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Abstract
Background: Adipose tissue dysfunction is a condition characterized by inflammation and oxidative stress able to
lead metabolic disorders. Curcuma longa L. (Cl) is a rhizome commonly used in Indian culinary which presents antiinflammatory and antioxidant compounds. The aim of this study was to evaluate the effect of in natura Curcuma
longa L. on adipose tissue dysfunction and comorbidities in obese rats.
Methods: Male Wistar rats (8 weeks old, n = 16) received standard chow + fructose in drinking water (30%) ad
libitum for 16 weeks. After this period, animals were randomly divided to receive placebo treatment (fructose, n = 8)
or Curcuma longa L. treatment (fructose + Cl, n = 8) for more 8 weeks, totalizing 24 weeks of experiment. Curcuma
longa L. was mixed in water and gave to the animals by gavage in a dose of 80 mg/kg of body weight. Body
composition, systolic blood pressure, metabolic, hormonal, inflammatory, and oxidative stress analysis were
performed in plasma and adipose tissue.
Results: Curcuma longa L. reduced adiposity index and adipocyte hypertrophy, improved insulin resistance and
systolic blood pressure, and reduced inflammation and oxidative stress in adipose tissue.
Conclusion: Curcuma longa L. in natura is able to modulate adipose tissue dysfunction, avoiding the development
of comorbidities. It can be considered a phytochemical treatment strategy against obesity-related chronic diseases.
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Background
White adipose tissue (WAT) is the primary site for energy storage and is also responsible by thermal isolation
and mechanical protection. Moreover, it is considered an
important endocrine organ which secrets a large number
of adipokines responsible by the whole body metabolism
maintenance [1, 2]. However, obese individuals are susceptible to adipose tissue dysfunction, which is characterized by altered adipokine secretion, increased reactive
oxygen species, and inability to store triacylglycerol [2–4].
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This condition is able to lead to metabolic syndrome and
cardiovascular diseases [5–7].
Studies show that the excessive fructose intake is one
cause for the current epidemics of metabolic syndrome
and obesity [8–11]. Fructose is a sugar commonly found
in fruits. However, the industry has used corn syrup,
which is rich in fructose, to sweet beverages and foods,
increasing the intake of this sugar by the population
[12]. Although glucose and fructose present similar molecular structures, their metabolism is different. Fructose
has a lower glycemic index and does not generate an insulin response, but present a higher sweetener power
[13]. Moreover, fructose is quickly absorbed by the liver
and converted into glucose, glycogen, lactate, and fat
[14]. For this reason, fructose is considered a potent
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lipogenic and adipogenic nutrient, able to promote
hypertrophy in adipocyte precursor cells (APCs), other
condition related to adipose tissue dysfunction, and
metabolic disorders [15].
Considering this condition, functional foods have presented many health benefits, protecting against several
diseases such as hypertension, diabetes, and cancer [16].
Curcuma longa L. (Cl) is a cultivated and appreciated
spice since antiquity in the Mediterranean region, commonly used as coloring, flavoring, and seasonings [17].
This rhizome is composed mainly by curcumin (1,7-bis
(4-hidroxi-3-metoxifenil)-1,6-heptadieno-3,5-diona) but
also by bis-demethoxycurcumin and demethoxycurcumin.
Curcumin is a polyphenol very studied in the isolated
form and presents anti-inflammatory and antioxidant activity and is able to attenuate obesity-related disorders
[17–21]. Curcuma longa L. extract is another administration form with health benefit results [17]. However, most
of population ingests this food in natura in the diet, added
in the preparations. Considering that studies with
Curcuma longa L. in natura in the literature are scarce, it
is important to evaluate the action of this food on inflammation and oxidative due adipose tissue dysfunction. So,
the aim of this study was to evaluate the in natura effect
of Curcuma longa L. on adipose tissue dysfunction and
comorbidities in obese rats.

Material and methods
Experimental protocol

All the experiments and procedures were approved by the
Animal Ethics Committee of Botucatu Medical School
(1065/2013) and performed in accordance with the National Institute of Health’s Guide for the Care and Use of
Laboratory Animals. Male Wistar rats (8 weeks old) were
housed in individual cages in an environmental controlled
room (22 °C ± 3 °C; 12-h light-dark cycle and relative humidity of 60 ± 5%). During 16 weeks, animals (n = 16) received standard chow + fructose in drinking water (30%)
ad libitum. After this period, animals were randomly divided to receive placebo treatment (fructose, n = 8) or
Curcuma longa L. treatment (fructose + Cl, n = 8) for
more 8 weeks, totalizing 24 weeks of experiment. Both
groups (fructose and fructose + Cl) continued receiving
standard chow + fructose in drinking water (30%) ad libitum. In order to confirm obesity in the fructose group,
additional rats of the same age, fed with a chow diet and
water, were used as control group (n = 8).
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Department of Chemistry and Biochemistry of the Institute
of Biosciences (IB) - UNESP/Botucatu-SP, where they were
chopped and dried in a forced air circulation oven at 65 °C
until stabilization of pasta. The rhizomes were ground in a
knife mill and stored in amber glass bottles at room
temperature, protected from light and moisture. After this,
animals received both placebo or Curcuma longa L. (Cl) by
gavagem. Curcuma longa L. was mixed in water and administered to the animals in a dose of 80 mg/kg of body
weight [22]. It was also added black pepper (1%) to increase
Curcuma longa L. absorption [23]. Placebo was only water.
Body composition

Body composition was evaluated by initial and final body
weight and adiposity index. Adiposity index (AI), considered an estimative of body fat, was calculated according
to the formula: [(epididymal + retroperitoneal + visceral)/body weight] × 100 [24, 25].
Systolic blood pressure

Systolic blood pressure (SBP) evaluation was assessed in conscious rats by the non-invasive tail-cuff method with a NarcoBioSystems® Electro-Sphygmomanometer (International
Biomedical, Austin, TX, USA). The animals were kept in a
wooden box (50 × 40 cm) between 38 and 40 °C for 4–5 min
to stimulate arterial vasodilation [26]. After this procedure, a
cuff with a pneumatic pulse sensor was attached to the tail
of each animal. The cuff was inflated to 200 mmHg pressure
and subsequently deflated. The blood pressure values were
recorded on a Gould RS 3200 polygraph (Gould Instrumental Valley View, OH, USA). The average of three pressure
readings was recorded for each animal.
Plasma metabolic and hormonal analysis

After 12 h of fasting, blood was collected and plasma was
used for the following analysis. An enzymatic-colorimetric
kit was used to measure glucose and triglycerides
(Bioclin®; Belo Horizonte) using an automatic enzymatic
analyzer system (Chemistry Analyzer BS-200, Mindray
Medical International Limited, Shenzhen, China). The
insulin level was measured using the enzyme-linked immunosorbent assay (ELISA) method using commercial
kits (EMD Millipore Corporation, Billerica, MA, USA).
The homeostatic model of insulin resistance (HOMA-IR)
was used as an insulin resistance index, calculated according to the formula: HOMA-IR = (fasting glucose (mmol/
L) × fasting insulin (μU/mL))/22.5 [27].

Curcuma longa L. preparation and treatment

Plasma inflammatory cytokines

Curcuma longa L. was harvested in São Manuel city, São
Paulo, Brazil, in the Experimental Farm of Teaching,
Research and Production, belonging to the Agronomic
Sciences Faculty (FCA) - UNESP/Botucatu-SP. After the
harvest, the rhizomes were washed and sent to the

Plasma levels of tumoral necrose factor-alpha (TNF-α)
and interleukin-6 (IL-6) were measured by ELISA kits
(R&D System, Minneapolis, USA). Reading was made in a
microplate spectrophotometer reader (SpectraMax 190;
Molecular Devices).
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Plasma extraction and identification of curcuminoids by
HPLC-DAD-UV

The extraction was made according to Asai and Miyazawa
(2000) [28]. Aliquots (20 μL) were injected into a UHPLC
Thermo Scientific Dionex UltiMate 3000 system (Thermo
Fisher Scientific Inc., MA, USA), coupled to a quaternary
pump an Ultimate 3000RS auto sampler and a diode array
detector (DAD-3000RS). The reading was performed at a
wavelength of 245 nm using an isocratic method composed of ethanol: methanol (60:40) as the mobile phase
under a flow of 1.0 mL per minute. The column used was
C18, 5 μm, 150 × 4.6. The results were obtained through a
curve performed with the sigma standards (98% purity) of
curcumin (C08511), bisdemethoxycurcumin (B6938), and
demethoxycurcumin (D7696).
Epididymal adipose tissue analysis
Tissue preparation

Epididymal adipose tissue (400 mg) was homogenized
with 2 ml of PBS (pH 7.4) and then centrifuged at
3000 rpm, 4 °C, 10 min. The supernatant was used to
evaluate inflammatory cytokines, malondialdehyde, and
carbonylation. The results were corrected by the protein
amounts of each sample, quantified by the Bradford
method [29].
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(2,4-dinitrophenyl hydrazine) derivatizing agent [31].
Briefly, 10 μL of diluted (1:10) supernatant was incubated in an acid DNPH solution for 10 min. After this,
NaOH 1 M was added and the absorbance was checked.
Results were obtained according to the molecular extinction coefficient of DNPH and adjusted according to the
total tissue proteins amount (mg).
Histological analysis

Adipose tissue was fixed in 4% formaldehyde and embedded in paraffin. Two consecutive sections from each sample were cut (4 μm) and stained with hematoxylin/eosin.
The entire slide was scanned using a 3DHISTECH Panoramic MIDI System attached to a Hitachi HV-F22 color
camera and ten fields/slide were analyzed under × 100
magnification in a blinded manner. The inflammatory reactions are reported as present/absent. Using the same
slides, adipocyte mean area was calculated using a method
previously described by Osman et al. in 2013 [32].
Statistical analysis

Results are expressed as mean + standard deviation (SD).
The significance of differences was calculated by the Student’s t test, using SigmaStat version 3.5 for Windows
(Systat Software, Inc., San Jose, CA, USA). A p value of
0.05 was considered as statistically significant.

Inflammatory cytokines in adipose tissue

Tumoral necrosis factor-alpha (TNF-α) and interleukin − 6
(IL-6) were measured by ELISA kits (R&D System, Minneapolis, USA) according to the manufacturer’s instructions.
Reading was made in a microplate spectrophotometer
reader (SpectraMax 190; Molecular Devices).
Malondialdehyde (MDA) in adipose tissue

For MDA quantification, 250 μL of epididymal adipose
tissue supernatant was mixed with 750 μL of 10%
trichloroacetic acid for protein precipitation. After centrifugation (3000 rpm, 5 min; Eppendorf® Centrifuge
5804-R, Hamburg, Germany), the supernatant was removed. Thiobarbituric acid (TBA, 0.67%) was added in
ratio (1: 1), and the samples were heated for 15 min at
100 °C. MDA reacts with TBA in the ratio 1: 2
MDA-TBA, absorbed at 535 nm. After cooling, the reading at 535 nm was performed on Spectra Max 190 microplate reader (Molecular Devices®, Sunnyvale, CA,
USA). The MDA concentration was obtained by the
molar extinction coefficient (1.56 × 105 M−1 cm−1) and
the sample absorbance and the final result expressed in
nmol/g protein [30].
Protein carbonylation in adipose tissue

Epididymal adipose tissue supernatant was used to
measure protein carbonylation (PC) by an unspecific
method based on the photometric detection of DNPH

Results
Effect of Curcuma longa L. on body weight and adiposity
index

There were no differences in BW among the groups in the
beginning of this study. At the end of the experiment, the
mean BWs of the fructose group was significantly higher
than control group (control 489 + 58 g vs. fructose 579 +
71 g, p < 0.05). Regarding the effect of Curcuma longa L.
on body weight, the treated group (fructose + Cl) did not
present difference compared to fructose group. The adiposity index was also significantly higher in fructose group
(control 5.3 + 1.2% vs. fructose 9.5 + 1.7%, p < 0.001) compared to control group, which confirms obesity in fructose
group. However, fructose + Cl group presented after the
treatment, lower adiposity index compared to fructose
group, demonstrating the positive effect of Curcuma longa
L. against obesity. In order to confirm the presence of
Curcuma longa L. in the treated group, plasma detection
of curcumin and two isoforms, bis-demethoxycurcumin
and demethoxycurcumin, were analyzed. It is possible to
verify the presence of curcuminoids only in fructose + Cl
group. All the results are presented in Table 1.
Effect of Curcuma longa L. on the adipose tissue
dysfunction

Adipose tissue histological analysis showed inflammatory
cells in both groups that received fructose. About the
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Table 1 BW, adiposity index, and plasma levels of curcuminoids
Variables

Groups
Fructose

Fructose + Cl

257 ± 15

258 ± 14

Final BW (g)

538 ± 15

467 ± 42

Adiposity index (%)

6.59 ± 0.69

4.92 ± 1.05*

Caloric intake (Kcal)

66.9 ± 8.3

70.2 ± 9.3

Feed efficiency (%)

2.64 ± 0.23

2.37 ± 0.57

Initial BW (g)

Plasm total curcumin (nmol)

ND

0.08 ± 0.04

Bisdemetoxicurcumin (μg/dL)

ND

0.09 ± 0.03

Demetoxicurcumin (μg/dL)

ND

0.066 ± 0.002

* indicates p<0.05

effect of Curcuma longa L. the treated group (fructose +
Cl) presented reduction in adipocyte area compared to
fructose group, confirming the positive result of this
food to reduce hypertrophy (Fig. 1).
Inflammatory cytokine levels are presented in Fig. 2.
Fructose + Cl group also presented reduced plasma and
adipose tissue IL-6 levels as well as reduced TNF-α concentration in adipose tissue compared to fructose group.
Figure 3 presents oxidative stress parameters in adipose tissue. Fructose + Cl group showed lower levels of
MDA compared to fructose group. No effect on carbonylation was observed.

Effect of Curcuma longa L. on comorbidities

Figure 4 shows the effect of Cl on metabolic parameters.
It is possible to verify a positive effect to reduce plasma
triglycerides, HOMA-IR, and systolic blood pressure in
fructose + Cl group compared to fructose group.

Discussion
The aim of this study was to evaluate the in natura effect
of Curcuma longa L. on adipose tissue dysfunction and
comorbidities in obese rats. Adipose tissue dysfunction is
characterized by an imbalanced production and release of
pro- and anti-inflammatory adipokines, increased production of reactive oxygen species (ROS), and increased inflammatory cell infiltrate [33]. This condition is associated
with metabolic systemic consequences such as systemic
low-grade inflammation, hypercoagulability, hypertension,
dyslipidemia, and insulin resistance [12, 15, 34–36].
Therefore, it is extremely important to prevent or to treat
the adipose tissue dysfunction in order to avoid the development of diabetes and cardiovascular and renal diseases.
The consumption of bioactive compounds present in
many foods can be a treatment option for these conditions. In this way, our results showed a positive effect of
Curcuma longa L. on attenuation of adipose tissue dysfunction and comorbidities.
Curcumin is the major active component of turmeric, a
yellow compound originally isolated from the plant

Fig. 1 Histological section in adipose tissue stained with hematoxilin/eosin (× 100 magnification). a Control group—no changes, b fructose group—adipocyte
hypertrophy and inflammatory infiltrate, c Fructose + Cl group—discrete inflammatory infiltrate (n = 6 animals/group), d adipocyte area (μm2)

Lo et al. Nutrire

(2018) 43:25

Page 5 of 8

Fig. 2 Adipokine levels in plasma and adipose tissue. a IL-6: interleukin-6 in plasma; b IL-6: interleukin-6 in adipose tissue; c TNF-α: tumoral
necrosis factor alpha in plasma; d TNF-α: tumoral necrosis factor alpha in adipose tissue. Values are mean ± standard deviation (SD), n-6 animals/
group. Comparison by Student’s T test

Curcuma longa. It is a member of the curcuminoid family
and has been used for centuries in traditional medicines.
As a spice, it provides curry with its distinctive color and
flavor. Furthermore, traditional Indian medicine has considered curcumin a drug effective for many disorders including asthma and hepatic diseases. However, evidence
from numerous literatures revealed that the major challenge about curcumin is to increase the absorption and
bioavailability [37]. Uptake and distribution of curcumin
in body tissues is obviously important for its biological activity. Most of curcumin get metabolized in the liver and
intestine; however, a small quantity still remains detectable
in the organs [37]. In order to increase the absorption,
piperine, a constituent of pepper, is an inhibitor of hepatic
and intestinal glucuronidation. Thus, the ingestion of piperine contributes to increase the serum concentration of
curcumin and thereby its bioavailability [38]. In our study,
we used in natura Curcuma longa associated with black
pepper to improve the absorption and the result was the

three main curcuminoids present in plasma of the treated
group. Aiming to increase the bioavailability, longer circulation, better permeability, and resistance to metabolic
processes of curcumin several formulations have been prepared which include nanoparticles, liposomes, micelles,
and phospholipid complexes. All of them show improvement in the bioavailability of curcuminoids [37]. However,
these forms have not gained significant attention in human since most people find and use to cook in natura
Curcuma longa and studies show health benefits from oral
administration. The dietary treatment with curcumin improved insulin sensitivity, inflammatory disorders, or prevented liver fat accumulation in rodents fed with a HF
diet. It is worth noting that the beneficial effects observed
in those studies were always demonstrated after a long
period of administration (up to 8 weeks) [39]. Other in
vitro studies show that curcumin treatment for 12 weeks
could diminish expansion of adipose tissue and body
weight gain probably through inhibition of angiogenesis

Fig. 3 Oxidative stress parameters in adipose tissue. a Carbonylation levels. b MDA: malondialdehyde levels. Values are mean ± standard deviation
(SD), n-6 animals/group. Comparison by Student’s T test
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Fig. 4 Plasma biochemical parameters and systolic blood pressure. a TG: triglycerides. b HOMA-IR: homeostasis model assessment. c SBP: systolic
blood pressure. Values are mean ± standard deviation (SD), n-6 animals/group. Comparison by Student’s T test

and adipogenesis in adipose tissue [40]. So, to investigate
the effects of Curcuma longa in adipose tissue of animals
and humans is very important.
The adipose tissue becomes dysfunctional when the demand of triglycerides is too high, and the adipocyte needs
to hypertrophy to store this excessive TG. Our results
showed that the group treated with Curcuma longa L. presented reduction of triglyceride levels. Regarding this effect, two mechanisms could explain these findings. The
first one is that Curcuma longa L. could impact on TG
synthesis and oxidation in the liver by increasing PPAR-α
expression and activation. It has been demonstrated that
PPAR-α regulates liver enzymes related to lipid synthesis
as well as beta-oxidation enzymes [41, 42]. The second is
that Curcuma longa L. can upregulate fatty acid oxidation
in the skeletal muscle and/or adipose tissue in association
to a greater expression and activation of UCP-1 [43, 44].
Independent of which mechanism happened in our animals, the reduced plasma TG concentrations reflected in
lower adipocyte fat deposition with consequent reduction
in adiposity index, in adipocyte area, and in IL-6,
TNF-alpha, and MDA levels in the treated group.
This improvement in adipose tissue dysfunction avoided
the manifestation of some comorbidities, among them insulin resistance and type 2 diabetes, since these diseases are
closely associated with chronic inflammation. Regarding
the association of adipokines and diseases, the literature reports that TNF-α was the first link among obesity, diabetes,
and chronic inflammation in adipose tissue [45, 46]. Later,
IL-6 was discovered to be also increased in obese individuals. In this study, both TNF-α and IL-6 were increased in
fructose group and these animals also presented some

comorbidities, such as insulin resistance and hypertension.
TNF-α is a pro-inflammatory cytokine able to activate signal transduction cascades, including insulin action inhibition pathways. In physiological conditions, insulin
stimulates tyrosine phosphorylation by insulin-receptor
substrate (IRS), which is a crucial event in mediating insulin
action. However, TNF-α also targets this element of
insulin-receptor signaling through inhibitory serine phosphorylation of IRS-1, which interferes with the ability of
this protein to engage in insulin-receptor signaling and results in alterations in insulin action [45]. Hypertension in
fructose group can be explained by increased IL-6, a cytokine that acts under the renin-angiotensin system (RAS) activity leading to angiotensin II (ANGII)-mediated
hypertension [47]. On the other hand, fructose + Cl group
presented a reduction of TNF-α and IL-6 levels which can
explain insulin resistance improvement and the reduction
in systolic blood pressure.
Together with the anti-inflammatory results above described, other studies have already showed the
anti-inflammatory and also the antioxidant effect of Curcuma longa L. [48–50]. The treated group presented reduction in MDA levels compared to untreated group,
and no difference in carbonylation was found. Protein
carbonylation is an irreversible protein oxidation promoted by reactive oxygen species, which leads to the loss
of protein function and considered a marker of severe
oxidative damage. This reaction can happens via the
addition of aldehydes such as those generated from lipid
peroxidation. Oxidative decomposition of polyunsaturated fatty acids initiates chain reactions that lead to the
formation of a variety of carbonyl species, among them
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malondialdehyde [51]. Although fructose + Cl group
presented reduction in MDA levels, protein oxidation
did not present difference from fructose group. Since
the group started the treatment with Curcuma longa L.
after 16 weeks receiving fructose, protein carbonylation
have already happened, even with a reduction in MDA
levels. This reduction in MDA levels corroborates the
antioxidant effect of Curcuma longa L.; however, a preventive consumption of this food should have more
interest to avoid protein oxidation.

Conclusion
In summary, in obese condition, Curcuma longa L.
reduced adiposity index and adipocyte hypertrophy,
improved insulin resistance and systolic blood pressure,
and reduced inflammation and oxidative stress in the adipose tissue. These results can be attributed to the modulation of adipose tissue dysfunction after treatment with this
functional food. So, it is possible to conclude that
Curcuma longa L. in natura is able to modulate adipose
tissue dysfunction, avoiding the development of comorbidities. It can be considered a phytochemical treatment
strategy against obesity-related chronic diseases.
Abbreviations
AI: Adiposity index; ANGII: Angiotensin II; APCs: Adipocyte precursor cells;
Cl: Curcuma longa L.; DNPH : 2,4-Dinitrophenyl hydrazine; ELISA : Enzymelinked immunosorbent assay; HOMA-IR: Homeostatic model of insulin
resistance; IL-6: Interleukin-6; IRS: Insulin receptor substrate;
MDA: Malondialdehyde; PC: Protein carbonylation; PPAR-α: Peroxisome
proliferator-activated receptor alpha; RAS : Renin-angiotensin system;
ROS: Reactive oxygen species; SBP: Systolic blood pressure; SD: Standard
deviation; TBA: Thiobarbituric acid; TG: Triglycerides; TNF-α: Tumoral necrose
factor-alpha; UCP1: Uncoupling protein 1; WAT: White adipose tissue
Acknowledgements
The authors thank Fundação de Amparo à Pesquisa do Estado de São Paulo
(2014/03503-6).
Funding
Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP-process
2014/03503-6).
Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.
Authors’ contributions
ATCL contributed to the experimental design and data analysis. FVF
contributed to the experimental design and data analysis, and wrote and
reviewed the manuscript. FKH contributed to the experimental design and
data analysis. APCRF contributed to the experimental design. IOM
contributed to the data analysis and wrote and reviewed the manuscript.
JLG and KCS contributed to the data analysis of the manuscript. PHRA
contributed to the experimental design and data analysis. GPPL, FM and
AJTF wrote and reviewed the manuscript. CRC contributed to the
experimental design and data analysis, and wrote and reviewed the
manuscript. All authors read and approved the final manuscript.
Ethics approval
This study was approved by the Animal Ethics Committee of Botucatu
Medical School (1065/2013).

Page 7 of 8

Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Author details
1
Medical School, São Paulo State University (UNESP), Avenida Professor
Montenegro, s/n- Rubião Júnior, Botucatu, SP 18618-970, Brazil. 2Bioscience
Institute, São Paulo State University (UNESP), Botucatu, Brazil.
Received: 19 August 2018 Accepted: 31 October 2018

References
1. Matafome P, Seiça R. Function and dysfunction of adipose tissue. Adv
Neurobiol. 2017;19:3–31.
2. Gray SL, Vidal‐Puig A. Adipose tissue expandability in the maintenance of
metabolic homeostasis. Nutr Rev. 2007;65:s7–12.
3. Manna P, Jain SK. Obesity, oxidative stress, adipose tissue dysfunction, and
the associated health risks: causes and therapeutic strategies. Metab Syndr
Relat Disord. 2015;13(10):423–44.
4. Blüher M. Adipose tissue inflammation: a cause or consequence of obesity related insulin resistance? Clin Sci (Lond). 2016;130:1603–14.
5. Adorni CS, Corrêa CR, et al. The influence of obesity by a diet high in
saturated fats and carbohydrates balance in the manifestation of systemic
complications and comorbidities. Nutrire. 2017. https://doi.org/10.1186/
s41110-017-0042-1.
6. Abel ED, Litwin SE, Sweeney G. Cardiac remodeling in obesity. Physiol Rev.
2008;88(2):389–419.
7. Panchal SK, Poudyal H, Iyer A, Nazer R, Alam A, Diwan V, et al. Highcarbohydrate, high-fat diet – induced metabolic syndrome and cardiovascular
remodeling in rats. J Cardiovasc Pharmacol. 2011;57(5):611–24.
8. Lanaspa MA, Hernando AA, Orlicky DJ, Cicerchi C, Li N, Milagres T, et al.
Ketohexokinase C blockade ameliorates fructose - induced metabolic
dysfunction in fructose - sensitive mice. J Clin Invest. 2018. https://doi.org/
10.1172/JCI94427.
9. Tappy L, Le K-A. Metabolic effects of fructose and the worldwide increase in
obesity. Physiol Rev. 2010;90:23–46.
10. Tappy L. Fructose-containing caloric sweeteners as a cause of obesity and
metabolic disorders. J Exp Biol. 2018;221:1–9.
11. Legeza B, Marcolongo P, Gamberucci A, Varga V, Benedetti A, Odermatt A.
Fructose, glucocorticoids and adipose tissue: implications for the metabolic
syndrome. Nutrients. 2017;9:426.
12. Teff KL, Grudziak J, Townsend RR, Dunn TN, Grant RW, Adams SH, Keim NL,
Cummings BP, Stanhope KL, Havel PJ. Endocrine and metabolic effects of
consuming fructose- and glucose-sweetened beverages with meals in
obese men and women: influence of insulin resistance on plasma
triglyceride responses. J Clin Endocrinol Metab. 2009;94(5):1562–9.
13. Rutledge AC, Adeli K. Fructose and the metabolic syndrome:
pathophysiology and molecular mechanisms. Nutr Rev. 2007;65(6):13–23.
14. Tobey TA, Mondon CE, Zavaroni I, Reaven GM. Mechanism of insulin
resistance in fructose-fed rats. Metabolism. 1982;31(6):608–12.
15. Tran LT, Yuen VG, McNeill JH. The fructose-fed rat: a review on the
mechanisms of fructose-induced insulin resistance and hypertension. Mol
Cell Biochem. 2009;332:145–59.
16. Siriwardhana N, Kalupahana NS, Cekanova M, LeMieux M, Greer B, MoustaidMoussa N. Modulation of adipose tissue inflammation by bioactive food
compounds. J Nutr Biochem. 2013;24(4):613–23.
17. Neyrinck AM, Alligier M, Memvanga PB, Névraumont E, Larondelle Y, Préat V,
et al. Extract associated with white pepper lessens high fat diet-induced
inflammation in subcutaneous adipose tissue. PLoS One. 2013;8(11):1–10.
18. Killian PH, Kronski E, Michalik KM, Barbieri O, Astigiano S, Sommerhoff CP, et
al. Curcumin inhibits prostate cancer metastasis in vivo by targeting the
inflammatory cytokines CXCL1 and −2. Carcinogenesis. 2012;33(12):2507.

Lo et al. Nutrire

(2018) 43:25

19. El-moselhy MA, Taye A, Shaaban S, El-sisi SFI, Fahmy A. The
antihyperglycemic effect of curcumin in high fat diet fed rats. Role of TNF-α
and free fatty acids. Food Chem Toxicol. 2011;49(5):1129–40.
20. Um MY, Hwang KH, Ahn J, Ha TY. Curcumin attenuates diet-induced
hepatic steatosis by activating AMP-activated protein kinase. Basic Clin
Pharmacol Toxicol. 2013;113:152–7.
21. Jang E, Choi M, Ju U, Kim M, Kim H, Jeon S, et al. Beneficial effects of
curcumin on hyperlipidemia and insulin resistance in high-fat – fed
hamsters. Metabolism. 2008;57:1576–83.
22. DiSilvestro R, Joseph E, Zhao S, Bomser J. Diverse effects of low dose
supplement of lipidated curcum in healthy middle aged people. Nutr J.
2012;11(79):2–9.
23. Shoba G, Joy D, Joseph T, Majeed M, Rajendran R, Srinivas P. Influence of
piperine on the harmacokinetics of curcumin in animals and human
volunteers. Planta Med. 1998;64(5):353–6.
24. Luvizotto RAM, Nascimento AF, Imaizumi E, Pierine DT, Conde SJ, Correa CR,
et al. Lycopene supplementation modulates plasma concentrations and
epididymal adipose tissue mRNA of leptin, resistin and IL-6 in diet-induced
obese rats. Br J Nutr. 2013;110(10):1803–9 Recuperado de: http://www.ncbi.
nlm.nih.gov/pubmed/23632237.
25. Ferron AJ, Jacobsen BB, Sant’Ana PG, de Campos DH, de Tomasi LC,
Luvizotto Rde A, Cicogna AC, Leopoldo AS, Lima-Leopoldo AP. Cardiac
dysfunction induced by obesity is not related to β-adrenergic system
impairment at the receptor-signalling pathway. PLoS One. 2015;10(9):
e0138605. https://doi.org/10.1371/journal.pone.0138605. eCollection 2015.
26. Gonc DF, Paola B, Rafacho M, Assis B, Jaldin G, Bruder T, et al. Vitamin D
induces increased systolic arterial pressure via vascular reactivity and
mechanical properties. PLoS One. 2014;9(6):1–9.
27. Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner RC.
Homeostasis model assessment: insulin resistance and beta-cell function
from fasting plasma glucose and insulin concentrations in man.
Diabetologia. 1985;28(7):1985.
28. Asai A, Miyazawa T. Occurrence of orally administered curcuminoid as
glucuronide and glucuronide/sulfate conjugates in rat plasma. Life Sci. 2000;
67(23):2785–93.
29. Bradford MM. A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye
binding. Anal Biochem. 1976;72(1–2):248–54.
30. Samarghandian S, Farkhondeh T, Samini F, Borji A. Protective effects of
carvacrol against oxidative stress induced by chronic stress in rat’s brain,
liver, and kidney. Biochem Res Int. 2016;2016:1–7.
31. Mesquita CS, Oliveira R, Bento F, Geraldo D, Rodrigues JV, Marcos JC. Simplified
2,4-dinitrophenylhydrazine spectrophotometric assay for quantification of
carbonyls in oxidized proteins. Anal Biochem. 2014;458:69–71.
32. Osman OS, Selway JL, Kępczyńska MA, Stocker CJ, O’Dowd JF, Cawthorne
MA, et al. A novel automated image analysis method for accurate adipocyte
quantification. Adipocytes. 2013;2(3):160–4.
33. Rosen ED, Spiegelman BM. What we talk about when we talk about fat. Cell.
2014;156(1–2):20–44. https://doi.org/10.1016/j.cell.2013.12.012.
34. Trayhurn P, Wood IS. Adipokines: inflammation and the pleiotropic role of
white adipose tissue. Br J Nutr. 2004;92(3):347–55.
35. Dekker MJ, Su Q, Baker C, Rutledge AC, Adeli K. Fructose: a highly lipogenic
nutrient implicated in insulin resistance, hepatic steatosis, and the metabolic
syndrome. Am J Physiol Endocrinol Metab. 2010;299:E685–94.
36. Schrover IM, Spiering W, Leiner T, Visseren FLJ. Adipose tissue dysfunction:
clinical relevance and diagnostic possibilities. Horm Metab Res. 2016;48(4):
213–25.
37. Prasad S, Tyagi AK, Aggarwal BB. Recent developments in delivery,
bioavailability, absorption and metabolism of curcumin: the golden
pigment from golden spice. Cancer Res Treat. 2014;46(1):2–18.
38. Sharma RA, Steward WP, Gescher A. Pharmacokinetics and
pharmacodynamics of curcumin. Adv Exp Med Biol. 2007;595:453–70
Recuperado de: http://link.springer.com/10.1007/978-0-387-46401-5.
39. Öner-Iyidoǧan Y, Koçak H, Seyidhanoǧlu M, Gürdöl F, Gülçubuk A, Yildirim F,
et al. Curcumin prevents liver fat accumulation and serum fetuin-A increase
in rats fed a high-fat diet. J Physiol Biochem. 2013;69(4):677–86.
40. Ahn J, Lee H, Kim S, Ha T. Curcumin-induced suppression of adipogenic
differentiation is accompanied by activation of Wnt/B-catenin signaling. Am
J Phys Cell Physiol. 2010;298(6):C1510–6 Recuperado de: http://ajpcell.
physiology.org/cgi/doi/10.1152/ajpcell.00369.2009.

Page 8 of 8

41. Fu J, Oveisi F, Gaetani S, Lin E, Piomelli D. Oleoylethanolamide, an
endogenous PPAR-α agonist, lowers body weight and hyperlipidemia in
obese rats. Neuropharmacology. 2005;48(8):1147–53.
42. Seo YS, Kim JH, Jo NY, Choi KM, Baik SH, Park J-J, et al. PPAR agonists treatment is
effective in a nonalcoholic fatty liver disease animal model by modulating fattyacid metabolic enzymes. J Gastroenterol Hepatol. 2008;23(1):102–9.
43. Dlasková A, Clarke KJ, Porter RK. The role of UCP 1 in production of reactive
oxygen species by mitochondria isolated from brown adipose tissue.
Biochim Biophys Acta. 2010;1797(8):1470–6.
44. Brondani LA, Assmann TS, De Souza BM, Bouças AP, Canani LH, Crispim D.
Meta-analysis reveals the association of common variants in the uncoupling
protein (UCP) 1–3 genes with body mass index variability. PLoS ONE. 2014;
9(5):e96411.
45. Hotamisligil GS. Inflammation and metabolic disorders. Nature. 2006;
444(7121):860–7.
46. Gregor MF, Hotamisligil GS. Inflammatory mechanisms in obesity. Annu Rev
Immunol. 2011;29:415–45.
47. Chamarthi B, Williams GH, Ricchiuti V, Srikumar N, Paul N. Inflammation and
hypertension: the interplay of interleukin-6, dietary sodium and the ReninAngiotensin System in Humans. Am J Hypertens. 2013;24(10):1143.
48. Tanvir EM, Hossen MS, Hossain MF, Afroz R, Gan SH, Khalil MI, et al.
Antioxidant properties of popular turmeric (Curcuma longa) varieties from
Bangladesh. J Food Qual. 2017;2017:1–8.
49. Jurenka JS. Anti-inflammatory properties of curcumin, a major constituent of
Curcuma longa: a review of preclinical and clinical research. Altern Med Rev.
2009;14(2):141–53.
50. Tizabi Y, Hurley LL, Qualls Z, Akinfiresoye L. Relevance of the antiinflammatory properties of curcumin in neurodegenerative diseases and
depression. Molecules. 2014;19(12):20864–79.
51. Suzuki YJ, Carini M, Butterfield DA. Protein carbonylation. Antioxid Redox
Signal. 2010;12(3):323–5 Recuperado de: http://www.liebertonline.com/doi/
abs/10.1089/ars.2009.2887.

