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Mediterranean Tomato-Based Sofrito Sauce Improves
Fibroblast Growth Factor 21 (FGF21) Signaling in White

Adipose Tissue of Obese ZUCKER Rats

Viviana Sandoval, Rosalia Rodriguez-Rodriguez, Ursula Martinez-Garza,
Cristina Rosell-Cardona, Rosa M. Lamuela-Raventds, Pedro F. Marrero, Diego Haro,*

and Joana Relat*

Scope: Obesity is a fibroblast growth factor 21 (FGF21)-resistant state. Since
FGF21 production and signaling are regulated by some bioactive dietary
compounds, we analyze the impact of Mediterranean tomato-based softito
sauce on: (i) the FGF21 expression and signaling in visceral white adipose
tissue (VWAT), and (ii) the insulin sensitivity of obese Zucker rats (OZR).
Methods and results: OZR are fed with a sofrito-supplemented diet or control
diet. Insulin sensitivity and FGF21 signaling are determined. We observed that
sofrito is able to improve the responsiveness to both hormones in obese rats.
Softrito-supplemented diet increases FGF21 signaling in vWAT by inducing the
expression of the FGF receptors (FGFR1 and FGFR4) that promotes the
expression of canonical target genes, like Egr-1, c-Fos and uncoupling protein
1 (Ucpl).

Conclusions: A softito-supplemented diet improves insulin and FGF21
sensitivity in OZR, explaining part of softito’s healthy effects on glucose
metabolism. In addition, induction of UCP1 and the unchanged body weight
despite the hyperphagic behavior of the sofrito-fed rats suggests that the
increase in FGF21 signaling correlates with an increase in energy expenditure
(EE). Further studies in humans may help to understand whether sofrito
consumption increases the EE in obese individuals.

as obesity, type 2 diabetes, or metabolic
syndrome due to its beneficial effects
on glucose/lipid homeostasis and body
weight control by increasing energy ex-
penditure (EE) and inducing, at least
in part, browning and uncoupling pro-
tein 1 (UCP1) overexpression in adi-
pose tissues.'™ Pharmacological infu-
sion of FGF21 in different genetic or diet-
induced animal models of obesity or dia-
betes causes an improvement in insulin
sensitivity, a reduction in glucose and
serum lipids levels, and weight loss.™!

FGF21 shows endocrine, paracrine,
and autocrine properties and its target
tissues are essentially white and brown
adipose tissue (WAT, BAT), skeletal mus-
cle, heart, and brain. FGF21 is predom-
inantly produced by the liver but also
by other tissues, such as WAT, BAT,
skeletal muscle, and pancreas!’®!¥ in re-
sponse to different stimuli such as cold!"
and different nutritional challenges.!*"!
The effects of FGF21 on its target tis-
sues occur through the fibroblast growth

1. Introduction

Fibroblast Growth Factor 21 (FGF21) or derivatives are promising
therapeutic agents for the treatment of metabolic diseases such

factor receptor (FGFR) together with the co-receptor B-klotho
(KLB).I®71 Tt has been proposed that obesity is an FGF21-
resistant state due to a downregulated expression of FGFRs and
KLB that impairs FGF21 signaling.'®!% Most of the data show
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that pharmacological administration of FGF21 has beneficial
metabolic effects; a remaining question is whether it is possible
to restore the endogenous FGF21 signaling in obese people to
improve their metabolic parameters and reduce the risk of devel-
oping obesity-associated pathologies.

The Mediterranean diet as part of a lifestyle is considered a
model of healthy eating, with protective properties in terms of
morbidity and mortality from different metabolic diseases.?*-?%
The health-promoting effects of this diet have been in part at-
tributed to a high intake of bioactive dietary compounds, such
as polyphenols and carotenoids present in high amounts in
fruits, vegetables, cocoa, and some beverages such as tea, cof-
fee, or wine. Various epidemiological studies show that their reg-
ular consumption is associated with many beneficial effects on
metabolic diseases.l?223] Several lines of evidence support the no-
tion that polyphenol-rich diets play a key role in regulating lipid
and glucose metabolism and are thus pivotal in the prevention
and treatment of pathologies related to energy homeostasis.?*2’)
Besides polyphenols, consumption of lycopene, a bioactive com-
pound that belongs to the carotenoid family, or tomato extracts as
a lycopene source, has been related to healthy effects in cardio-
vascular diseases (CVD), diet-induced obesity (DIO), metabolic
disorders, inflammation, and adiposity.?

Within the Mediterranean diet, tomato and tomato sauces are
typical and sofrito is one of the most consumed. Sofrito is a cooked
sauce made with tomato, onion, olive oil, and in some cases
garlic, which, due to its composition and cooking method (me-
chanical and thermal treatments), has a high bioavailable con-
tent of diverse bioactive compounds that includes carotenoids
such as lycopene and polyphenols belonging to different chemi-
cal groups.B!=37

In terms of the healthy properties of bioactive dietary com-
pounds, one of the most important questions concerns the
molecular mechanism by which they exert their beneficial effects.
It has been recently described that in various rodent models of
DIO there exists a positive correlation between the beneficial ef-
fects of polyphenol-rich fruit extracts and FGF21 activity due to an
induction of FGF21 levelsi*®3% or an improvement of the FGF21
signaling by increasing the expression of FGF21 receptors and
KLB.## Taking into account softito’s rich bioactive compound
content, here we analyzed the impact of a regular consumption
of sofrito on insulin sensitivity in an obese rat model and iden-
tified FGF21 signaling as a mechanism by which sofrito could
exert, at least in part, its healthy effects. This work is closely re-
lated to a previous one where the authors described that sofrito
protects against vascular alterations that could precede major car-
diometabolic complications in obesity.*?

2. Experimental Section

2.1. Animals and Diets

The animal procedures used in this article were previously de-
scribed in Rodriguez-Rodriguez et al.* Briefly, 8-week-old male
obese Zucker rats (OZR) were randomly divided into two groups:
(1) OZR fed a chow diet (CD) (n = 7); and (2) OZR fed a sofrito-
supplemented diet (CD with sofrito 2% (w/w) (n = 8)). We used
8-week-old male lean Zucker rats (LZR) fed a CD as initial con-
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trol (n = 7). Chow diet (Teklad Global 2018) was provided by Har-
lan Laboratories (Milan, Italy) and sofrito by Gallina Blanca-Star
(Barcelona, Spain). Sofrito’s nutritional composition is described
in Supporting Information Table S1. The percentage of sofrito
supplementation (2%) was calculated considering a human con-
sumption of one serving of sofrito per day with the meals and the
lycopene content in liver was used as a biomarker of sofrito intake.

Body weight and food intake were evaluated weekly. After 8
weeks of nutritional intervention, animals were sacrificed and
blood samples, liver, and visceral adipose tissue (vWAT: perire-
nal and retroperitoneal) were collected. The protocol for animal
handling and experimentation was approved by the Committee of
Ethical Experimentation of the University of Barcelona (557/16).

2.2. Serum Measurements

FGF21 in serum samples was measured with a mouse/rat FGF21
ELISA (ref. EZRMFGF21-26K) obtained from EMD Millipore
(Germany). The assay was conducted following the manufac-
turer’s protocol. Briefly, a calibration curve was constructed by
plotting the difference in absorbance values at 450 and 590 nm
versus the FGF21 concentrations of the calibrators. Concentra-
tions of unknown samples (performed in duplicate) were deter-
mined using this calibration curve. The Millipore’s protocol in-
dicates that the lower limit of sensitivity is 10.0 pg mL™! and the
measurement error in the range of concentration of our samples
is 6%.

2.3. Insulin Tolerance Test

Before the end of the treatment, insulin tolerance test (ITT) was
performed on rats after fasting for 3 h. Blood samples were col-
lected from the tail vein before and after 30, 60, and 120 min
of insulin intraperitoneal administration (0.75 U kg™ insulin so-
lution, Sigma-Aldrich Chemical Co, USA). Plasma glucose con-
centration was determined using a blood glucose commercial
monitoring meter (Contour NEXT, Bayer, Spain). The area under
the glucose curve (AUC) was calculated using Prism GraphPad
5.01 software.

2.4. RNA Isolation and Relative Quantitative RT-PCR (qRT-PCR)

Total RNA was extracted from the frozen tissues using total RNA
isolation (TRI) reagent solution (AM9738, ThermoFisher Sci-
entific, USA) followed by DNase I treatment (AM1906, Ther-
moFisher Scientific, USA). To measure the relative mRNA lev-
els, qRT-PCR was performed using SYBR Green or TagMan
probes. cDNA was synthesized by MMLYV reverse transcriptase
(28025021, ThermoFisher Scientific, USA) with random hex-
amers (11034731001, Roche Diagnostics, Germany). The Taq-
Man Gene Expression Master Mix (4369514) and SYBR Green
PCR Master Mix (4364344), supplied by ThermoFisher Scientific
(USA), were used for the PCR step. Amplification and detection
were performed using the BioRad CFX96 touch (BioRad, USA).
18S and beta-actin were used to normalize the mRNA levels. The
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Figure 1. Insulin resistance is attenuated by sofrito-supplemented diet in
OZR. A) ITT showing plasma glucose after intraperitoneal administration
of insulin (0.75 U kg™") in lean control rats, obese control rats, and obese
sofrito-supplemented rats after 7 weeks of diet administration. B) AUC of
glucose levels. Data are presented as the mean & SEM. ***p < 0.001
versus lean control rats; #p < 0.05 versus obese control rats. (n = 6—

&/group).

primer sequences or Tagman Probes used are shown in sup-
plemental information (Supporting Information Table S2). Re-
sults were obtained by the relative standard curve method and
expressed as fold increase compared to the experimental control.

2.5. Data Analysis/Statistics

All data are expressed as mean + SEM. The gene expression as-
says are expressed as mRNA relative levels and referred to 1 as-
signed to LZR control or OZR control, as indicated. Significant
differences were assessed by a two-tailed Student’s t-test.

3. Results and Discussion

3.1. Insulin Resistance is Attenuated by Sofrito
Supplemented-Diet in OZR

Obesity is usually associated with insulin resistance and glucose
intolerance. OZR showed increased levels of blood glucose and
those values are not significantly changed by a CD supplemented
with soffito.*! To test the effect of sofrito on insulin sensitivity we
performed an ITT with the different experimental groups. Both
groups of OZR showed insulin resistance as demonstrated by a
significant increase in the AUC (Figure 1A) compared to LZR,
whereas the sofrito-supplemented diet was capable of partially
counteracting this insulin resistance in OZR (Figure 1B).

3.2. FGF21 Serum Levels are not Influenced by Sofrito
Taking into account that FGF21 and bioactive dietary compounds
are both described as beneficial signals for insulin sensitivity, we

decided to evaluate the role of FGF21 expression and signaling
on the insulin sensitizing effect of sofrito on OZR. We analyzed
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Figure 2. FGF21 serum levels are increased in obese phenotype due to
higher expression in liver and vWAT but not influenced by sofrito. A) FGF21
protein levels (pg/mL) were measured by ELISA in plasma of lean con-
trol rats, obese control rats, and obese sofrito-supplemented rats. B) The
mRNA relative levels of Fgf21 were measured by qRT-PCR in liver and vWAT
of lean control rats, obese control rats and obese sofrito-supplemented
rats. Data are presented as the mean £+ SEM. *p < 0.05, **p < 0.01,
*#*%p < 0.001 versus lean control rats; #p < 0.05 versus obese control
rats (n = 6-8/group).

the FGF21 protein levels in serum by an ELISA assay. The serum
levels of FGF21 are higher in both groups of OZR than the cor-
responding littermates (LZR) (Figure 2A). These results are in
accordance with previously published studies that have shown
increased FGF21 serum levels compared with normal weight lit-
termates in several models of obesity.[!84344

In this case, the FGF21 levels detected in OZR fed the sofrito-
supplemented diet were almost the same as those in the obese
control rats, indicating that sofrito is not able to modify the circu-
lating levels of FGF21. Itis worth mentioning that the circulating
levels of FGF21 in healthy individuals (LZR) were undetectable.
These results reinforce the idea that FGF21 production is directly
related to metabolic stress conditions such as obesity.

To determine the source of FGF21 in OZR we determined
the expression levels of FGF21 in the liver and vWAT as one
of the main target tissues of obesity. Figure 2B shows the rel-
ative mRNA levels of FGF21 in the liver and vWAT. Contrast-
ing with the unchanged circulating levels of FGF21, OZR fed
with the sofrito-supplemented diet showed a significant reduc-
tion in the mRNA levels of FGF21 in the liver. In vWAT we
observed that in both OZR groups the relative mRNA levels of
FGF21 were twofold higher than in LZR. These results high-
light that an extra hepatic production of FGF21 could be, at least
in part, responsible of the higher FGF21 circulating levels de-
tected in OZR. Tissue-specific knockout models would be neces-
sary to elucidate the source of FGF21 under different nutritional
conditions.

Since the production of FGF21 is not modified by sofrito, we
studied the FGF21 signaling as the presumed molecular path-
way responsible for the health benefits of sofrito on glucose
metabolism. As the effects of sofrito on insulin sensitivity were
observed only in OZR, the next experiments were performed only
with those rats.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. FGF21 signaling is improved in vVWAT of OZR fed with a sofrito-
supplemented diet. The mRNA relative levels of Fgf21 receptors (Fgfrl,
Fgfr4, KIb) A) and the mRNA relative levels of the target genes of the FGF21
signal transduction pathway (Egr1 and c-Fos) B) were measured by qRT-
PCR in vVWAT of obese control rats and obese sofrito-supplemented rats.
Data are presented as the mean & SEM. #p < 0.05 ##p < 0.01 versus
obese control rats. (n = 6-8/group).

3.3. FGF21 Signaling is Improved in vWAT of OZR Fed with a
Sofrito-Supplemented Diet

FGF21 signaling requires the dimerization of the FGFR and KLB
and the sensitivity of a tissue or organ to FGF21 is directly de-
pendent on the coexpression of both receptors. In DIO mice, the
FGF21-resistant state implies an attenuated responsiveness in
the liver and WAT as a result of a reduction in FGFR1, FGFR4,
and/or KLB levels.'3%4% We tested the FGFR1, FGFR4, and KLB
expression in the liver and vWAT. Figure 3A shows that the ex-
pression of FGFR1 and FGFR4 were significantly increased in
rats fed with the sofrito-supplemented diet compared to obese
control rats, and although KLB expression did not reach statisti-
cal significance it shows a tendency to increase. The mRNA levels
of the receptors in the liver were unchanged by sofrito (data not
shown).

Taken as a whole, our data led us to hypothesize that sofrito
restores the FGF21 signaling in OZR, overcoming the FGF21-
resistant state characteristic of obesity. These results were in
accordance with previously published data demonstrating that
polyphenols or polyphenols-enriched foods are able to increase
the expression of FGF21 receptors.*041]

To confirm the impact of sofrito on the FGF21 signaling path-
way we analyzed the mRNA levels of the FGF21 target genes c-
Fos and Egr-1 in vWAT. The expression of c-Fos and Egr-1 were
significantly induced in rats fed with the sofrito-supplemented
diet compared to the obese control rats (Figure 3B). This induc-
tion represents a direct measurement of FGF21 signaling and
tissue responsiveness and led us to confirm the capacity of sofrito
to improve the sensitivity of vWAT to FGF21 in OZR.

3.4. Sofrito Induces UCP1 Expression in the vWAT of OZR
During the nutritional intervention with sofrito, the body weight

and food intake of the rats were recorded. As previously de-
scribed, the caloric intake (Kcal d! per rat) and body weight
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of OZR were higher than in LZR (Supporting Information Fig-
ure S1); curiously, while the caloric intake was also significantly
increased by the inclusion of sofrito in OZR’s diet (Supporting
Information Figure S1A), there were no changes in their body
weight (Supporting Information Figure S1B). Looking for an
explanation for the above-mentioned profile of OZR fed with
sofrito-supplemented diet compared to control OZR we hypoth-
esized that the differences could be due to changes in EE. It is
well-known that FGF21 administration leads to a reduction in
body weight through increased EE.*”] Concretely, the injection
of FGF21 increases thermogenic capacity by stimulating the ex-
pression of UCP1 and type 2 iodothyronine deiodinase protein
2 (DIO2) in BAT, and UCP1 in WAT, where it produces the so-
called browning process.®*% Because UCP1, an FGF21 target
genel>* has been linked to EE, we analyzed the UCP1 expression
in the vWAT collected from OZR. The mRNA levels of UCP1 are
increased in the vVWAT of sofrito-supplemented rats compared to
control rats (Figure 4), suggesting an effect of sofrito on the induc-
tion of browning. The process of browning causes the change
of white adipocytes to beige/brite adipocytes, which are greater
energy consumers, and this could explain the unchanged body
weight of the hyperphagic OZR fed the sofrito-supplemented diet
despite they were consuming more calories. We also analyzed
pRDM16, PGC1b, and PPARg expression levels but no signifi-
cant changes were observed.

Our data indicate that sofrito modulates FGF21 signaling with-
out modification of FGF21 expression. The effect of sofrito on
Egr-1, c-fos, and UCP1 expression indicate that FGFR expres-
sion renders a more active signaling receptor complex. Recently,
it has been described the role of miRNA34a in downregulation
of FGFR1 and KLB levels in adipocytes.”” However, there are
no differences in the miRNA34a expression between OZR and
OZR rats fed with sofrito-supplemented diet (data not shown).
As Sofrito is a mix of different bioactive compounds, including
polyphenols and carotenoids but also oleic acid (MUFA) from

3.0 q
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mMRNA relative levels
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Figure 4. OZR fed with a sofrito-supplemented diet show higher UCP1 ex-
pression in VWAT. The mRNA relative levels of Ucp1, Prmd16, Pparg, and
Pgc1b were measured by qRT-PCR in VWAT of obese control rats and obese
sofrito-supplemented rats. The data are presented in absolute values as the
mean £ SEM after 8 weeks of nutritional intervention. #p < 0.05 versus
obese control rats (n = 6-8/group).
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olive oil and a cooking processes that modify some molecules
bioavailability,?!! further studies are necessary to determine the
molecular mechanisms that produce the metabolic response ob-
served, the role of each component or the necessity of the com-
plete combination in the effects of sofrito on FGF21 signaling.

4. Concluding Remarks

The Mediterranean diet is considered a healthy eating pattern but
in order to convince society of its benefits, and to make its im-
plementation as a lifestyle easier, it is important to have all the
information and this includes the molecular mechanisms that
can explain its beneficial effects. Sofrito is included in many of
the typical Mediterranean dishes and every day brings further ev-
idence of its healthy properties. This manuscript discloses one
of the putative mechanisms of sofrito’s action specifically the one
that could explain the improvement in glucose metabolism de-
scribed by some bioactive dietary compounds and also reinforce
the healthy properties of sofrito. Translation to humans: we de-
signed our experimental approach using a dose of sofrito that may
be close to the dose ingested in humans. The percentage of sofrito
used represents the intake of one serving of sofrito per day in hu-
mans (https://ndb.nal.usda.gov/ndb/search/list). It is worth to
mention that in the Predimed study the intake of two or more
servings of sofrito per week is considered an indicator of a good
adherence to Mediterranean Diet.l>?
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AUC, area under the curve; BAT, brown adipose tissue; CD, chow diet;
DIO, diet-induced obesity; Dio2, type 2 iodothyronine deiodinase protein
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broblast growth factor receptor; HFD, high-fat diet; ITT, insulin tolerance
test; KLB, B-klotho receptor; LZR, lean Zucker rats; OZR, obese Zucker
rats; PGC1b, peroxisome proliferator-activated receptor gamma coactiva-
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domain containing 16; UCP1, uncoupling protein 1; WAT, white adipose
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