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Abstract Conjugated linoleic acids (CLAs) are natural
PPARy ligands, which showed conflicting effects on
metabolism in humans. We examined metabolic effects of
different isomers of CLA in subjects with PPAR?y2
Pro12Ala polymorphisms. A total of 35 men underwent
four intervention periods in a crossover study design:
subjects with either genotypes received c9, t11 CLA or t10,
cl2 CLA, a commercially available 1:1 mix of both iso-
mers or reference oil (linoleic acid (LA)). Adipocytokines,
insulin, glucose and triglycerides were assessed in the
fasting state and after a standardized mixed meal. Across
all genotypes, there was a significant (p = 0.025) CLA
treatment effect upon postprandial (pp) HOMA-IR values,
with c9, t11 CLA and CLA isomer mix improving, but t10,
c12 CLA isomer worsening. In Alal2Ala subjects, the t10,
c12 isomer caused weight gain (p = 0.03) and tended to
increase postprandial insulin levels (p = 0.05). In Pro12-
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Pro subjects, t10, c12 resulted in reduction in waist cir-
cumference (p = 0.03). The comparison of the different
genotype groups revealed statistically different changes in
fasting and postprandial insulin, HOMA-IR and leptin after
intervention. ¢9, t11 CLA and the commercial CLA mix
showed beneficial effects on insulin sensitivity compared
with LA, while t10, c12 CLA adversely affects body
weight and insulin sensitivity in different PPAR genotypes.
CLA isomers have different effects on metabolism in Ala
and Pro carriers.
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Introduction

Conjugated linoleic acid (CLA) refers to a group of poly-
unsaturated fatty acids. The predominant isomer in food is
c9tll CLA (~90% of dietary CLA), followed by minor
amounts of t10c12 CLA (~ 10% of dietary CLA) (Fritsche
and Steinhart 1998). CLAs received considerable attention
because of their anti-obesity (Park et al. 1997) and anti-
diabetic effects (Ryder et al. 2001) in certain animal
models. This has led to the promotion of CLA as weight-
loss supplements in humans, sold as an equal mix of the
two active isomers c¢9t11 CLA and t10c12 CLA. However,
evidence in humans is still inconsistent regarding the sig-
nificant effect of CLA supplementation on body weight and
on insulin sensitivity (Belury 2002; Evans et al. 2002b;
Whigham et al. 2007), with some more evidence for body
fat loss (Whigham et al. 2007). This could partly be
explained by isomer-specific properties of CLA and the
different dosages of CLA studied. The lack of consistency
between studies may partly be due to the genetic back-
ground of individuals, which in turn may result in a unique
metabolic response to dietary fat intake (Gomez et al.
2010; Fisher et al. 2009).

PPARY is a transcription factor, which exerts its action
depending on the presence of fatty acids (FA). Differential
promoter usage and alternative splicing of the gene generates
the PPAR isoforms: PPARy1 and PPARy2. PPARY1 exhibits
widespread expression, albeit at low levels, while PPARY)2 is
highly expressed in adipose tissue (Fajas et al. 1997). Indeed,
the receptor plays a critical role in adipocyte differentiation.
Additionally, PPARY)2 regulates insulin sensitivity by tran-
scriptional activation of adipocyte-specific genes involved in
insulin signalling, glucose uptake, fatty acid uptake and lipid
storage (Armoni et al. 2003; Tan et al. 2006).

A single nucleotide polymorphism (SNP) in the PPAR72
gene results in a proline to alanin substitution in codon 12
of exon 1 and has been associated in several subgroups
(e.g. Caucasians or obese subjects) with reduced risk of
type 2 diabetes, a decreased risk of insulin resistance, but
paradoxically weight gain (Tonjes et al. 2006). The prev-
alence of the Ala allele varies from 4% in Asians to 28% in
Caucasians (Tonjes et al. 2006). The potential mechanism
by which PPAR)2 Alal2Ala carriers have a lower risk of
type 2 diabetes despite higher BMI has not been fully
elucidated yet. Studies investigating the cellular mecha-
nism of this phenomenon indicate that the Ala variant binds
with lower affinity to PPARy-responsive DNA elements in
comparison with the Pro variant. Moreover, reduced tran-
scription of specific PPARy target genes was reported for
cells over-expressing the Ala variant compared with cells
over-expressing the wild-type protein (Deeb et al. 1998).

We hypothesized that the SNP in PPAR)y2 may influ-
ence adipocytokines such as leptin and adiponectin, and we
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aimed to elucidate which effects a dietary intervention with
different CLA isomers has on subjects of different PPAR72
genotype. For this purpose, fasting and postprandial leptin,
adiponectin, insulin, glucose and triglyceride levels were
assessed in subjects homozygous for PPARy2 Prol2Pro
and PPARy2 Alal2Ala after a 4 week dietary intervention
period. Subjects received (1) c9tl1 CLA, (2) t10c12 CLA,
(3) a commercial available mix of both isomers (Tonalin®)
and (4) linoleic acid from safflower oil (reference oil) in
randomized order. We assessed the effects of CLA isomers
within the Pro group and within the Ala group, compared
with the effects of reference oil.

Research design and methods

Subjects: 39 healthy middle-aged subjects (45-68 years)
were recruited from a population-based cohort (n = 1,508)
in Kiel (MICK, Metabolic Intervention Cohort Kiel), which
has been previously described (Rubin et al. 2010). A total
of 16 male homozygous PPARy2 Alal2Ala and 23 BMI-
matched homozygous control subjects (PPARy2 Pro12Pro)
were included (Fig. 1). Informed consent was obtained
from all subjects, and the protocol was approved by the
local Ethics Committee of Kiel.

Study followed a single-centre, randomized, placebo-
controlled, double-blind, crossover design. Thirty-nine
men randomly underwent four intervention periods
receiving either c-9, t-11CLA or t-10, c-12 CLA, or a
commercial available 1:1 mix of both isomers (Tonalin®)
or placebo (linoleic acid from safflower oil) as free fatty
acids; resulting in daily administration of 4.25 g fatty acids
as capsules. These 4.25 g fatty acids were equivalent to
3.4 g active treatment substance per day.

Study participants completed four intervention periods
lasting 28 days each. Interventions were separated by a
wash-out phase lasting 42 days.

Anthropometry

Body weight was measured with an electronic scale. Height
was assessed by using a stadiometer. The body mass index
was calculated as weight (kg) divided by height
(m) squared. Waist circumference was measured with a
constant tape to the nearest 0.1 cm midway between the
lower rib margin and the iliac crest, following a standard
operating procedure modified after WHO’s guide to
physical measurements (WHO). At the end of each inter-
vention period, the oral metabolic tolerance test (OMTT)
was made after a minimum of 12-h fasting. OMTT is an
industrial manufactured, standardized high-fat liquid test
meal (volume, 500 ml) containing the following ingredi-
ents: 32.5 g protein (Na-Caseinat; 13.1% energy), 73 g



Genes Nutr (2012) 7:499-509

501

MICK
(n=1508)

v

\

\

\

PPARy2 Ala12Ala PPARy2 Pro12Ala PPARy2 Pro12Pro
(n=35) (n=576) (n=897)

\j

\j

included in
statistical analyses

excluded:
appearance of

exclusion criteria
(n=4)

(n=12)

subjects randomly underwent four
intervention periods

v v v v

LA Tonalin c9,ti1 t10,c12
(n=12) FFA 80 CLA CLA
B (n=12) (n=12) (n=12)

Fig. 1 Recruitment of subjects

carbohydrates (sucrose, lactose; 29.5% energy), 55 g fat
(high oleic safflower oil; 50.4% energy), 10 g alcohol (7%
energy), 0.4 g aroma and 600 mg cholesterol; total energy
content was 4,259 kJ. Within 10 min after collecting the
fasting blood, subjects drank 500 ml of the test meal.
Blood withdrawal was repeated 30 min and 1-9 h after
ingestion of OMTT. During the test, subjects were allowed
to drink water ad libitum.

Blood was collected in dry heparinised or EDTA-con-
taining tubes and centrifuged (3,000 rpm) for 10 min at
4°C. Samples were frozen at —20 and —80°C for later
analysis. Serum insulin (0-5 h) was measured by radio-
immunoassay (Adaltis Italia S.p.A., Bologna, Italy).
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Plasma leptin (0-9 h) and adiponectin (0 h and 5 h) were
determined by enzyme-linked immunosorbent assay (R&D
Systems Inc., Minneapolis, USA) from EDTA + aprotinin
plasma. Triglycerides and glucose were assessed enzy-
matically from fluoride plasma (glucose) and serum (TG),
using a clinical laboratory analyser (Konelab, Espoo,
Finland) according to the producer’s manual. All samples
were measured in duplicate. Insulin and glucose concen-
trations were used to calculate insulin resistance from the
homoeostasis model for insulin resistance (HOMA-IR)
model [insulin (WU/ml) x glucose (mg/dl)/405].

Values are expressed as mean == SEM. The 0-9 h area
under the curve (AUC) was calculated by the trapezoidal
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method. Variables with skewed distributions were loga-
rithmically transformed before parametric analysis. Dif-
ferences between the two PPAR genotypes were analysed
by Mann-Whitney U test. Wilcoxon rank sum test for
dependent variables was used for statistical evaluation of
postprandial changes within one group. Multiple ANOVA
(MANOVA) was used to test the four dietary intervention
groups for comparability (treatment and subject as factors).
Co-variable was waist circumference. In case of a signifi-
cant overall test, Duncan’s post hoc test was used to stratify
differences. Tests were considered significant at p-value
<0.05. A p-value <0.1 denotes a trend. Statistical analysis
was performed with Statgraphics® Plus (Macintosh, ver-
sion 4.1).

Results

Of 39 men, 38 completed the study. Drop-out reason for
one subject was the diagnosis of an aneurysm of the
abdominal aorta. Data are based on 35 subjects because
three subjects with PPARy2 Alal2Ala homozygosity were
excluded from statistical analysis as they showed increased
fasting glucose levels according to the WHO criteria twice
during the study. No differences were found between
PPAR genotypes in weight, BMI, waist, hip, WHR, fasting
and postprandial glucose, insulin, HOMA-IR, triglycerides,
adiponectin and leptin at baseline (data not shown).

Anthropometric characteristics, fasting and postprandial
values of all subjects after intervention with reference oil,
isomer-mix Tonalin®, ¢9t11 CLA and t10c12 CLA are
shown in Table 1. We found a significantly lower post-
prandial insulin resistance, expressed as HOMA-IR AUC
(we are aware that HOMA-IR is only validated for the
fasting state) after intervention with isomer mix and c9t11
CLA, compared with t10c12 CLA (p = 0.025), which by
trend was shown for postprandial insulin levels as well
between intervention periods in overall test (p = 0.054,
Table 1). The means of postprandial insulin and HOMA-IR
were significantly different between isomer mix and c9t11
CLA, compared with t10c12 CLA (Table 1, marked as
unlike letters).

The mean concentrations for postprandial leptin were
lower after t10c12 intervention compared with c9tl1 and
reference oil (Table 1).

Homozygous subjects for the Ala variant had signifi-
cantly higher body weight and BMI after intervention with
t10c12 CLA when compared with reference oil, isomer mix
and c9tl1 (p = 0.027, p = 0.034, respectively, Table 2).

Ala allele carriers had lower insulin AUC levels after
intervention with the 50:50 isomer mix compared with
reference oil and t10c12 CLA (p = 0.054), and tended to
have a lower HOMA-IR AUC after both Tonalin® and
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cOtll intervention; however, the p-value within group did
not reach statistical significance (p = 0.07, Table 2).
Postprandial adiponectin mean values after t10c12 inter-
vention were lower in this subgroup compared with control
and Tonalin® (Table 2).

Prol2Pro subjects’ waist circumference was signifi-
cantly lower after intervention with t10c12 CLA, when
compared with reference oil, isomer mix and c9tl1 CLA
(p = 0.033, Table 3). The mean values of postprandial
leptin were significantly lower after t10c12 intervention
compared with reference oil and c9tl1 intervention in
Pro12 homozygous (Table 3).

The genotype groups showed statistically different
changes in fasting and postprandial insulin, HOMA-IR and
leptin after interventions: a greater increase in insulin and
HOMA-IR (p-value between genotype groups: p = 0.001,
p = 0.002, respectively) and postprandial insulin and
postprandial HOMA-IR (p = 0.001, p < 0.001, respec-
tively) in Alal2 homozygous; and a lower decrease in
fasting and postprandial leptin (p = 0.004, p < 0.001,
respectively, Table 4) in these rare allele homozygous.

Discussion

The most important finding of our study is an inverse
reaction of insulin resistance to CLA interventions with
c9tll and t10c12 isomers with a beneficial effect of c9tl1
isomer on subjects with equal distribution of PPARy2 Ala
and Pro homozygous. Therefore, this study shows the clear
need to differentiate the isomers in CLA intervention
studies and could explain the conflicting results in studies
using a CLA mix with both isomers like Tonalin® or the
c10t12 isomer. In these studies, a positive effect of CLA on
body weight was shown, but a negative effect on insulin
sensitivity (Riserus et al. 2002), and the authors concluded
that CLA generally are more harmful than beneficial. Our
results demonstrate that a supplementation with c9tl1 and
isomer mix in a group of subjects with equal parts of PPARy
Prol12 and 12Ala genotype has beneficial effects on post-
prandial insulin sensitivity compared with the control oil.
In support of our own results, Riserus et al. (2002)
reported t10c12 CLA isomer-specific side effects on insulin
sensitivity. In abdominally obese men, glucose and insulin
levels were increased and insulin sensitivity was decreased
significantly in the t10c12 CLA group, compared with a
non-specified control, probably olive oil, but not with the
CLA mix group (Riserus et al. 2002). Interestingly, Riserus
et al. found an association between t10c12 CLA and body
weight, maybe because subjects were not stratified by
genotype. Our results suggest that subjects homozygous for
the rare Alal2Ala polymorphism in PPARY)2 had a higher
BMI after intervention with the t10c12 CLA -isomer, in
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contrast to the common allele homozygous Prol2Pro,
which showed the opposite reaction to t10c12 intervention
with a lower waist circumference. The waist-reducing
effect is in accordance with many recent studies that
showed a positive effect on body weight, taking into
account that 85% of the population are Pro-allele carriers.

Only few human data are available about the effect of
individual CLA isomers on metabolic parameters. In most
human studies, an equal mix of the t10c12 CLA isomer and
the c9tl1 CLA isomer was provided because this is the
commercial product. Compared to the few individual iso-
mer studies, we pre-treated the single isomer preparations
in identical manner as is usually done with the commercial
CLA product (=addition of mixed tocopherols) in order to
avoid any bias that might occur by inadequate storage
conditions either in the lab or at the volunteers’ home,
taking into account that CLA are unsaturated fatty acids. In
addition, our study provides information about CLA effects
on postprandial metabolism. Furthermore, this is the first
study in humans that focuses on gene-nutrient interactions
with respect to the PPARY2 locus and CLA isomers.

Adiponectin plays also an important role in regulation of
insulin sensitivity. A functional PPAR response element
was identified in the adiponectin promoter, suggesting that
PPARy regulates adiponectin expression (Iwaki et al. 2003).

Reports of a difference in plasma adiponectin concen-
tration between Ala carriers and Pro12Pro homozygous are
conflicting. An association of the Alal2Ala allele with low
adiponectin concentrations was found in healthy Japanese
(Yamamoto et al. 2002; Takata et al. 2004), but a lack of
association in healthy Caucasians has also been reported
(Thamer et al. 2003; Tan et al. 2006; Helwig et al. 2007).
We found no significant differences in fasting or post-
prandial adiponectin between different PPARY2 genotypes
at baseline and after interventions; therefore, our results are
consistent with previous findings in Caucasian populations.
However, 12Ala homozygous showed a significantly
reduced postprandial adiponectin after t10c12 intervention
compared with the other intervention groups.

Leptin is another hormone secreted directly by adipo-
cytes and is suggested to be modulated by PPARy (Kallen
and Lazar 1996; Reseland et al. 2001). In our study, we
found no significant difference between BMI-matched
genotypes in fasting and postprandial leptin levels at base-
line, but leptin levels were higher in the Alal2Ala group at
the end of each FA intervention. The latter results are in
agreement with the findings of Cole et al. (2000), Evans
et al. (2002a, b) and Simon et al. (2002) who reported higher
fasting leptin levels in humans carrying the Alal2Ala allele
of PPARY2, which is assumed to exert lower activity (Cole
et al. 2000; Evans et al. 2002a; Simon et al. 2002).

The functional impact of Prol2Ala polymorphism on
postprandial leptin levels is sparsely elucidated in humans.

In line with fasting values, leptin AUC did not differ
between PPAR genotypes at baseline but was higher in the
Ala group compared with the Pro group after dietary sup-
plementation, suggesting an impact of CLA on leptin val-
ues in the Pro group. Carriers of the common Pro-allele had
significantly lower waist circumference after intervention
with t10c12 CLA isomer, when compared with reference
oil, c9tl1 CLA and CLA isomer mix. Fasting leptin and
postprandial leptin AUC levels, when compared with ref-
erence oil, were lower in carriers of the Pro variant after
tl0c12 CLA treatment, although this association failed
statistical significance. Circulating leptin levels increase
exponentially with increasing fat mass (Lonnqvist et al.
1995; Considine et al. 1996). Interventions that reduce fat
mass also lower adipocytokine levels. It is possible that the
changes in plasma leptin values that we observed may
reflect a reduction in waist circumference as an indicator
for intra abdominal fat mass.

Findings of Belury et al. (2003) indicated that indeed
dietary CLA can modulate leptin levels. They reported that
CLA reduced leptin in zucker diabetes fatty rats (Belury
et al. 1999) and humans with type 2 diabetes (Belury et al.
2003). Diabetic subjects were supplemented with a dietary
CLA mix (6 g/d) or safflower oil placebo for 8 weeks.
Plasma level of CLA was inversely correlated with the
change in body weight and serum leptin. Interestingly, this
association was only significant for the t10c12 CLA, but
not for cis-9, trans-11 isomer. This suggests that lower
body weight and serum leptin values are attributed to the
t10c12 isomer in the plasma. However, supplementation
with CLA in non-obese humans (3 g/d) had a modest and
transient effect on leptin, as observed by Medina et al.
(2000) (Medina et al. 2000). Our findings support the view
of Belury et al. (2003), because results suggest that indi-
vidual CLA isomers reduced leptin levels in humans,
especially in those carrying the common Pro12Pro allele of
PPARy2. The mechanism underlying this phenomenon
remains to be clarified.

Furthermore, in our study, intervention with t10c12
CLA tended to result in lower levels of the insulin-sensi-
tizing adiponectin, compared with reference oil and com-
mercial CLA mix. Since adiponectin has been reported to
correlate inversely with body weight (Arita et al. 1999),
lower adiponectin levels might be the result of weight gain
after intervention with t10c12 CLA in the rare genotype
group. This in turn might be responsible for the tendency to
increased postprandial insulin resistance observed here.

Reduced levels of adiponectin after treatment with CLA
or CLA isomers have also been reported in experimental
mouse models, and these changes were accompanied by an
increase in plasma insulin levels (Poirier et al. 20006); the
observation has also been reported from human adipocytes
(Kennedy et al. 2008).
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Kennedy et al. (2008) demonstrated that t10c12 CLA, but
not c9tl1 CLA, antagonizes ligand-stimulated activation of
PPARY, possibly via PPARy phosphorylation, resulting in
its degradation. The authors conclude that c9t11 CLA and
t10c12 CLA might have opposite effects on PPARY and its
target gene adiponectin. Our results support these findings.
In the Ala group, levels of adiponectin tended to be lower
after intervention with t10c12 CLA, but were equal after
intervention with c9t11 CLA and isomer mix.

Several investigators suggest an interaction between
genotypes and fatty acids including CLA (Roche 2005), but
to our knowledge, this is the first study with a focus on the
isomer-specific CLA effects on PPARy2 Alal2Ala SNP
carriers compared with the Prol2Pro wild-type carriers.
We could show for the first time in vivo gene nutrition
interaction of CLA on PPARy2 SNP.

In summary, individual CLA isomers have different
effects on metabolism in Ala- and Pro carriers. CLA isomer
cO9tll and the commercial CLA mix seem to have benefi-
cial effects on insulin sensitivity compared with LA, while
t10c12 CLA adversely affects body weight and insulin
sensitivity in the rare PPAR genotype. In order to clearly
demonstrate the effects of CLA on adiponectin in humans,
specifically designed studies would be required. Further-
more, future studies investigating the potentially broader
use of CLA for weight management purposes might take
the genetic make-up of individuals into account.
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