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Abstract
Background/Objectives The occurrence of chronic inflammation in visceral adipose tissue (VAT) in obese subjects pre-
cipitates the development of insulin resistance and type 2 diabetes (T2D). Anthocyanins and their main metabolite proto-
catechuic acid (PCA) have been demonstrated to stimulate insulin signaling in human adipocytes. The aim of this study was
to investigate whether PCA is able to modulate insulin responsiveness and inflammation in VAT from obese (OB) and
normal weight (NW) subjects.
Subjects/Methods VATs obtained from NW and OB subjects were incubated or not (control) with 100 μM PCA for 24 h.
After incubation, tissues untreated and treated with PCA were acutely stimulated with insulin (20 nM, 20 min). PTP1B, p65
NF-κB, phospho-p65 NF-κB, IRS-1, IRβ, Akt, GLUT4 as well as basal and insulin-stimulated Tyr-IRS-1 and Ser-Akt
phosphorylations were assessed by Western blotting in NW- and OB-VAT. Samples were assessed for PTP1B activity and
adipocytokine secretion.
Results PCA restored insulin-induced phosphorylation in OB-VAT by increasing phospho-Tyr-IRS-1 and phospho-Ser-Akt
after insulin stimulation as observed in NW-VAT (p < 0.05). PTP1B activity was lower in OB-VAT treated with PCA with
respect to untreated (p < 0.05). Compared to non-treated tissues, PCA reduced phospho-p65 NF-κB and IL-6 in OB-VAT,
and IL-1β in NW-VAT (p < 0.05); and increased adiponectin secretion in NW-VAT (p < 0.05).
Conclusion PCA restores the insulin responsiveness of OB-VAT by increasing IRS-1 and Akt phosphorylation which could
be related with the lower PTP1B activity found in PCA-treated OB-VAT. Furthermore, PCA diminishes inflammation in
VAT. These results support the beneficial role of an anthocyanin-rich diet against inflammation and insulin resistance in
obesity.

Introduction

It is well recognized that obesity is highly associated with
the onset of pathologies such as insulin resistance, type 2
diabetes mellitus (DM2), cardiovascular disease, and cancer
[1]. An important underlying cause of obesity-induced
insulin resistance is chronic low-grade systemic inflamma-
tion which is originated predominantly in the visceral
fraction of fat depot [2]. Visceral adipose tissue (VAT) is a
heterogeneous tissue composed of pre-adipocytes, adipo-
cytes, and immune cells [3] with the ability to produce
hormones and cytokines with pro-inflammatory/pro-hyper-
glycemic (leptin, resistins, TNF-α, IL-1β, and IL-6) and
anti-inflammatory/anti-hyperglycemic (omentin, adipo-
nectin) actions [4]. At the cellular level, inflammatory burst
may involve the phosphorylation of the transcription factor
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NF-κB [5, 6] which causes an increase in the gene
expression of TNFα and IL-6, both implicated in the
development of obesity-induced insulin resistance [4].

On the other hand, insulin resistance is defined as the
impairment of the insulin signaling, namely insulin receptor
(IRβ)/IRS-1/PI3K/Akt pathway, in insulin-responsive cells
such as adipocytes [7]. Among insulin signaling regulators,
protein phosphatases play an important role [8]. It is well
recognized that protein tyrosine phosphatase 1B (PTP1B)
attenuates insulin signaling transduction by removing Tyr
phosphates from the activated insulin receptor and IRS-1 [9,
10]. Interestingly, mice lacking PTP1B showed increased
insulin sensitivity, suggesting that insulin signaling can be
enhanced by PTP1B inhibition [11].

The implementation of multiple pharmacological and
non-pharmacological interventions with the aim of
improving low-grade chronic inflammation, glycemic con-
trol, as well as DM2 complications is encouraged. In this
regard, the consumption of food containing bioactive
components has been considered as a new and promising
approach in the prevention and management of such con-
ditions [12–15]. An increasing number of epidemiological
evidence has shown that diets rich in food with high content
of phytochemicals, particularly polyphenols, may reduce
complications linked with obesity [16, 17], supporting their
use as nutraceuticals and supplementary treatments for
insulin resistance, inflammation, and DM2 [12, 18].

Among polyphenols, anthocyanins (ACNs) are flavo-
noids of great nutritional interest because of their high daily
intake [19]. At physiological pH (such as in the blood-
stream), ACNs easily convert to protocatechuic acid (PCA),
a main metabolite of ACNs, which is also abundantly
formed and absorbed in the large intestine after microbial
metabolization [20]. A strong body of evidence supports the
biological activity in vitro of PCA as an antioxidant and
insulin-mimetic molecule in different biological models
[21–23]; however, the ability of PCA to modulate insulin
responsiveness and inflammation in pathological conditions
such as obesity has not been demonstrated yet. Therefore,
the aim of this study was to evaluate the effect of PCA on
insulin signaling, PTP1B activity, and inflammation in VAT
from obese (OB) subjects compared to VAT from normal
weight (NW) individuals.

Materials and methods

Materials

Dulbecco’s modified Eagle’s medium (DMEM) was pur-
chased from Flow Laboratories (Irvine, UK); glutamine and
antibiotics were from Hyclone (Cramlington, UK). Insulin
was from Sigma (St Louis, MO, USA). PCA was purchased

from Sigma-Aldrich (St. Louis, MO, USA). Electrophoresis
reagents were from Bio-Rad (Hercules, CA, USA). Anti-
IRS-1 (catalog number sc-7200), anti-GLUT4 (catalog
number sc-53566), anti-p65 NF-κB (catalog number sc-
8008), IL-1β (catalog number sc-52865) and horseradish
peroxidase-conjugate anti-goat (catalog number sc-7020),
and anti-rabbit (catalog number sc-2357) antibodies were
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Horseradish peroxidase-conjugate anti-mouse (catalog
number 172–1011) antibody was from Bio-Rad (Kidling-
ton, UK). Anti-Akt (catalog number 2920S), anti-phospho
Akt Ser 473 (catalog number 4060S), anti-IRβ (catalog
number 81764), anti-phospho p65 NF-κB Ser536 (catalog
number 3033S) antibodies were from Cell Signaling
Technology (Beverly, MA, USA). Antibody against PTP1B
(catalog number Ab2009) was purchased from Abcam
(Cambridge, United Kingdom). Anti-phospho Tyr 608 IRS-
1 (catalog number 09-432) and anti-β-actin (catalog number
MABT826) antibodies were from Merck-millipore (Teme-
cula, CA, USA). ELISA Kit for IL-6 was from Biolegend
(San Diego, CA, USA) and Tyrosine Phosphatase Assay
System from Promega (Madison, WI, USA).

Human VAT

VAT was collected from anesthetized female individuals.
NW subjects (n= 6, age 45–75, BMI ≤ 25.0) underwent
abdominal surgery or laparoscopy for benign conditions
(i.e., gallbladder disease without icterus, umbilical hernia,
uterine fibromatosis) while OB individuals (n= 8, age
30–55 years, BMI > 30) underwent abdominal bariatric
surgery or surgery for pancreatic, duodenum, and bile duct
diseases. The sample size was determined on the basis of
preliminary data collected from a similar population, to
detect with a negative binomial test significant differences
between the two groups with a power of 80%, and a 5%
significance level.

Exclusion criteria were: steroidal and non-steroidal anti-
inflammatory therapies, hormonal substitutive or contra-
ceptive therapy, hormonal therapy for any thyroid dys-
functions, drugs or alcohol abuse, diabetes mellitus, chronic
renal failure, cancer, pregnancy, mental disability. The
sampling was performed at the same site with the patient in
anti-Trendelenburg position (25° head up) with the surgeon
standing between the legs. The biopsies were obtained by
monopolar electrocautery or harmonic scalpel. The standard
sampling was considered 2 × 2 cm avoiding bleeding and
other possible contamination. The study protocol has been
approved by the Ethics Committee of the Istituto Superiore
di Sanità, the Italian National Institute of Health. All the
subjects were volunteers and gave their informed consent
according to the Italian law on this matter (Legislative
Decree of the Italian Ministry of Health, January 25, 2001,
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published in the Official Gazette of April 3, 2001). Rough
blood vessels and connective tissue were removed from the
VAT samples prior to utilization for experimental treat-
ments. The experiments were carried out employing 200 mg
of VAT cut in pieces of 50 mg, each incubated in DMEM as
described below. The experiments with ELISA kits were
performed in duplicate.

Treatment of VAT

To define the experimental conditions, we carried out pre-
liminary trials, incubating 200 mg of VAT cut in pieces of
50 mg each with different concentration of the polyphenol
(1–150 μmol/L) for different times in order to choose the
best concentration. Such concentrations of PCA are in the
same order of magnitude to those found in human plasma
after the intake of a cranberry juice [24, 25]. In order to
reproduce the situation that can occur in vivo through the
daily consumption of polyphenol-rich food, we decided to
keep VAT exposure to PCA for 24 h. The dose–response
curve of the effect of PCA on glucose uptake showed that
100 µmol/L was the lowest concentration that induced a
significant increase (p < 0.05) in glucose uptake compared
to those tissues untreated with PCA (data not shown). Two-
hundred milligrams of VATs cut in four equal pieces from
OB and NW subjects incubated with PCA at 100 μmol/L for
24 h were designated as PCA-treated tissues. Untreated
VATs were considered as control. Additionally, tissues
were acutely insulin-stimulated. As first approach, a dose-
response curve evaluating insulin-stimulated Akt phos-
phorylation was carried out in NW-VAT in order to deter-
mine the lowest insulin concentration that significantly
increased Akt phosphorylation compared to unstimulated
samples (p < 0.05; data not shown). A concentration of
insulin of 20 nM for a 20-min stimulation was chosen. After
corresponding treatments, an aliquot of medium from 200
mg of VAT samples was frozen for future adipocytokine
determination and tissues were washed in phosphate buffer
saline solution and lysed in lysis buffer in order to obtain
whole-cell extracts for further analyses as previously
described [26].

Western blotting

Immunoblotting analyses were carried out from whole-cell
extracts prepared from 200 mg of tissues using specific
antibodies for IRβ, phospho-IRS-1, IRS-1, phospho-Ser-
Akt, Akt, phospho-p65 NF-κB, p65 NF-κB, PTP1B, IL-1β,
adiponectin. Whole-cell lysates from VAT were boiled with
Laemmli sample buffer for 5 min, resolved by 12% SDS-
PAGE, and transferred onto nitrocellulose membranes.
Blots were treated with appropriate secondary antibodies
conjugated with horseradish peroxidase followed by ECL

detection (Amersham Bio-Sciences, Buckinghamshire,
UK). Equal loading of proteins was verified by immuno-
blotting with a mouse anti-β-actin antibody. Densitometric
analysis was performed using a molecular imager FX (Bio-
Rad, Hercules, CA, USA).

Adipocytokine measurements

Adiponectin and IL-1β determination from culture media
was assessed by Western blot; data were normalized for
protein content. Evaluation of protein secretion from adi-
pose tissue explants by Western blotting has been pre-
viously described as a suitable approach to measure the
release of protein factors by adipose tissue [27]. IL-6
secretion was evaluated using a commercial ELISA kit from
Biolegend (San Diego, CA, USA) according to manu-
facturer’s instructions. Data were normalized for mg of
tissue.

Insulin-resistant model in VAT from lean individuals

NW-VATs were used to establish an insulin-resistant model
induced by exposing the cells to high glucose concentration.
To achieve this aim, we carried out preliminary trials by
incubating 200 mg of NW-VAT samples with different
concentration of glucose (20–50 mM) for 24 h; 30 mM
glucose was chosen as the lowest glucose concentration that
significantly (p < 0.05) impaired insulin-stimulated Akt
phosphorylation compared to untreated tissues exposed to 5
mM glucose (data not shown). Mannitol was used as
osmotic control. Then, to evaluate the effect of PCA on this
model, four experimental conditions were evaluated in
equal amount of NW-VAT as described above: (i)
untreated, (ii) 100 µM PCA for 24 h, (iii) 30 mM glucose for
24 h, (iv) 100 µM PCA (1 h before and along subsequent 24
h glucose treatment)+ 30 mM glucose (24 h). Additionally,
an acute insulin-stimulation was performed on each condi-
tion as stated above. Unstimulated and insulin-stimulated
phosphorylation of Tyr-IRS-1 and Ser-Akt was assessed by
Western blotting as previously described.

PTP1B enzymatic activity

PTP1B specific activity was determined in whole cell lysates
from 200mg of tissue using a non-radioactive Tyrosine
Phosphatase Assay System Kit from Promega (Madison,
WI, USA) according to the manufacturer’s instructions.

Statistical analysis

The results are expressed as means ± SEM. Experiments
were performed at least in four different individuals ran-
domly chosen from the 14 recruited subjects. Comparisons
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between two groups were carried out by Student’s t test.
Differences were considered significant when p < 0.05.

Results

OB-VAT showed different insulin signaling
activation, inflammatory molecule expression, and
PTP1B activity compared to NW subjects

First, we evaluated whether protein expression of molecules
involved directly or indirectly with insulin pathway was
deregulated in the visceral fraction of adipose tissue of OB
individuals compared to lean subjects. To this purpose,
protein expression of insulin signaling molecules, were
studied. The results showed 52% and 43% reduction in IRS-
1 and GLUT4 protein levels, respectively, in VAT samples
from OB individuals compared to NW tissues (see Table 1).
Interestingly, the protein expression of the phosphatase
PTP1B, involved in the regulation of insulin signaling, was
three times higher in VAT tissues from OB subjects com-
pared to NW. Neither Akt and IRβ content nor PTP1B
activity showed significant differences between VAT
groups (Table 1 and Supplementary Information, respec-
tively). Regarding inflammatory signals in VAT, we eval-
uated the activation of the inflammatory NF-κB
transcription factor and adipocytokine secretion. Our data
provide evidence of a higher p65 NF-κB phosphorylation
level in OB-VAT than NW-VAT, despite similar protein
expression of p65 NF-κB (see Table 1). Furthermore, adi-
ponectin secretion into the culture media was significantly

lower (43% reduction) in OB-VAT compared to NW-VAT
(Table 1), while IL-6 showed a significant higher secretion
(45%), from OB-VAT compared to NW-VAT (Fig. 1).

Effect of PCAon NW- and OB-VAT

Taking into account the evidence showing that PCA can be
taken up by adipose cells and it is able to upregulate insulin
signaling [23], next, we assessed whether PCA had similar
effects in VAT. To that aim, VAT samples from NW and
OB individuals were treated or not with PCA as described
in Materials and Methods. Protein expression of insulin
pathway molecules (IRβ, IRS-1, Akt, GLUT4) assessed in
the current study was not affected by the treatment with
PCA either in NW- or OB-VAT (Table 2). However, as
phosphorylation of specific amino acid residues represents a
common mechanism for activating intracellular signaling
proteins, we assessed the insulin-stimulated phosphoryla-
tion of two main components of insulin pathway, namely
IRS-1 and Akt by PCA in VAT. Interestingly, when OB-
VATs were stimulated by insulin, no increases in the
phosphorylation of IRS-1 and Akt were observed showing
the insulin resistance of OB-VATs. Nonetheless, when OB-
VATs were pre-treated with PCA, the response to insulin
increased significantly as showed by the higher levels of
phospho-IRS-1 and phospho-Akt after insulin stimulation
(Fig. 2b). Worthy of note, tissues from NW subjects did not
show the same behavior, demonstrating a specific effect of
PCA on OB tissues (Fig. 2a).

On the basis of these findings showing impaired response
to insulin in OB-VAT and the ability of PCA in increasing
insulin responsiveness, we decided to test whether NW-
VAT exposed to high glucose concentration may become
insulin-resistant, and whether a pre-treatment with PCA
may overcome this situation. In order to verify this
hypothesis, firstly we established an insulin-resistant model

Table 1 Protein levels of inflammatory and insulin signaling
molecules in NW- and OB-VATs

Fold increase versus NW NW OB

(Mean ± SEM) (Mean ± SEM)

pIRS/IRS-1 1.00 ± 0.18 3.28 ± 1.85

pAKT/AKT 1.00 ± 0.21 1.13 ± 0.45

IRS-1/β-actin 1.00 ± 0.04 0.48 ± 0.14*

AKT/β-actin 1.00 ± 0.11 0.92 ± 0.14

IR/β-actin 1.00 ± 0.16 1.07 ± 0.25

GLUT4/β-actin 1.00 ± 0.09 0.57 ± 0.21*

PTP1B/β-actin 1.00 ± 0.23 3.00 ± 0.65*

NF-κB/β-actin 1.00 ± 0.16 1.20 ± 0.51

pNF-κB/NFκB 1.00 ± 0.13 1.92 ± 0.22*

Culture media

Adiponectin 1.00 ± 0.08 0.57 ± 0.12*

IL-1β 1.00 ± 0.15 1.17 ± 0.24

Protein expression was evaluated by Western blot as described in
Materials and Methods. Results are depicted as fold increase versus
NW. The data are means of six independent experiments ± SEM

*p<0.05 versus NW

Fig. 1 IL-6 secretion of NW- and OB-VATs. IL-6 secretion was
evaluated by ELISA and data were corrected for mg of tissue as
described in Materials and Methods. The data are means of five
independent experiments ± SEM performed in duplicate; *p < 0.05
versus NW
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in VAT from lean individuals as described in the Methods
section. Secondly, we evaluated whether the treatment with
PCA before (1 h) and along glucose exposure (24 h) coun-
teracted high glucose effects on insulin-stimulated phos-
phorylation of Tyr-IRS-1 and Ser-Akt. As Fig. 3 shows,
when VAT samples were incubated with 30 mM glucose
and insulin-stimulated, both phospho-IRS-1 and phospho-
Akt were lower with respect to tissues only stimulated with
insulin. Hence, from these results we corroborated that our
experimental condition by using high glucose treatment
induces insulin-resistance in VAT from NW subjects.
Additionally, PCA-treated NW-VAT increased insulin-
stimulated phospho-IRS-1 and phospho-Akt to a similar
extent than tissues stimulated with the hormone alone.
Interestingly, the pre-treatment with PCA prior and along
high glucose exposition restored the ability of VAT to
increase insulin-stimulated phosphorylation of IRS-1 and
Akt, showing a similar behavior than tissues treated with
insulin alone. No differences in total protein content were
found for IRβ, IRS-1, Akt, and GLUT4 between the four
experimental conditions (data not shown).

Effect of PCA on PTP1B

The above results showing a role for PCA in modulating
phosphorylation in OB-VAT, together with data from lit-
erature exhibiting an inhibitory action exerted by plant
polyphenols on protein phosphatases such as PTP1B [28,
29], led us to hypothesize that PCA might modulate IRS-1
and Akt phosphorylation by affecting PTP1B activity. In
order to verify this hypothesis, we firstly investigated the
protein level of PTP1B in adipose tissues untreated and
treated with PCA showing no differences in its expression
in both NW- and OB-VAT (Table 2). Successively, we
investigated whether PCA might modulate PTP1B activity.
To that aim, we assessed PTP1B activity in NW and OB
samples incubated with PCA, reporting a reduction in
PTP1B activity in OB-VATs treated with PCA compared to
the untreated ones (Table 2).

Effect of PCA on inflammation

Because of the central role played by inflammation in
modulating insulin sensitivity, we evaluated whether PCA
affected the NF-κB pathway as well as the secretion of
adipocytokines in VAT. To this purpose, we incubated
VAT samples from NW and OB with PCA and assessed: (i)
p65 NF-κB total protein content and its phosphorylation on
Ser536 by Western blot and (ii) adiponectin, IL-1β and IL-6
secretion by Western blotting or ELISA as described in
Materials and Methods section. PCA treatment reduced p65
NF-κB protein expression and its phosphorylation only in
OB-VAT samples (Table 2).

Regarding the secretory activity of VAT, PCA induced
the upregulation of adiponectin secretion and diminished
IL-1β in NW-VAT samples (Fig. 4a), while IL-6 secretion
was significantly reduced by PCA treatment in VAT from
OB individuals (Fig. 4b).

Discussion

The present work intends to complement previous
reports from our group which have demonstrated the
biological activity of PCA, the major metabolite of
dietary polyphenols, in stimulating insulin signal in
murine and human adipocytes [22, 23]. Specifically, this
study provides new evidence about the beneficial role
of this phenolic acid on insulin pathway activation as well
as on inflammation in VAT from OB individuals.
Moreover, it suggests a possible role for the phosphatase
PTP1B on insulin responsiveness of such tissues. Finally,
we provide evidence of the counteracting effect of PCA
against insulin resistance in VAT exposed to high glucose
concentration.

Table 2 Effect of PCA on protein expression and enzymatic activity in
NW- and OB-VATs

Normal weight

Untreated PCA

Fold increase versus control (Mean ± SEM) (Mean ± SEM)

IRS-1/β-actin 1.00 ± 0.20 1.77 ± 0.5

IR/β-actin 1.00 ± 0.11 1.67 ± 0.5

Akt/β-actin 1.00 ± 0.10 1.01 ± 0.2

GLUT4/β-actin 1.00 ± 0.23 0.95 ± 0.2

PTP1B/β-actin 1.00 ± 0.19 1.11 ± 0.50

pNF-κB/NF-κB 1.00 ± 0.25 0.86 ± 0.29

NF-κB/β-actin 1.00 ± 0.33 1.41 ± 0.60

PTP1B enzymatic activity 1.00 ± 0.20 1.05 ± 0.27

Obese

Untreated PCA

Fold increase vs control (Mean ± SEM) (Mean ± SEM)

IRS-1/β-actin 1.00 ± 0.13 0.92 ± 0.3

IR/β-actin 1.00 ± 0.09 0.72 ± 0.3

Akt/β-actin 1.00 ± 0.14 0.73 ± 0.2

GLUT4/β-actin 1.00 ± 0.09 1.22 ± 0.6

PTP1B/β-actin 1.00 ± 0.33 1.90 ± 0.69

pNF-κB/NF-κB 1.00 ± 0.06 0.77 ± 0.09*

NF-κB/β-actin 1.00 ± 0.11 0.48 ± 0.12*

PTP1B enzymatic activity 1.00 ± 0.10 0.76 ± 0.014*

Protein expression and specific activity were assessed as described in
Materials and Methods section. Results are depicted as fold increase
versus untreated. The data are means of four to six independent
experiments ± SEM

*p< 0.05 versus untreated

2016 P. Ormazabal et al.



To our knowledge, this is the first study demonstrating
the ability of PCA to restore the impaired capacity of OB-
VAT to raise phospho-IRS-1and phospho-Akt after an acute
insulin stimulation. The capability of PCA to overcome this
signaling deregulation in OB-VAT may have potential
therapeutic implications for obesity-associated insulin
resistance.

In adipocytes, insulin resistance is attributed to post-
insulin receptor defects making IRS-1 and Akt appropriate
candidates to study insulin pathway alterations [30]; thus, in
the current investigation, increases in insulin-induced IRS-1
and Akt phosphorylations were interpreted as the ability of
the tissue to respond to the hormone in relation to unsti-
mulated VAT. According to our previous results, PCA
shows an insulin-like activity in human visceral adipocytes.
The absence of an insulin-mimetic action or an additive
effect observed in NW-VAT incubated with PCA might be
explained, at least in part, by the nature of biological model
employed in the present research. As it was stated above,
VAT is not a homogeneous tissue, besides adipocytes, it
contains other cells, including preadipocytes, endothelial
cells, fibroblasts, and various immune cells [31]. Thus,
paracrine signals produced by the heterogeneous cell
population of VAT might influence the response showed by

adipocyte itself. On the other hand, it is believed that organ
culture offers substantial benefits over adipocyte culture
[32]. For instance, it is an accurate model for assessing
adipocyte function within adipose tissue as adipocyte-
specific gene expression is maintained [33–35], and most
importantly, the model of adipose explant culture appears to
correlate well with in vivo effects [31].

Potential efficacy of polyphenols in improving metabolic
and/or cardiovascular morbidity and mortality, as well as
carbohydrate metabolism and glucose homeostasis, has
been investigated in vitro, animal models, and some clinical
trials [36]. Among polyphenols, ACNs have been con-
sidered one of the most interesting class of bioactive food
components that are rapidly metabolized ultimately leading
to the formation of phenolic acids and aldehydes [37].
Among them, PCA deserves great nutritional interest as
main human ACN metabolite that might reach tissues in
such an amount to exert biological healthy effects [38, 39].

Literature has reported that glucose concentrations close
to 50 mM have been found in the blood of patients with
uncontrolled diabetes. Notwithstanding, glucose levels in
patients are not likely to stay as high as 30 mM for 24 h, and
tissue damage occurs over many years of incalculable
hyperglycemic episodes [40, 41]. Therefore, the glucose

Fig. 2 Effect of PCA on IRS-1
and Akt activation in NW- and
OB-VATs. Insulin-stimulated
phospho-IRS-1 and phospho-
Akt in VAT untreated and
treated with PCA from a NW
and b OB individuals.
Phosphorylations were
evaluated by Western blot as
described in Materials and
Methods. Results are depicted as
fold increase versus
unstimulated VATs untreated
with PCA. The data are means
of six independent experiments
± SEM; *p < 0.05 versus
corresponding unstimulated
condition
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concentration used in this study seems reasonable for our
research scopes. On the other hand, it is well known that
chronic hyperglycemia frequently occurs in OB subjects
and is a characteristic of the diabetic condition. Moreover,
sustained hyperglycemia participates in insulin resistance of
insulin-sensitive tissues, which include adipose tissue,
raising the hypothesis of a “glucose toxicity” [42]. To our
knowledge, this is the first work establishing a high glucose
insulin-resistant human VAT model. Furthermore, we
demonstrated the ability of PCA to counteract in vitro
induced-insulin resistance. It is important to note that the
results depicted here do not allow us to define whether
insulin responsiveness improvement by PCA occurs
through amelioration of primary or secondary insulin

resistance induced by glucose-mediated oxidative and/or
endoplasmic reticulum stress. This finding might support
phenolic acid action in restoring the response to insulin in
OB-VAT.

Since PCA effects on VAT were mainly exerted on the
phosphorylation of insulin pathway molecules, we then
questioned whether this action might be related with the
activity of the protein phosphatase PTP1B. This enzyme is a
negative regulator of the insulin signaling pathway and
plays important roles during obesity and diabetes, reason
why it is becoming a promising drug target for the treatment
of T2D and at-risk OB [43]. The novel finding of a
reduction in PTP1B activity observed in OB-VAT after
PCA exposure well correlates with the evidence showing
that polyphenolic compounds from natural origin exhibit an
inhibitory activity on PTP1B in different experimental
models [44]. Hence, higher insulin-stimulated IRS-1 phos-
phorylation and, consequently, increased downstream acti-
vation of Akt might be related with attenuated PTP1B
activity found in PCA-treated OB tissues. Nonetheless,
further studies are needed to establish a possible relation-
ship between PTP1B activity and the phosphorylation of
insulin signaling molecules under these conditions. Fur-
thermore, this investigation provides interesting evidence of
an impaired protein expression of IRS-1, GLUT4, and
PTP1B in VAT from obese individuals compared to lean
subjects. These findings are well correlated with those from
Tinahones et al. for mRNA expression of such molecules
between both groups [45].

As regards the effects on inflammation, the finding that
PCA was able to significantly stimulate the secretion of
adiponectin, an anti-inflammatory and anti-diabetic mole-
cule, in VAT from lean individuals was of particular interest
and shows consistency with our previous results from iso-
lated human visceral adipocytes exposed to PCA [22].
Interestingly, protective effect of PCA on inflammation was
also accompanied by a lower secretion of IL-1β after PCA
treatment in VAT. This PCA-related reduction in the pro-
duction of IL-1β, a potent pro-inflammatory cytokine, is
coherent with the reduction found in LPS-induced acute
lung injury mice injected with PCA [46]. Therefore, much
attention has to be paid to anti-/pro-inflammatory adipocy-
tokines because of their relationship with insulin sensitivity,
glucose, and lipid metabolism [47].

Finally, our data demonstrating an inhibitory role for
PCA on phospho-NF-κB in OB-VAT might also be related
with the reduction in IL-6 since NF-κB is involved in the
control of the IL-6 expression, as it was mentioned
elsewhere.

Additionally, the higher activation of NF-κB found in
VAT from OB subjects compared to lean subjects might be
related to the enhanced IL-6 secretion observed in such
tissues. In particular, chronic systemic inflammation found

Fig. 3 Effect of high glucose on IRS-1 and Akt activation in NW-
VATs. Insulin-stimulated a phospho-IRS-1 and b phospho-Akt in
untreated, PCA, glucose and PCA+ glucose VATs. Phosphorylations
were evaluated by Western blot as described in Materials and Meth-
ods. Results are depicted as fold increase versus unstimulated VATs
under the untreated condition. The data are means of four independent
experiments ± SEM; *p < 0.05 versus unstimulated corresponding
condition; #p < 0.05 versus insulin-stimulated VATs under the
untreated condition
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in VAT of overweight and OB individuals is frequently
associated to an increased secretion of pro-inflammatory
cytokines such as IL-6. Indeed, the expression of IL-6 is
enhanced by the phosphorylation of the transcription factor
NF-κB leading to the binding of NF-κB to the promoter of
IL-6 gene [48]. Interestingly, the lower secretion of adipo-
nectin we observed in VAT samples from OB subjects
correlates well with data suggesting that adiponectin
expression decreases with increasing adiposity [49].

Among polyphenols, ACNs have been considered one of
the most interesting class of bioactive food components that
are rapidly metabolized ultimately leading to the formation
of phenolic acids and aldehydes [50]. In particular, at
physiological pH, ACNs easily convert to PCA [20, 25].
PCA is also abundantly formed and absorbed in the large
intestine because of microbial metabolization [51, 52]. This
may explain why high concentration of PCA (Cmax about
10 μM) has been found in plasma after ingestion of ACN-
rich juice [24]. However, it should be considered that the
bioavailability can be affected by “chronic” exposure to
polyphenols, as the daily consumption of ACN-rich food

can provide. Furthermore, the polyphenols might con-
centrate in the tissue microenvironment [53]. From this
point of view, the concentration of PCA tested in our
experiments, although higher than that reported after
ingestion of food rich in ACN, can be reached plausibly at
cellular level. On the other hand, our data indicated that
PCA, interacting with VAT for 24 h, modulates intracellular
activities despite having a half life (t1/2) of nearly 10 h [25].
Thus, although the physiological in vivo context in which
dietary polyphenols exert their influence is undoubtedly
much more complex than that available from an in vitro
system, it could be argued that, at least, micromolar con-
centrations of PCA, which are comparable to those achieved
in vivo following a Mediterranean type diet, can help fight
tissue impairment associated with obesity.

In conclusion, our work showed that PCA counteracts
insulin resistance and diminishes inflammation in VAT
during obesity by decreasing PTP1B activity. These find-
ings offer a novel insight into the beneficial effects of an
ACN-rich diet on the regulation of insulin-sensitivity, and
promote the potential application of those polyphenols

Fig. 4 Adipocytokine secretion
of NW- and OB-VATs untreated
and treated with PCA. a
Adiponectin and IL-1β secretion
to the culture media were
evaluated by Western blot as
described in Materials and
Methods. Results are shown as
fold increase versus untreated
condition. The data are means of
four independent experiments ±
SEM; b IL-6 secretion was
assessed by ELISA and data
were corrected for mg of tissue
as depicted in Materials and
Methods section. The data are
means of eight independent
experiments ± SEM performed
in duplicate; *p < 0.05 versus
VATs untreated with PCA
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toward the management of insulin resistance in obesity and
diabetes.
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