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Scope: To determine whether the insulin resistance that exists in metabolic syndrome (MetS)
patients is modulated by dietary fat composition.
Methods and results: Seventy-five patients were randomly assigned to one of four diets for
12 wk: high-saturated fatty acids (HSFAs), high-MUFA (HMUFA), and two low-fat, high-
complex carbohydrate (LFHCC) diets supplemented with long-chain n-3 (LFHCC n-3) PUFA
or placebo. At the end of intervention, the LFHCC n-3 diet reduced plasma insulin, home-
ostasis model assessment of insulin resistance, and nonsterified fatty acid concentration
(p < 0.05) as compared to baseline Spanish habitual (BSH) diet. Subcutaneous white adi-
pose tissue (WAT) analysis revealed decreased EH-domain containing-2 mRNA levels and
increased cbl-associated protein gene expression with the LFHCC n-3 compared to HSFA and
HMUFA diets, respectively (p < 0.05). Moreover, the LFHCC n-3 decreased gene expression of
glyceraldehyde-3-phosphate dehydrogenase with respect to HMUFA and BSH diets (p < 0.05).
Finally, proteomic characterization of subcutaneous WAT identified three proteins of glucose
metabolism downregulated by the LFHCC n-3 diet, including annexin A2. RT-PCR analysis
confirmed the decrease of annexin A2 (p = 0.027) after this diet.
Conclusion: Our data suggest that the LFHCC n-3 diet reduces systemic insulin resistance and
improves insulin signaling in subcutaneous WAT of MetS patients compared to HSFA and
BSH diets consumption.
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1 Introduction

The prevalence of metabolic syndrome (MetS) is increasing
worldwide and is associated with enhanced type 2 diabetes
(T2D) and cardiovascular disease risk. MetS pathogenesis is
not completely understood, although there is no doubt that
genetic, metabolic, and dietary factors play an intrinsic role
in its development and progression [1,2]. The main causative
component in the development of MetS is abdominal obesity
[3], wherein insulin resistance is the central pathophysiologic
state that leads to hyperglycemia, hepatic lipogenesis, and
increased plasma nonesterified fatty acid (NEFA) [4, 5] when
insulin-sensitive tissues (e.g. liver, skeletal muscle, and fat)
no longer respond to normal circulating levels of insulin [6].
Insulin exerts its physiological action on these tissues upon
binding to its receptor, and through a series of intracellular
signaling events leads to translocation of the vesicles contain-
ing glucose transporter type 4 (GLUT4) from their intracellu-
lar pool to the plasma membrane, thus facilitating uptake of
glucose into cells [7]. Defects in the components of the signal
transmission pathway between the insulin receptor and its
downstream effectors could lead to insulin resistance [8–12].

Diet and lifestyle modifications may be effective in reduc-
ing obesity-associated insulin resistance and MetS [13, 14].
In overweight subjects, isoenergetic substitution of saturated
fatty acids (SFA) by MUFA or complex carbohydrates im-
proves insulin sensitivity [15, 16], although this observation
has not been confirmed in other studies [17]. Similarly, in-
tervention studies have failed to show a consistent effect of
long-chain n-3 PUFA on insulin resistance [18, 19]. Never-
theless, long-chain n-3 PUFA lowers triglycerides (TG) [20],
which are an important component of MetS. Therefore, it
is difficult to define the optimum diet to treat MetS. In this
regard, the LIPGENE study has demonstrated that a low-
fat, high-complex carbohydrate (LFHCC) diet supplemented
with long-chain n-3 PUFA (LFHCC n-3) reduced the risk of
MetS [21] and lowered atherogenic risk factors (LDL, TG, and
NEFA) [22,23], as compared to isoenergetic LFHCC and high-
fat diets in MetS subjects. Importantly, the LIPGENE dietary
intervention study showed that habitual dietary environment
at baseline (preintervention) may modify responsiveness to
dietary fat modification with respect to insulin sensitivity [23].
To further explore this issue, we performed a preliminary trial
in a subcohort from LIPGENE study with a baseline Spanish
habitual (BSH) diet consumption to investigate the metabolic
advantage of adhering to a low-SFA diet enriched in MUFA
or a low-fat, high-complex carbohydrate diet, as well as the ef-
fect of a low-fat diet supplemented with long-chain n-3 PUFA

on systemic insulin sensitivity and expression of key genes
in insulin signaling pathway on subcutaneous white adipose
tissue (WAT).

2 Materials and methods

2.1 Study design

The current study was conducted within the framework of
the LIPGENE study (Diet, genomics and the metabolic syn-
drome: an integrated nutrition, agro-food, social and eco-
nomic analysis), a Framework 6 Integrated Project funded
by the European Union. The intervention study design and
dietary strategy protocol have been previously described in
detail by Shaw et al. [24]. MetS was defined by published cri-
teria [25], which conformed to the LIPGENE inclusion and
exclusion criteria [26]. Full recruitment, randomization, and
dietary strategy protocol details are described in the Support-
ing Information. The Spanish LIPGENE trial profile is il-
lustrated in Supporting Information Fig. 1. This study was
carried out in the Lipid and Atherosclerosis Research Unit at
the Reina Sofia University Hospital from February 2005 to
April 2006. The experimental protocol was approved by the
local ethic committee of the intervention center, according
to the Helsinki Declaration. The study was registered with
the US National Library of Medicine Clinical Trials registry
(NCT00429195).

The rationale for the LIPGENE dietary intervention study
was to determine the relative efficacy of replacing or reducing
dietary SFA on insulin sensitivity, by comparing the effect of
four dietary treatments. Each volunteer was randomly strati-
fied to one of four dietary interventions for 12 wk. The diets
differed in fat quantity and quality while remaining isoener-
getic. The composition of the four diets was as follows:

(i) High-SFA (HSFA) diet (38% energy:16% SFA, 12%
MUFA, 6% PUFA; HSFA, n = 17).

(ii) High-MUFA (HMUFA) diet (38% energy:8% SFA, 20%
MUFA, 6% PUFA; HMUFA, n = 18).

(iii) LFHCC (where low fat contains 28% energy) diet (8%
SFA, 11% MUFA, 6% PUFA), including a control high-
oleic acid sunflower-seed oil capsule (4 × 1 g capsule/day;
LFHCC, n = 20).

(iv) LFHCC (where low fat contains 28% energy) diet (8%
SFA, 11% MUFA, 6% PUFA), with 1.24 g/day long-chain
n-3 PUFA, ratio of 1.4 eicosapentaenoic acid:1 docosahex-
aenoic acid (4 × 1 g capsule/day; LFHCC n-3, n = 20).
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Patients arrived at the clinical center at 08:00 h following
a 12-h fast, were refrained from smoking during the fasting
period, and abstained from alcohol intake during the pre-
ceding 7 days. In the laboratory and after cannulation, fast-
ing blood and subcutaneous WAT samples were taken pre-
and postintervention (at the end of intervention). Biochemical
measurements and procedure to extract subcutaneous WAT
are described in the Supporting Information.

2.2 Protein extraction, 2D-PAGE, and

MALDI-TOF-MS analysis

For proteomic studies, adipose tissue biopsies obtained at pre-
and postintervention periods from three MetS patients on the
LFHCC n-3 diet were used. Protein isolation and 2-DE analy-
sis of adipose tissue samples were carried out using the same
protocol as previously employed by us for human adipose tis-
sue [27]. Spots were analyzed in a 4800 MALDI-ToF/ToF An-
alyzer (Applied Biosystems/MDS SCIEX, Concord, Ontario,
Canada).

2.3 Immunoblotting

Protein isolation was performed with a commercial kit
following the manufacturer’s instructions (Applied Biosys-
tems/Ambion, Austin, TX, USA) and processed for im-
munoblotting as described in the Supporting Information.

2.4 Total RNA isolation from adipose tissue and

RT-qPCR analysis

Total RNA from samples of frozen subcutaneous adipose
tissue at pre- and postintervention was extracted using the
RiboPureۛ kit (Applied Biosystems/Ambion). Next, RT-qPCR
was conducted in two steps. RT was performed using Mes-
sageBOOSTER cDNA Synthesis Kit for qPCR (Epicentre
Biotechnologies, Madison, WI, USA), according to the man-
ufacturer’s instructions. Real-time PCR techniques were car-
ried out according to standard procedures. Full methodology
details are described in the Supporting Information.

2.5 Data analysis

For conventional 2-DE gel analysis, we employed the
PDQuest software version 8.0 (Bio-Rad Laboratories, Her-
cules, CA, USA). Spot volume values were normalized in
each gel by dividing the raw quantity of each spot by the total
volume of all the spots included in the same gel. Spots were
verified visually to exclude artifacts and finally confirmed and
quantified by density measurement with ImageJ 1.40 g soft-
ware.

Statistical analysis was performed using SPSS statistical
software, version 15.0 for WINDOWS (SPSS Inc., Chicago,
IL, USA). All data in the text, figures, and tables are expressed
as mean ± SEM. The normal distribution of variables to char-
acterize differences in the dietary response was assessed us-
ing the Kolmogorov–Smirnov test and log-transformed if ap-
propriate. Repeated measures ANOVA, univariate ANOVA,
one-way ANOVA, and Pearson’s linear correlation were used
where appropriate. Repeated measures ANOVA and univari-
ate ANOVA analyses were adjusted for age, gender, and BMI
as covariates. A Bonferroni correction was applied for multi-
ple testing. p < 0.05 was considered statistically significant.
Full data analysis information is described in the Supporting
Information.

3 Results

3.1 The LFHCC n-3 diet reduced insulin resistance at

systemic level in MetS patients

The adherence to recommended dietary patterns and the
main anthropometric and biochemical characteristics of the
75 MetS subjects at pre- and postintervention have been de-
scribed elsewhere [28]. Briefly, dietary compliance was good,
with close attainment of the dietary intervention diet. Non-
significant differences in age, BMI, blood pressure, and lipid
metabolism were observed among the patients assigned to
the four isoenergetic diets at either pre- or postintervention
[28]. To establish the effect of dietary intervention in in-
sulin resistance, we analyzed whole-body insulin sensitivity
and glucose metabolism. A significant diet × time interac-
tion was evident for insulin (p = 0.041; Fig. 1A), homeosta-
sis model assessment of insulin resistance (HOMA-IR; p =
0.047; Fig. 1C), and NEFA levels (p = 0.047; Fig. 1E) in MetS
subjects, wherein lower levels for the LFHCC n-3 diet were
observed compared to BSH diet (p = 0.005 (insulin), p =
0.008 (HOMA-IR), and p = 0.009 (NEFA)). Dietary fat mod-
ification had no significant effect on fasting plasma glucose
(Fig. 1B), insulin sensitivity index (ISI; Fig. 1D), or plasma
adiponectin (Fig. 1F) and resistin levels (Fig. 1G). Next, the
analysis among diets of postintervention changes from BSH
diet (Fig. 1) showed that long-term ingestion of the LFHCC
n-3 diet decreased insulin levels (p = 0.031; Fig. 1A) without
changes in plasma glucose concentration as compared to the
HSFA group. Furthermore, the LFHCC n-3 diet tended to
improve HOMA-IR (p = 0.076; Fig. 1C) with respect to that
observed in patients who consumed the HSFA diet. In all,
our data suggest a beneficial effect of the LFHCC n-3 diet in
systemic insulin sensitivity of MetS patients as compared to
BSH and HFSA diets.

3.2 The LFHCC n-3 diet improved insulin signaling in

subcutaneous WAT from MetS patients

To establish if the improvement of insulin sensitivity
at the systemic level exerted by the LFHCC n-3 diet
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Figure 1. MetS patients fed the LFHCC n-3 diets showed improved systemic insulin sensitivity after 12 wk of dietary intervention. (A–G)
Postintervention changes (�) from BSH diet (preintervention phase) of insulin levels (A), glucose concentrations (B), HOMA-IR (C), ISI (D),
NEFA levels (E), adiponectin concentration (F), and resistin levels (G). Results are expressed as mean ± SEM; n = 17 HSFA, n = 18 HMUFA,
n = 20 LFHCC, n = 20 LFHCC n-3. Data were analyzed using univariate ANOVA, and repeated measures ANOVA was used to calculate the
time effect (P time), diet effect (P diet), and their interaction (P time × diet).
*Post- versus preintervention, p < 0.05. Glucose levels, HOMA-IR, and ISI were log-transformed before statistical analysis. HSFA, high-
saturated fatty acids diet; HMUFA, high-MUFA diet; LFHCC, low-fat, high-complex carbohydrate diet; LFHCC n-3, low-fat, high-complex
carbohydrate diet supplemented with n-3 PUFAs.

correlated with beneficial effects on glucose metabolism in
subcutaneous WAT, we analyzed the expression levels of key
proteins and enzymes involved in insulin signaling path-
way, glycolysis, gluconeogenesis, and glyceroneogenesis in
this fat depot at pre- and postintervention (Figs. 2 and 3).
Compared to the BSH diet, increased adipose EH-domain
containing-2 (EHD2) mRNA levels (p = 0.005; Fig. 2E) were
observed after the ingestion of the HMUFA diet. The analy-
sis among diets of postintervention changes from BSH diet
(Fig. 2) showed that long-term intake of the HSFA diet in-

duced a substantial increase in the gene expression levels of
3-phosphoinositide-dependent protein kinase 1 (PDK1; p =
0.045; Fig. 2D) and EHD2 (p = 0.030; Fig. 2E) as compared to
the LFHCC and LFHCC n-3 diets, respectively. Furthermore,
the LFHCC n-3 diet induced a significant increase in mRNA
levels of the adaptor protein, cbl-associated protein (CAP; p
= 0.040; Fig. 2F), compared to the HMUFA diet in subcuta-
neous WAT. No significant differences were found after the
ingestion of the different diets in insulin receptor substrate
(IRS)-1 protein expression (Fig. 2A), phosphorylated Jun
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Figure 2. The long-term consumption of LFHCC n-3 diet reduces insulin resistance in subcutaneous WAT from MetS patients. (A–F)
Postintervention changes (�) from BSH diet (preintervention phase) of IRS-1 protein expression (A), phosphorylated JNK/JNK ratio (B),
phosphorylated Akt/Akt ratio (C), PDK1 gene expression (D), EHD2 gene expression (E), CAP mRNA levels (F). (A–C) Each subject was run
on a different gel. Results are expressed as mean ± SEM; n = 10 HSFA, n = 12 HMUFA, n = 18 LFHCC, n = 20 LFHCC n-3. The data were
analyzed using univariate ANOVA, and repeated measures ANOVA was used to calculate the time effect (P time), diet effect (P diet), and
their interaction (P time × diet).
*Post- versus preintervention, p < 0.05. pJNK/JNK and gene expression of PDK1, CAP, and EHD2 were log-transformed before statistical
analysis. HSFA, high-saturated fatty acids diet; HMUFA, high-MUFA diet; LFHCC, low-fat, high-complex carbohydrate diet; LFHCC n-3,
low-fat, high-complex carbohydrate diet with n-3 PUFAs; pJNK, phosphorylated JNK; pAkt, phosphorylated Akt.

N-terminal kinase (pJNK)/JNK (Fig. 2B), and phosphorylated
v-akt murine thymoma viral oncogene homolog (pAkt)/Akt
(Fig. 2C).

Finally, we found a change in gene expression of key en-
zymes of glycolysis, gluconeogenesis, and glyceroneogenesis
(i.e. glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

and phosphoenolpyruvate carboxykinase-1 (PEPCK1)) in sub-
cutaneous fat from MetS subjects who consumed the LFHCC
n-3 diet (Fig. 3). Specifically, the LFHCC n-3 diet significantly
decreased GAPDH mRNA (p = 0.05; Fig. 3A) and tended to
reduce PEPCK1 mRNA expression levels (p = 0.057; Fig. 3B)
in subcutaneous WAT from MetS patients as compared to the
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Figure 3. The expression of key enzymes of glycolysis, gluconeogenesis, and glyceroneogenesis is modulated by low-fat diets in subcu-
taneous WAT from MetS patients. (A) GAPDH mRNA levels (left panel) and postintervention changes (�) from BSH diet (preintervention
phase) of GAPDH gene expression (right panel) in subcutaneous WAT. (B) PEPCK1 mRNA levels (left panel) and postintervention changes
(�) from BSH diet (preintervention phase) of PEPCK1 gene expression (right panel) in subcutaneous WAT. Results are expressed as mean
± SEM; n = 10 HSFA, n = 12 HMUFA, n = 18 LFHCC, n = 20 LFHCC n-3. The data were analyzed using univariate ANOVA, and repeated
measures ANOVA was used to calculate the time effect (P time), diet effect (P diet), and their interaction (P time × diet). HSFA, high-saturated
fatty acids diet; HMUFA, high-MUFA diet; LFHCC, low-fat, high-complex carbohydrate diet; LFHCC n-3, low-fat, high-complex carbohydrate
diet with n-3 PUFAs.

BSH diet. At the end of intervention, a decrease in GAPDH
mRNA in this fat depot after consumption of LFHCC and
LFHCC n-3 diets with respect to the HMUFA diet was ob-
served (p < 0.05; Fig. 3A).

3.3 Annexin A2 (Anxa2), a protein involved in

glucose metabolism, was modulated in

subcutaneous WAT from MetS patients in

response to the LFHCC n-3 diet

Figure 4A and Table 1 summarize the data on the charac-
terization of the proteome of subcutaneous fat from MetS
patients before and after the 12-wk intervention period with
the LFHCC n-3 diet. Analysis of the 2D-PAGE data of the
proteomes from subcutaneous WAT included in this study
revealed five differentially expressed spots between pre- and
postintervention in this fat depot (Fig. 4A). This pattern was
reproducible in the three distinct sets of paired samples
(i.e. pre- and postintervention) from patients on the LFHCC
n-3 diet analyzed. To be more specific, all the identified pro-

teins were downregulated at the end of dietary intervention
period (Table 1). Three of the five identified proteins have
been associated with glucose metabolism (gelsolin, glycerol-
3-phosphate dehydrogenase-1 (soluble) (GPD1), and Anxa2).
Presence of coagulation factor XIII A1 indicated contamina-
tion from blood.

In order to assess whether the observed differences in
protein content were paralleled by changes at the transcript
level, we compared the mRNA expression patterns of the
three proteins identified by 2D-PAGE. A significant effect
of the interaction between diet and time (p = 0.045) on
Anxa2 mRNA levels (Fig. 4B, left panel) was observed in
subcutaneous WAT from MetS subjects. In agreement with
the proteomic studies, real-time PCR analysis revealed that
the LFHCC n-3 diet decreased Anxa2 mRNA expression
(p = 0.027) as compared to the BSH diet. Moreover, the MetS
patients who consumed the HSFA diet showed enhanced,
though not statistically significant, Anxa2 mRNA levels after
the intervention period (p = 0.060), which were nevertheless
significantly higher than those observed after ingestion of
the HMUFA diet (p = 0.040). To test the long-term effect
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Figure 4. LHFCC n-3 diet induces changes in protein expression in subcutaneous WAT. (A) Representative 2-D PAGE of subcutaneous
WAT samples from MetS patients fed the LFHCC n-3 diet at pre- (left panel) and postintervention (right panel). Proteins with significant
downregulation after dietary intervention are indicated by arrows. The numbers correspond to the spot numbers that are listed in Table 1.
(B) Anxa2 mRNA levels in subcutaneous WAT (left panel). Postintervention changes (�) from BSH diet (preintervention phase) of Anxa2
gene expression in subcutaneous WAT (right panel). Results are expressed as mean ± SEM; n = 10 HSFA, n = 12 HMUFA, n = 18 LFHCC,
n = 20 LFHCC n-3. The data were analyzed using univariate ANOVA, and repeated measures ANOVA was used to calculate the time effect
(P time), diet effect (P diet), and their interaction (P time × diet). HSFA, high-saturated fatty acids diet; HMUFA, high-MUFA diet; LFHCC,
low-fat, high-complex carbohydrate diet; LFHCC n-3, low-fat, high-complex carbohydrate diet with n-3 PUFAs.

of dietary fat modification on Anxa2 gene expression, we
performed the analysis among diets of postintervention
changes from BSH diet (Fig. 4B, right panel). Long-term
ingestion of the LFHCC n-3 diet decreased Anxa2 mRNA ex-
pression, compared to the HSFA diet (p = 0.034). Nonsignif-
icant differences in GPD1 and gelsolin mRNA gene expres-
sion were found between pre- and postintervention (data not
shown).

3.4 Whole-body insulin resistance and glucose

metabolism gene expression correlated with

Anxa2 mRNA content in subcutaneous WAT

from MetS subjects

We further examined the relationship between Anxa2 expres-
sion in subcutaneous WAT and metabolic parameters in our
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Table 1. Proteins identified by MALDI-TOF/TOF significantly downregulated after LFHCC n-3 diet

Spot
numbera)

Name NW pI Accession
number

Peptide
countb)

Total ion
scoreb)

Fold changec) p-Valuesd)

1 Gelsolin isoform 32 86 5.90 XP_00161890 15 191 2.78 0.031
2 Coagulation factor

XIII A1 subunit
87 5.62 AAL12161 17 87 1.47 0.017

3 Enoyl-CoA hydratase
alpha-subunit

83 9.16 BAA03941 14 56 1.53 0.030

4 GPD1 (soluble) 38 5.81 AAH32234 26 712 2.10 <0.001
5 Anxa2 39 7.57 AAH23990 17 63 1.68 0.027

a) Spot number corresponds to those in Fig. 4.
b) Peptide count and total ion score values correspond to MASCOT scores.
c) Fold change indicates the average volume ratio (post- versus preintervention) of three independent subjects.
d) p-Values of repeated measures ANOVA; p < 0.05.

MetS patients. There was a positive correlation of subcuta-
neous WAT Anxa2 mRNA levels with plasma resistin levels
(r = 0.292, p = 0.032), plasma TG concentration (r = 0.306,
p = 0.024), and EHD2 mRNA expression in this fat depot
(r = 0.378, p = 0.015) at postintervention (Fig. 5A). Next, we
studied the postintervention changes from BSH diet in these
parameters and observed a negative correlation of Anxa2 gene
expression in subcutaneous fat with ISI (r = −0.320, p =
0.039), and a positive correlation between GAPDH mRNA
levels and Anxa2 transcript content (r = 0.496, p = 0.001)
in subcutaneous WAT from MetS subjects (Fig. 5B). When
MetS patients were classified by tertiles according to their
Anxa2 expression levels (Fig. 5C), we observed that MetS pa-
tients in the lowest tertile of Anxa2 mRNA expression had
lower plasma resistin levels (p < 0.05), compared to MetS
patients in the first and second tertiles of Anxa2 mRNA levels
postintervention. However, ISI exhibited a decreasing trend
in the first tertile versus the third tertile when the compara-
tive analysis of pre- and postintervention changes was carried
out (p = 0.069).

4 Discussion

The MetS is associated with unhealthy lifestyles and its main
features are dyslipidemia, hypertension, abdominal obesity,
and insulin resistance. Approaches aimed to improve the
MetS may be effective at reducing cardiovascular disease and
T2D risk. In this regard, beneficial effects of long-chain n-
3 PUFA on insulin sensitivity have been observed in over-
weight and obese subjects [29, 30]. Nevertheless, an analysis
of randomized controlled trials in T2D patients (reviewed by
Hartweg et al. [31]) concluded that n-3 PUFA supplementa-
tion had not significant effects on glycemic control. Inconsis-
tencies among these studies could be due to the distinct n-3
PUFA dosages, duration, and nature or chain length of the
n-3 PUFA sources employed, along with differences in the
study populations. Herein, we demonstrate that consump-
tion of the LFHCC (28% energy) diet supplemented with
1.24 g/day long-chain n-3 PUFA (1.4 eicosapentaenoic acid:1

docosahexaenoic acid ratio) for 12 wk induced an improve-
ment in systemic insulin sensitivity compared to BSH diet,
as evidenced by the decrease in plasma insulin, HOMA-IR,
and NEFA concentration observed in our study.

Abdominal adipose tissue accumulation is strongly corre-
lated with the development of the MetS [32]. Abnormal re-
lease of NEFA from fat depots may contribute to the develop-
ment of insulin resistance, thus providing an important link
between adiposity and MetS [33]. Our results demonstrated
that LFHCC n-3 diet produced a decrease in plasma NEFA
concentration as compared to BSH diet, which was coinci-
dent with a reduction of insulin resistance in these patients.
Insulin exerts its physiological actions through two indepen-
dent signaling pathways, the IRS/ phosphoinositide 3 kinase
(PI3K)/PDK1/Akt pathway, which plays key roles in the reg-
ulation of cell survival, cell proliferation and growth, and
metabolism, and the adaptor protein containing pleckstrin
homology and SH2 domains (APS)/CAP/ casitas B-linage
lymphoma (cbl) pathway, which regulates insulin-induced
GLUT4 translocation from intracellular vesicles to the cell
surface [7]. Defective insulin signaling, due to serine phos-
phorylation of IRS-1 [8, 34], chronic Akt activation [9], in-
creased PDK1 mRNA levels [10], or decreased CAP expres-
sion [11,35], results in insulin resistance. Furthermore, high
expression levels of EHD2, a mediator of GLUT4 internaliza-
tion, have been observed to disrupt this process in adipocytes
[12]. Notably, our study suggests that the detrimental effect
of high-fat diets on adipose insulin signaling might be pre-
vented by the LFHCC diet, especially if supplemented with
long-chain n-3 PUFA. Specifically, we observed that the long-
term intake of the HSFA diet induced higher gene expression
levels of PDK1 and EHD2 in subcutaneous WAT of MetS
patients as compared to the LFHCC and LFHCC n-3 diet,
respectively. Moreover, we observed that the LFHCC n-3 diet
increased CAP mRNA levels compared to the HMUFA diet,
while an increase in the mRNA levels of EHD2 was found
in MetS patients fed with the HMUFA diet compared to the
BSH diet. When viewed together, these data support the view
that the consumption of LFHCC diets, especially those sup-
plemented with long-chain n-3 PUFA, may exert a positive

C© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com



Mol. Nutr. Food Res. 2014, 58, 2177–2188 2185

Figure 5. Anxa2 gene expression in subcutaneous WAT correlates with glucose metabolism parameters in MetS patients. (A) Correlation
of postintervention Anxa2 gene expression with resistin, TG, and EHD2 mRNA levels. (B) Correlation of postintervention changes (�) from
BSH diet (preintervention phase) of Anxa2 gene expression with ISI and GAPDH mRNA levels. (C) Resistin levels in relation to the Anxa2
gene expression tertiles (left panel) in postintervention period. Postintervention changes (�) from BSH diet of ISI in relation to the � Anxa2
gene expression tertiles (right panel). Results are expressed as mean ± SEM; n = 60. The data were analyzed using one-way ANOVA. First
tertile, higher Anxa2 gene expression; second tertile, middle Anxa2 gene expression; third tertile, lower Anxa2 gene expression. HSFA,
high-saturated fatty acids diet; HMUFA, high-MUFA diet; LFHCC, low-fat, high-complex carbohydrate diet; LFHCC n-3, low-fat, high-complex
carbohydrate diet with n-3 PUFAs.

modulatory effect on insulin signaling in the MetS through
their regulatory action on the adipose tissue gene expression
profile.

Activation of insulin signaling pathways triggers multi-
ple cellular responses including glycolysis, gluconeogenesis,
and glyceroneogenesis. GAPDH is a glycolytic and gluco-
neogenesis enzyme whose expression is stimulated by in-
sulin [36]. Among its functions, GAPDH negatively regu-
lates insulin signaling by promoting the dephosphorylation of
the downstream signaling component, phosphatidylinositol-
3,4,5-triphosphate [37]. Interestingly, it has been shown that
diet-induced obesity increases GAPDH expression levels in
adipose tissue [38], while short-term administration of very
low calorie diets decreases adipose tissue GAPDH mRNA in
obese individuals [39]. Our findings show that patients fed the

HMUFA diet exhibited increased GAPDH mRNA expression
levels in comparison with those fed the low-fat diets. More-
over, a decrease in GAPDH mRNA levels with the LFHCC
n-3 diet compared to BSH diet was demonstrated, coinci-
dent with the lower plasma insulin levels observed with this
diet. Therefore, we speculate that long-term consumption of
LFHCC diets, especially those supplemented with long-chain
n-3 PUFA, could reduce insulin resistance in MetS patients by
preventing the activation of GAPDH phosphoinositide phos-
phatase activity in adipose tissue.

PEPCK1, a cytosolic decarboxylase enzyme involved in
gluconeogenesis, is regulated by hormones that are re-
lated to the maintenance of glucose homeostasis [40]. More-
over, PEPCK1 is key in glyceroneogenesis, or the produc-
tion of glycerol, which is essential for the re-esterification
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of NEFA to synthesize TG [41]. A functional link between
glyceroneogenesis and insulin sensitivity has been estab-
lished in mice and humans. Thus, adipocyte-specific inac-
tivation of PEPCK1 [42] in mice or the decrease of glycero-
neogenesis efficiency in human subcutaneous WAT [43] in-
creases systemic insulin resistance associated with enhanced
circulating NEFA levels. By contrast, mice that overexpress
PEPCK1 in adipocytes exhibit increased fat depots due to
enhanced glyceroneogenesis and NEFA re-esterification, but
have reduced circulating NEFA levels and normal insulin
sensitivity [44]. However, when fed a high-fat diet, transgenic
mice overexpressing PEPCK1 exhibit high body weight, glu-
cose intolerance, and insulin resistance [45]. According to
these findings, there seems to be a modulatory effect of the
diet on this protein. In line with these observations, our data
show that MetS subjects fed the LFHCC n-3 diet displayed
a trend to lower PEPCK1 expression levels, as compared to
BSH diet, which, in addition, exhibited decreased plasma
NEFA levels. In all, these data suggest that the LFHCC n-3
diet might promote fatty acid clearance from plasma by nor-
malizing adipocyte PEPCK1 expression, thus contributing to
prevent insulin resistance in the MetS.

Along with the changes in signaling proteins and
metabolic enzymes, proteomic analysis of subcutaneous
WAT from MetS patients revealed that the LFHCC n-3 diet
also decreased the expression levels of a member of the an-
nexin family of membrane-binding proteins, Anxa2. Com-
pared to BSH diet, our study showed that LFHCC n-3 diet
reduces Anxa2 expression after 12 wk of dietary intervention.
Anxa2 is a multifunctional protein that has been shown to
play a major role in membrane-trafficking events, including
exocytosis [46], endocitosis, and cell adhesion [47]. To be more
specific, Anxa2 facilitates the transport of cholesterol ester
from caveolae to internal membranes and appears to be in-
volved in GLUT4 translocation in a way that has not been fully
defined yet [48]. Previous observations indicated that mRNA
and protein levels of Anxa2 are increased in cell exposed to
oxidative stress [49]. In line with these observations, Anxa2
is overexpressed in WAT of obese mice [50] and reduced af-
ter exercise training in overweight and obese subjects [51].
Remarkably, we observed that dietary supplementation with
long-chain n-3 PUFA, which has been consistently shown to
exert anti-oxidative and anti-inflammatory effects in adipose
tissue [52], reduced Anxa2 expression. Thus, downregulation
of adipose Anxa2 by long-chain n-3 PUFA might be indicative
of reduced oxidative stress in WAT of MetS patients, which
would be in line with the improvement in insulin sensitivity
observed after dietary supplementation with n-3 PUFA. Fur-
ther data demonstrated that Anxa2 correlated positively with
plasma resistin and TG levels and negatively with ISI. In fact,
an analysis by tertiles showed that the higher expression of
Anxa2 is associated with higher resistin levels and lower ISI.
In all, our data suggest that Anxa2 may represent a potential
biomarker of adipose tissue dysfunction that can be targeted
by dietary interventions. Further studies are needed to unveil
the specific contribution of Anxa2 to adipose tissue function.

Our study presents some limitations. Ensuring complete
adherence to dietary instructions is difficult in a feeding trial.
However, adherence to recommended dietary patterns was
good, as judged as per dietary assessment. On the other hand,
our design has the strength of reproducing real-life conditions
with home-prepared foods, reflecting the subjects’ usual prac-
tice. Another limitation, concerning the sample size, is that
our trial was able to detect differences in insulin signaling
to discern a relevant biological effect, but a smaller effect
could not have been detected. Therefore, the evidence of spe-
cific effects of LFHCC n-3 diet on insulin signaling should
be reevaluated in a future study with higher sample size per
group. From the data in our trial, the statistical power cal-
culations for a confirmatory study indicated that at least 18
participants per group would be needed to detect mean dif-
ferences of 1 unit (SD 1.4) in the HOMA-IR among diets at a
significant level of 0.05 and a power of 0.8.

In conclusion, our data suggest that long-term intake of
an isocaloric, low-fat, high-complex carbohydrate diet supple-
mented with long-chain n-3 PUFA reduces insulin resistance
at systemic level and improves insulin signaling in subcuta-
neous WAT of MetS patients, as compared to the consump-
tion of HSFA and BSH diets. However, and due to the limita-
tions imposed by our sample size, a confirmatory study would
be necessary to support recommendations to consume this
dietary pattern as a useful preventive measure against the
insulin resistance that exists in MetS patients.
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[47] Robitzki, A., Schröder, H. C., Ugarkovic, D., Gramzow, M.
et al., cDNA structure and expression of calpactin, a peptide
involved in Ca2(+)-dependent cell aggregation in sponges.
Biochem. J. 1990, 271, 415–420.

[48] Huang, J., Hsia, S. H., Imamura, T., Usui, I. et al., Annexin
II is a thiazolidinedione-responsive gene involved in insulin-
induced glucose transporter isoform 4 translocation in 3T3-
L1 adipocytes. Endocrinology 2004, 145, 1579–1586.

[49] Tanaka, T., Akatsuka, S., Ozeki, M., Shirase, T. et al., Redox
regulation of annexin 2 and its implications for oxidative
stress-induced renal cacinogenesis and metastasis. Onco-
gene 2004, 23, 3980–3989.

[50] Kozak, L., Newman, S., Chao, P. M., Mendoza, T. et al., The
early nutritional environment of mice determines the capac-
ity for adipose tissue expansion by modulating genes of
caveolae structure. PloS One 2010, 5, e11015.

[51] Leggate, M., Carter, W. G., Evans, M. J., Vernnard, R. A. et al.,
Determination of inflammatory and prominent proteomic
changes in plasma and adipose tissue after high-intensity in-
termittent training in overweight and obese males. J. Appl.
Physiol. 2012, 112, 1353–1360.

[52] Fan, C., Zirpoli, H., Qi, L., n-3 fatty acids modulate adipose
tissue inflammation and oxidative stress. Curr. Opin. Clin.
Nutr. Metab. Care 2013, 16, 124–132.

C© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com

http://www.idf.org/webdata/docs/IDF_Metasyndrome_definition.pdf
http://www.idf.org/webdata/docs/IDF_Metasyndrome_definition.pdf

