC-3′ (forward); 5′-GTT TAG TCT TCC TTT CCT CGT
GTC C-3′ (reverse).
The PCR parameters were as follows for CPT-1a, CPT-1b, ACO,

PPARα, PPARδ, RXR-α, and ß-actin: initial 2 min at 50 °C,
denaturation at 95 °C for 10 min, followed by 40 cycles of
denaturation at 95 °C for 15 s each, and finally by combined
annealing and extension at 60 °C for 1 min. In the case of PGC-1α,
annealing was performed at 68.3 °C for 30 s. Levels of mRNA were
normalized to the values of ß-actin levels, and the results were
expressed as fold changes of threshold cycle (Ct) value relative to
controls, using the 2−ΔΔCt method.34

Western Blot Analysis of Hepatic PPARα. Liver nuclear
proteins were extracted according to the manufacturer’s instructions
(Nuclear Extraction Kit, Cayman Chemical Company, Ann Arbor,
MI). Immunoblot analyses were performed using 50 μg of liver nuclear
extracts following the protocol reported by Kelley et al.35 Blots were
exposed to film for differing lengths of time, and the best exposures
(405 s) were subjected to the Chemic Doc TM image system (Bio-
Rad, Hercules, CA). Equal loading of proteins was confirmed by
staining the membranes with Comassie Blue.
Detection of PPARα Transcriptional Factor DNA Binding

Activity in Hepatic Nuclear Extracts. Liver nuclear proteins were
extracted and quantified using the same protocol as for immunoblot
analysis. PPARα DNA binding to its response element (PPRE,
peroxisome proliferator response element) was measured using a
commercial kit. The kit specificity for PPARα was tested (lack of cross-
reaction with PPARγ or PPARδ transcription factors). The PPARα
DNA binding activity was expressed per gram of nuclear protein.
Statistical Analysis. Results are presented as mean ± SEM.

Statistical analysis was performed using SPSS 17.0 (SPSS, Chicago,
IL). Data were analyzed using Student’s t-test. Statistical significance
was set at the level of P < 0.05.

■ RESULTS
Food Intake, Body Weight, and Tissue Weights. No

significant differences were found between the two exper-
imental groups in final body weight, food intake, gastrocnemius
muscle weight, IBAT weight, or WAT weight from epididymal,
perirenal, mesenteric, or subcutaneous anatomical locations.
Animals fed the PUA-supplemented diet showed a decreased
liver weight (P < 0.001) (Table 2).
Lipid Profile of the Extracted Pomegranate Seed Oil

(PSO). The lipid profile of the PSO showed that PUA
represented 74.6% of the total FAMES (Table 3).

Serum Analysis. There were no significant differences
between the experimental groups in serum TGs, HDL
cholesterol, or non-HDL cholesterol. Statistical analysis showed
a tendency toward increased values of ALT (+53.3%; P = 0.08)
and AST (+39.5%; P = 0.09) for serum concentrations from the
PUA-supplemented group (Table 4).

With respect to glycemic control, PUA supplementation did
not modify fasting glucose and insulin levels. Consequently, no
significant differences were found in HOMA-IR (an indirect
index of insulin resistance) (Table 4). The glucose tolerance
test showed no significant differences between experimental
groups in AUC or in glycemic values for experimental times up
until 90 min. However, glycemia in the PUA group was
significantly lower at the final time (120 min) (Figure 1A and
B). As expected from these data, fructosamine concentration
(an indicator of average blood glucose level over short time
periods) was significantly reduced by adding PUA to the
obesogenic diet (Table 4).

Composition of Liver and Muscle. The addition of 0.5%
PUA to the diet did not modify the composition of the liver or
the skeletal muscle (TG, phospholipid, water, and protein
content) (Table 5).
The fatty acid profile, expressed as milligram per gram tissue,

shows that low levels of PUA were present in both tissues. The
levels of cis-9,trans-11 CLA found in these tissues were higher
than the PUA levels (Table 5).

Hepatocyte Analysis. Hepatic DNA content, per gram of
liver or per milligram of protein, remained unchanged (data not

Table 2. Food Intake, Final Body Weight, and Weights of
Adipose Tissues, Liver, and Muscles in Rats Fed a Moderate
High-Fat, High-Sucrose Diet Supplemented with 0.5%
Punicic Acid for 6 weeksa

control group PUA group

food intake (g/d) 16.5 ± 0.3 16.3 ± 0.4
final body weight (g) 340 ± 5 328 ± 4
IBAT (g) 0.81 ± 0.06 0.79 ± 0.02
white adipose tissue weights (g)

perirenal 7.76 ± 0.57 8.68 ± 0.33
epididymal 8.24 ± 0.55 8.41 ± 0.60
mesenteric 3.77 ± 0.20 4.14 ± 0.37
subcutaneous 11.9 ± 1.12 12.0 ± 0.77

∑adipose tissues (g) 31.7 ± 2.10 33.2 ± 1.96
liver weight (g) 9.38 ± 0.17 8.28 ± 0.16b

muscle weights (g) 2.09 ± 0.07 2.19 ± 0.15

aValues are means ± SEM. Comparisons between control and PUA
groups were made by Student’s t-test. bP < 0.001.

Table 3. Lipid Profile of the Extracted Oil from Punica
granatuma

fatty acids %

C16:0 4.8 ± 0.1
C18:0 2.71 ± 0.1
cis-9 C18:1 5.6 ± 0.2
cis-7 C18:1 0.9 ± 0.1
cis-9,cis-12 C18:2 7.6 ± 0.4
cis-9,cis-12,cis-15 C18:3 0.4 ± 0.1
C20:0 0.8 ± 0.1
cis-9,trans-11,cis-13 CLNA 74.6 ± 0.1
other isomer of CLNA 2.5 ± 0.1

a% FAMEs of the total fatty acids identified. Values are means ± SEM.

Table 4. Serum Parameters in Rats Fed a Moderate High-
Fat, High-Sucrose Diet Supplemented with 0.5% Punicic
Acid for 6 weeksa

control group PUA group

triglycerides (mmol/L) 0.63 ± 0.05 0.80 ± 0.12
total cholesterol (mmol/L) 2.01 ± 0.07 1.84 ± 0.08
HDL-cholesterol (mmol/L) 0.72 ± 0.02 0.65 ± 0.02
non-HDL cholesterol (mmol/L) 1.29 ± 0.07 1.18 ± 0.08
ALT (U/L) 11.8 ± 1.1 18.1 ± 3.1
AST (U/L) 67.8 ± 8.0 94.6 ± 12.2
fructosamine (μmol/L) 297 ± 12 264 ± 9b

glucose (mmol/L) 11.7 ± 0.5 10.2 ± 0.4
insulin (mU/L) 15.5 ± 1.41 17.4 ± 3.0
HOMA-IR 7.64 ± 1.00 7.88 ± 1.45

aValues are means ± SEM. Comparisons between control and PUA
groups were made by Student’s t-test. ALT: alanine transaminase.
AST: aspartate transaminase. bP < 0.05.
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shown), as did hepatocyte weight, which indicates that cell size
was not modified. However, when the total number of
hepatocytes was calculated, a lower value was observed for
animals from the PUA group (−16.1% vs the control group; P
< 0.05) (Figure 2A). Contrary to expectations, a reduced level
of apoptosis was found in this group (−56%; P < 0.01) (Figure
2B).

Figure 1. Glycemic response in glucose tolerance test (A) and area
under the curve (AUC) (B) in rats from control and PUA groups (n =
12). Values are means ± SEM. Differences between groups were
determined using Student’s t-test. *P < 0.05.

Table 5. Liver and Muscle Tissue Composition of Rats Fed a Diet Supplemented with 0.5% Punicic Acid for 6 weeksa

liver gastrocnemious muscle

control group PUA group control group PUA group

proteins (mg/g) 190 ± 8 176 ± 6 149 ± 8 150 ± 10
water content (mg/g) 667 ± 18 704 ± 5 759 ± 3 764 ± 4
TGs (mg/g) 19.6 ± 1.36 19.4 ± 1.12 26.9 ± 1.33 31.0 ± 1.53
phospholipids (mg/g) 13.6 ± 0.97 15.7 ± 4.39 18.9 ± 1.22 17.9 ± 1.23
major fatty acid profile (mg/g tissue)

14:0 0.25 ± 0.13 0.14 ± 0.03 0.69 ± 0.21 0.66 ± 0.11
16:0 7.94 ± 1.82 3.14 ± 1.19 10.84 ± 2.08 10.81 ± 1.25
16:1 cis-7 0.89 ± 0.55 0.34 ± 0.06 1.19 ± 0.30 1.73 ± 0.50
18:0 5.24 ± 0.28 6.22 ± 0.66 4.48 ± 0.66 3.66 ± 0.10
18:1 cis-9 3.27 ± 0.85 3.02 ± 0.56 7.46 ± 2.53 6.90 ± 1.22
18:1 cis-11 2.10 ± 0.76 1.57 ± 0.34 2.32 ± 0.55 2.72 ± 0.42
18:2 cis-9,12 7.79 ± 1.48 8.54 ± 1.56 13.69 ± 3.07 12.67 ± 1.57
18:3 cis-9,12,15 0.27 ± 0.08 0.28 ± 0.07 0.53 ± 0.12 0.59 ± 0.12
20:4 cis-5,8,11,14 7.04 ± 0.21 8.42 ± 0.99 4.85 ± 0.87 3.63 ± 0.43
20:5 cis-5,8,11,14,17 0.06 ± 0.01 0.06 ± 0.01 0.09 ± 0.02 0.04 ± 0.01b

20:6 cis-4,7,10,13,16,19 1.77 ± 0.09 2.02 ± 0.22 4.84 ± 0.95 3.52 ± 0.46
18:2 cis -9,trans-11 ND 0.31 ± 0.08 ND 0.52 ± 0.11
18:3 cis-9,trans-11,cis-13 ND 0.04 ± 0.01 ND 0.04 ± 0.01

aValues are means ± SEM. Comparisons between control and PUA groups were made by Student’s t-test. ND: not detected. bP < 0.05.

Figure 2. Hepatocyte number, hepatocyte weight (A), and apoptosis
(B) in rats from control and PUA groups (n = 12). Values are means
± SEM. Differences between groups were determined using Student’s
t-test. *P < 0.05.
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Enzyme and Transcriptional Factor Expressions. In the
liver, CTP-1a and ACO gene expression was not modified
following PUA supplementation (Figure 3A), and the

expression of PPARδ, RXRα, and PGC1α coactivator remained
unchanged (Figure 3A). A significant increase in PPARα
expression was found in the PUA group (P < 0.05) (Figure
4A). In the skeletal muscle, no significant changes in the
expression of CPT-1b were induced by PUA. Similarly, the
mRNA levels of the transcription factors that regulate the
activity of this enzyme (PPARδ, PPARα, and RXRα) were not
modified, nor were those of the PGC1α coactivator (Figure
3B).
PPARα Transcriptional Factor Protein Expression and

DNA Binding Activity in Hepatic Nuclear Extracts. With
respect to PPARα protein expression, no changes were
observed between the two experimental groups (Figure 4B
and C).

■ DISCUSSION

Studies carried out in mice have revealed that PUA has a
preventive effect on hepatic TG accumulation, obesity, and
insulin resistance induced by high-fat diets.9,10,36−38 In rats,
however, some of the beneficial effects of PUA observed in
mice have not been found. This suggests that the rat could be
less responsive to PUA than the mouse. A similar situation had
been previously observed with trans-10,cis-12 CLA. In this
context, the present study was designed to gain further insight
into the effects of PUA on alterations induced by obesogenic
feeding, such as fat accumulation and impairment of glucose
homeostasis, in rats.
For this purpose, we fed rats an obesogenic diet

supplemented with PUA. As regards obesity, our findings
showed that the rats fed the PUA-supplemented diet did not
show reduced body weight or adipose tissue weights. These

results concur with those previously reported in rats by Arao et
al.9

The effects of PUA on glucose homeostasis in mice have
created a great deal of expectation. The first study on this topic
indicated that PUA improved insulin sensitivity, but this
conclusion was based only on the basal insulin concentration,
with no further determination based on glycemic control.37 It
was subsequently reported that at a dose of 1%, PSO improved
insulin sensitivity after 14 weeks38 and glucose tolerance after 4
weeks in mice fed a high-fat diet.10

To our knowledge, the effect of PUA on glycemic control in
rats has not been extensively studied in the literature to date. In
the present study, glycemia had decreased significantly in the
PUA group by the final time (120 min), as had serum
fructosamine concentration, an indicator of average blood
glucose level over short time periods. However, the HOMA-IR
showed no improvement in insulin resistance, nor did other
glucose tolerance test values (taken at 30, 60, and 90 min).

Figure 3. Gene expression in liver (A) and skeletal muscle (B) in rats
from control and PUA groups (n = 12). Values are means ± SEM.
Differences between groups were determined using Student’s t-test.

Figure 4. PPARα mRNA levels (A), PPARα protein expression (B),
and PPARα activation (C) in rats’ liver from control and PUA groups
(n = 12). In the case of (B), upper panel shows representative data
from four rats per group, and bottom panel shows the density of each
group band (n = 12). Values are means ± SEM. Differences between
groups were determined using Student’s t-test. *P < 0.05.
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These results suggest that the beneficial effect of PUA on
glucose homeostasis is weaker in rats than in mice.
We measured liver weights and found that they were lower in

rats treated with PUA. There was, however, no change in
composition, which means that liver delipidation can be
disregarded as a possible cause. DNA content was measured
in an attempt to explain this decrease in liver weight. No
changes were observed in DNA/g liver or in DNA/mg protein.
Hepatocyte weight therefore remained unchanged, which
indicates that cell size was not modified. However, when the
total number of hepatocytes was calculated, a significant
decrease was observed in animals treated with 0.5% PUA.
Apoptosis in the liver was therefore measured in an attempt to
explain these results. Surprisingly, a negative value was found
for apoptosis in PUA-fed animals (−56%; P < 0.01).
Consequently, it could be suggested that the decrease in liver
weight caused by PUA was associated with hypoplasia, probably
due to reduced hepatocyte proliferation. It would appear,
therefore, that this CLNA isomer has the undesirable effect of
hepatocyte antiproliferation. To the best of our knowledge, this
effect of PUA has never previously been reported.
Moreover, other side effects related to the liver were also

observed. PUA supplementation tended to increase ALT and
AST serum levels, two indicators of liver damage (P = 0.08 and
P = 0.09, respectively). This observation is consistent with the
values obtained by Meerts et al. in rats after 4 weeks of
treatment.39 This study showed that, in groups supplemented
with 5% and 15% PSO, ALT increased by 27% and 291%, and
AST by 27% and 497%, respectively.
It has been reported that one of the most important

mechanisms underlying the effects of PUA on lipid and glucose
homeostasis is the activation of PPARα, a transcription factor
that plays an important role in TG metabolism in the liver and
skeletal muscle, and in fuel adjustments induced by dietary
conditions. In 2006, Chuang et al.11 showed PUA to be an
agonist of PPARα, but pointed out that further studies would
be required to demonstrate that this was also the case in vivo.
Similar results were reported by Hontecillas et al. in 2009.10

The same research group subsequently demonstrated that oral
PUA administration improved glucose tolerance and that this
effect was accompanied by the upregulation of PPARα-related
genes.40

Taking this into consideration, in the present study we
analyzed the expression of PPARα in the liver, along with other
parameters of the metabolic route controlled by this tran-
scription factor. In PUA-treated rats, PPARα was upregulated.
However, this increase in PPARα did not result in increased
PPARα protein expression. Moreover, PPARα activation was
not modified by PUA treatment. Also unaltered was the
expression of other genes related to PPARα, such as RXRα, the
transcription factor that forms a heterodimer with PPARα to
activate the response-element, and coactivator PGC-1α, and the
enzymes controlled by PPARα, such as CPT-1 and ACO.
These results clearly demonstrate that the metabolic pathway of
fatty acid oxidation was unaffected by PUA in rats under our
experimental conditions. These results correspond to those
reported by Arao et al.,9 who found no changes to CPT activity
in a model of obese (OLETF) rats treated with PUA.
Several of these parameters were also analyzed in skeletal

muscle, another important oxidative organ. No changes were
observed in the expression of the genes analyzed: PPARδ, RXR,
PGC-1α, CPT-1b, and ACO. The discrepancy between our
data and that obtained for mice10 appears to indicate once again

that response to PUA is species-specific, with mice being more
sensitive than rats.
It could be hypothesized that the differences in response to

PPAR agonists are due to qualitative and/or quantitative
variations in PPARs. However, if we consider that mice and rats
have similar amounts of PPARα,41,42 it seems likely that the
discrepancies between these two species are due to a different
activation of PPARα by PUA. Further research is needed to
clarify this.
To gain a deeper understanding of the results obtained in the

present study, the fatty acid profile was determined for the liver
and the skeletal muscle. Previous studies have reported that
CLA isomers have been detected in the serum and tissues of
animals fed CLNA isomers,43,44 which suggests that CLNA
isomers may, to some extent, metabolize into CLA isomers.
Certainly, in the present study, very low levels of PUA were
found in both the liver and the skeletal muscle of rats fed the
PUA-supplemented diet. Moreover, in these animals the cis-
9,trans-11 isomer of CLA was also present in the liver and
skeletal muscle, at higher levels than PUA. Considering that this
CLA isomer was not present in the diet, it could be suggested
that its origin was PUA metabolism.
The low levels of PUA found in these tissues may explain

why the supposed positive actions of this fatty acid were not
observed in the present study. Most of the PUA was
metabolized into cis-9,trans-11 CLA, which has previously
been shown to be inactive in reducing body fat or liver fat.45,46

On the other hand, several of the effects of the CLNA isomers
may, at least in part, be the result of the derived CLA
isomers.36,44,47 Therefore, the cis-9,trans-11 CLA in the liver
could be responsible for the decrease in hepatocyte
proliferation, as was reported by Hirao et al.48 for a study
carried out in rats.
The transformation of PUA into CLA could also at least

partly explain the differences in sensitivity between mice and
rats. In the present study, most of the PUA was transformed
into CLA: the amount of CLA was 8 times that of PUA in the
liver and 11 times that of PUA in skeletal muscle. By contrast,
the transformation of PUA into CLA appears to be lower in
mice. Koba et al.36 reported similar levels of both fatty acids in
liver TGs of mice fed a diet supplemented with 2.5% PUA, and
levels of CLA double that of PUA when the diet was
supplemented with 5% PUA. Moreover, Yamasaki et al.44

found similar levels of PUA and CLA in liver lipids from mice
fed a diet supplemented with 0.12% PSO, and a level of CLA
double that of PUA when supplemented with 1.2% PSO. It
follows that these higher levels of PUA found in mouse tissues
are responsible for the beneficial effects of PUA observed in this
species.
In conclusion, these results show that dietary supplementa-

tion of PUA at a dose of 0.5% does not lead to decreased fat
accumulation in adipose tissue, liver, or skeletal muscle or to
improved glycemic control in rats. Furthermore, the hypoplasia
induced in the liver, together with the tendency toward
increased transaminase levels, should be considered before
proposing PUA as a functional ingredient. This matter warrants
further toxicological study.
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