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Objective: Chia seed oil is the richest source of plant-based w-3 fatty acid, a-linolenic acid, but its potential
and mechanisms of action to treat obesity are unclear. The aim of the study was to evaluate the effects of
chia oil (ChOi) supplementation on body composition and insulin signaling in skeletal muscles of obese mice.
Methods: Male C57 BL/6 mice (n = 8/group) were fed regular control chow or a high-fat diet (HFD) for 135 d.
Another HFD group additionally received ChOi from 90 to 135 d.

Results: Consumption of ChOi reduced fat mass accumulation and increased lean mass as evidenced by
nuclear magnetic resonance. Moreover, obese mice treated with ChOi showed higher tyrosine phosphoryla-
tion of insulin receptor substrate 1, greater activation of protein kinase B, and increased translocation of glu-
cose transporter type 4 in skeletal muscle tissue in response to insulin. ChOi supplementation improved
glucose levels and insulin tolerance; decreased serum insulin, leptin, and triacylglycerols; and increased
blood high-density lipoprotein cholesterol levels. All these effects caused by the use of ChOi seemed to be
independent of the resolution of inflammation because the markers of inflammation were not altered in ani-
mals fed the HFD.

Conclusion: The molecular effects observed in muscle tissue together with changes in body composition may
have contributed to the increased glucose tolerance and to the healthy phenotype presented by obese ani-
mals treated with ChOi.
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Introduction The richest plant food source of w-3 fatty acid is chia (Salvia

hispanica L.), a native seed from Mexico and parts of South

Obesity is defined as abnormal or excessive fat accumulation
that presents a risk to health [1]. Treating and preventing obesity
should be a priority in public health policies.

Changes in body composition, such as increased lean mass and
reduced fat mass, may improve the insulin sensitivity of obese indi-
viduals [2,3]. Although still controversial, the use of bioactive com-
pounds such as w-3 fatty acids of animal origin and polyphenols
may improve insulin resistance (IR) caused by obesity [4—14].
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America, which is also rich in phenolic compounds [14,15]. It
remains unclear, however, whether the observed effects on gly-
cemia are due to the fiber content of chia or its bioactive com-
pounds content [16—18]. Only a few studies have evaluated the
potential of the oil supplementation to treat obesity-related
injuries [19,20] and little is known about the possible molecu-
lar mechanisms of action triggered by the dietary supplementa-
tion with chia oil (ChOi) in obesity. Considering the limited
knowledge about the physiological and molecular mechanisms
that may be involved in the improved glycemic response
caused by ChOi in obesity, we raised the hypothesis that sup-
plementation with ChOi in obese animals could improve the
insulin cell signaling pathway and reduce the percentage of fat
mass, improving glycemic control.
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Methods
Animals and diets

This study was carried out in strict accordance with the ethical standards of
the 1964 Declaration of Helsinki. Animal procedures were approved by the Com-
mittee on the Ethics of Animal Experimentation of the Universidade do Estado do
Rio de Janeiro. C57 BL/6 N mice were obtained from the animal facilities of the
National Cancer Institute, Rio de Janeiro, Brazil. Animals were housed in a temper-
ature-controlled room (25°C + 1°C) with 60% humidity and a 12-h artificial light/
dark cycle.

Male mice (n=8/group) were housed in cages (n=4 animals/cage) and were
fed either regular control chow (C) or a high-fat diet (HFD) for 135 d. Another HFD
group was supplemented with ChOi (HFD+ ChOi) from 90 to 135 d. Details of the
diets are provided in the supplementary material section. After weaning (21 d),
the animals received an HFD until completing 90 d of age [21]. The amount and
time of ChOi supplementation were established based on the time and equivalent
amount of w-3 fatty acids offered in the study by Oh et al. [22]. The complete
chemical composition of the chia oil was previously described by Pereira da Silva
et al. [23]. Body weight, food intake, and energy intake were measured throughout
the treatment period.

Body composition analysis

Body composition analysis was performed by nuclear magnetic resonance
(NMR). Briefly, mice were scanned using the body composition analyzer for small
animals (Minispec LF90 TD-NMR; Bruker, Billerica, MA, USA). The instrument was
calibrated for these studies using NMR scans and chemical composition data from
10 mice. On the day of testing, a quality control check of internal voltages, temper-
ature, magnets, and NMR parameters was performed using a standard provided by
the manufacturer. Mice were placed in a clear plastic cylinder (50 mm diameter)
and kept immobile without anesthesia by insertion of a tight-fitting plunger into
the cylinder. The tube was then lowered into the sample chamber of the instru-
ment for ~2 min, which was the duration of the scan.

Intraperitoneal glucose tolerance test

At 120 d of life, mice were fasted for 12 h and basal glucose was measured. The
mice were then administered an intraperitoneal bolus of glucose (2 g/kg body
weight) and glycemia was monitored every 30 min for up to 120 min. Glycemia
was measured with an Accu-Chek Active glucometer (Roche Diagnostics, Man-
nheim, Germany).

Intraperitoneal insulin tolerance test

At 127 d of life, mice were weighed and fasting blood glucose levels were mea-
sured. Mice were then administered an intraperitoneal injection of insulin
(0.1 U/mL, Humulin human insulin; Eli Lilly, Sao Paulo, Brazil) resulting in a dose
of 0.5 U/kg. Blood glucose was measured 15, 30, 45, 60, and 120 min after injec-
tion.

Sample collection

At 135 d of life, mice were fasted overnight for 10 + 2 h and were sacrificed by
withdrawing blood from the heart under anesthesia and mixing ketamine (50 mg/
kg) with xylazine (20 mg/kg) (Konig, Buenos Aires, Argentina). Plasma was
obtained by blood centrifugation (800g; 10 min) and stored at —80°C until analysis
were performed [24].

Leptin and cytokine measurements

Serum levels of leptin, interleukin (IL)-6, and tumor necrosis factor (TNF)-a
were measured using enzyme-linked immunosorbent assay (ELISA) kits (Pepro-
tech, Rocky Hill, NJ, USA). Fasting plasma insulin was measured by ELISA (Milli-
pore, Billerica).

Muscle protein preparation

To evaluate the insulin response, the gastrocnemius muscle was dissected (30 .g)
on ice. Next, 1 wM insulin or vehicle (phosphate-buffered saline) was added to the
muscle cells and the plate was incubated at 37°C for 30 min. Time and insulin concen-
tration were determined based on a previous study published by Garcia-Souza et al.
[25]. The sample was centrifuged at 1300g for 10 min, the supernatant was discarded,
and the pellet was resuspended in 1 mL of HES lysis buffer (10 mM HEPES, 5 mM
EDTA, 250 mM sucrose, 1 mM sodium orthovanadate, protease inhibitors [PMSF,
aprotinin, and leupeptin; 40 wL: 1 mL]). The mixture was kept on ice for 30 min, soni-
cated with an ultrasonic convertor (VirtisVirsonic 60; The VirTis Company, New York,
NY, USA) three times for a total of 45s, and then left for 30 min on ice. The tube was

centrifuged at 750g for 3 min at 4°C. The supernatant was withdrawn and stored. The
pellet was resuspended in 1 mL of HES and centrifuged at 750g for 3 min at 4°C. The
supernatant from the second centrifugation was pooled with the first supernatant.
The pooled sample was subjected to ultracentrifugation at 31 000g for 60 min at 4°C.
The supernatant was the cytosolic fraction and the pellet was the membrane fraction.
The samples were stored in a freezer at —80°C for subsequent protein analyses.

Western blot analysis

Protein concentration was determined with the BCA Protein Assay kit (Pierce
Biotech, Rockford, IL, USA). Equal amounts of protein were separated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis and transferred electrophoreti-
cally to polyvinylidene difluoride membranes (Amersham Biosciences, Bucking-
hamshire, UK). Membranes were blocked with 5% bovine serum albumin in Tris-
buffered saline. The membranes were incubated overnight at 4°C with antiactin
(1:500), antiinsulin receptor-f3 (IR-B, 1:500), antiglucose transporter type 4
(GLUT4,1:500), antiprotein kinase B (Akt; 1:500), antiinsulin receptor substrate 1
(IRS-1, 1:500) (all from Santa Cruz Biotechnology, Santa Cruz, CA, USA), antipIRS1
(1:500), or antipAkt (1:500) monoclonal antibodies (mAbs; the latter two from
Cell Signaling Technology, Waltham, MA, USA). The membranes were washed and
developed with horseradish peroxidase-coupled antimouse immunoglobulin G
antibodies (Abcam, Cambridge, UK), followed by signal detection with ECL detec-
tion kits (Amersham Biosciences) and using a Gel Doc 2000 Imager (Bio-Rad Labo-
ratories, Hercules, CA, USA). The protein bands were digitally quantified by
densitometry using Image]J 1.34s software (NIH, Bethesda. MD, USA).

A
50,
401
@304
=
(e}
©
= 201
10
- C
~ HFD
-+ HFD+ChOi
0 . ' . ;
0 30 60 90 120
Age (d)
B
25
20 l
815
c
b
D
w 10
(8]
X
5
- C
~ HFD
0 -+ HFD+ChOi
0 30 60 90 120
Age (d)

Fig. 1. Body weight curve (A) and total energy intake (B). C, control diet group
(n=8); H, high-fat diet group (n=8); HFD + ChOi, high-fat diet supplemented with
chia oil (n =8). The arrows indicate the beginning of chia oil supplementation. Data
are expressed as mean + SD and statistically significant differences are established
atP < 0.05.
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Statistical analyses

Values were analyzed with two-tailed unpaired Student’s ¢ test or analysis of var-
iance and are expressed as mean + SD. When appropriate, individual comparisons
were subsequently tested with Bonferroni’s ¢ test for unpaired values. Differences
were considered statistically significant when P < 0.05. Data were analyzed using
GraphPad Prism version 5.00 for Windows (GraphPad Software, La Jolla, CA, USA).

Results

ChOi supplementation improves glucose tolerance and insulin
sensitivity in mice

Obese mice fed the HFD +ChOi diet had lower energy intake
than mice in the HFD group. However, no significant difference
was detected in the body mass between the groups (Fig. 1A, B). In
addition, ChOi intake improved glucose and insulin tolerance
(Fig. 2A, B, and D) and diminished serum fasting insulin levels com-
pared with those of the HFD group, with the values approaching
the values of the lean control group (Fig. 2C).

ChOi supplementation decreases blood levels of leptin and
triacylglycerols in obese mice

Compared with the levels in the HFD group, the HFD + ChOi
mice displayed reductions in serum leptin and triacylglycerol (TG)
levels (Fig. 3A, D), but no significant differences in total cholesterol
blood concentrations (Fig. 3E). However, the serum high-density
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lipoprotein cholesterol (HDL-C) level was higher in the HFD + ChOi
mice than in the HFD mice (Fig. 3F). One week after assessing glu-
cose and insulin sensitivities, when the animals were sacrificed,
inflammatory markers were evaluated in adipose tissue and
plasma. HFD-fed animals did not present any increase in the
markers of inflammation: circulating levels of TNF-o and IL-6 (Fig. 3B,
C), or epidydimal mRNA expression (supplementary material).

ChOi supplementation changes body composition

Although ChOi treatment did not reduce the total body mass of
the obese animals, a comparison of the body composition between
the groups revealed the significant reduction in body fat mass
(Fig. 4A) and an increase in lean body mass in the HFD + ChOi group
(Fig. 4B) relative to the HFD group.

ChOi supplementation improves insulin signaling in obese animals

To understand where in the insulin signaling pathway the ChOi
supplement acts to improve glucose tolerance, we analyzed the
expression and/or activation of key proteins involved in insulin sig-
naling in skeletal muscle from the HFD and HFD + ChOi mice. No
significant differences in IR-3 (Fig. 5A) or IRS1 expression were
observed between the HFD and HFD + ChOi mice. Supplementation
with ChOi increased the insulin-stimulated phosphorylation on
Tyr989 of IRS-1 (Fig. 5B). Furthermore, total Akt content did not
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Fig. 2. Glucose tolerance test (GTT) (A), area under the curve for GTT (B), insulin levels (C), insulin tolerance test (D) in mice fed the C diet, HFD, or HFD supplemented with
chia oil. C, control diet group (n=8); H, high-fat diet group (n=8); HFD + ChOi, high-fat diet supplemented with chia oil (n=8). Data are expressed as mean =+ SD and statisti-

cally significant differences are established at P < 0.05.
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Fig. 3. Serum levels of leptin (A), TNF-a (B), IL6 (C), triacylglycerols (D), cholesterol (E), and HDL cholesterol (F) in mice fed the C diet, HFD, or HFD supplemented with chia
oil. C, control diet group (n = 8); H, high-fat diet group (n = 8); HFD + ChOi, high-fat diet supplemented with chia oil (n = 6—8/group) Data are expressed as mean + SD and sta-
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differ between the two groups, but Akt was highly phosphorylated
in the skeletal muscle of HFD + ChOi mice after stimulation with
insulin (Fig. 5C). Ultimately, we evaluated the translocation of
GLUT4 to the plasma membrane after insulin stimulation in skele-
tal muscle from the HFD and HFD + ChOi groups. Upon insulin stim-
ulation, GLUT4 was readily translocated to the membrane in
skeletal muscle from the HFD + ChOi mice. However, the treatment
with insulin failed to induce GLUT4 translocation in the HFD mice
(Fig. 5D).

Discussion

The greatest novelties brought by the present study were the
identification of mechanisms responsible for the beneficial effects
of the use of ChOi while treating obese animals. In this condition,
the oil could reduce fat mass, increase muscle mass, and improve
the activation of the insulin signaling pathway in muscle tissue.
The change in body composition itself is a mechanism that may
contribute to improve glycemic response. Another novelty was
that the oil attenuated the symptoms of obesity regardless of
resolving inflammation because the obese animals did not show
any signal of inflammation. What the most recent literature

indicates is that the IR caused by an HFD leads to inflammation,
and not the opposite [26]. This is an innovative aspect of the mech-
anism of action of chia oil. The effects brought by ChOi supplemen-
tation were metabolic syndrome (MetS) attenuation, with
improved glucose tolerance and IR, reduced serum levels of TGs
and increased HDL-C cholesterol. These results show potential
health benefits exhibited by an oil of plant origin, which is source
of phenolic compounds and w-3 fatty acid [14,15,23].

Although there are many controversies, some studies indicate a
potential effect of bioactive compounds, such as phenolic com-
pounds or w-3 fatty acids, on the resolution or minimization of
symptoms of MetS [4—13,27]. Regarding fatty acids, marine oils are
considered more potent because they do not depend on genetic or
dietary factors for the bioconversion of a-linolenic acid (ALA; 18:3,
w-3) into eicosapentanoic acid (EPA) and docosahexaenoic acid
(DHA) [4-7,28]. In the present study, it was observed that obese
animals supplemented with ChOi exhibited increased accumulated
amount of EPA and DHA in the liver (supplementary material). Pos-
sibly, these data result from the sum of genetic factors, treatment
time, dosage, and w-6/w-3 fatty acid ratio and other bioactive com-
pounds also present in ChOi. Despite this, there is a body of evi-
dence indicating that ALA can be effective regardless of its
bioconversion to EPA and DHA. ALA is the most abundant w-3 fatty
acid in human adipose tissue, accounting for ~1% of total fatty
acids, whereas there are only traces of DHA and EPA [29,30], sug-
gesting that ALA should not necessarily be used for the synthesis of
EPA and DHA, and may be oxidized or stored in adipose tissue [31].
Supplementation with ALA mostly increases EPA in various tissues.
But the physiological responses induced by ALA seems to be differ-
ent from those induced directly by EPA and DHA, especially in cases
of obesity. A study using EPA, DHA, and ALA supplementation in
animals with MetS induced by a diet rich in fats and carbohydrates,
demonstrated that ALA did not alter total body fat but promoted a
lipid redistribution of the abdominal area, improved glucose toler-
ance and insulin sensitivity, attenuated dyslipidemia, and
improved cardiovascular parameters. Supplementation with EPA
and DHA showed similar results; however, it did not improve glu-
cose tolerance. The authors concluded that ALA responses in MetS
are independent of their conversion to EPA and DHA [32].

Another plant source of w-3 fatty acid is flaxseed. However,
Mohammadi-Sartang et al., in their systematic review and meta-
analysis, concluded that whole flaxseed, but not flaxseed oil, has
significant effects on improving glycemic control [33].

To our knowledge, this was the first time that the insulin signal-
ing pathway in skeletal muscle tissue has been investigated in
obese animals in response to ChOi supplementation. When chal-
lenged with insulin, the mice consuming the diet supplemented
with ChOi showed increased Akt phosphorylation and phosphory-
lation of IRS-1 on Tyr 989, and the decreased content of GLUT4 in
the cytosol. In a previous study, in which corn oil was replaced by
chia seed in the diet of non-obese animals, muscle tissue metabo-
lism was altered [16]. However, that study was not able to clarify
whether the effects were due to the lipid content, dietary fiber con-
tent, or both, and there was no information regarding the fatty acid
profile present in those animal tissues. Because of the potential of
fibers to reduce fatty acid uptake and improve glycemic response,
we chose to evaluate the effects of the oil supplementation.

The obese mice maintained on a hypercaloric and HFD with ChOi
supplementation showed incremental changes in lean mass and
reduced fat mass, as determined using NMR. Several studies have con-
cluded that the content of fat mass is directly related to IR [34,35]. In
addition, other studies have indicated that a greater percentage of lean
mass is positively associated with an improvement in the glycemic
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response, possibly because of an increase in glucose uptake sites
[2,3,36]. Increased muscle mass associated with greater efficiency in
insulin signaling was probably responsible for the observed reduction
of glycemia and the improvement of IR. Other studies using chia seed
[16-18,37,38] or ail [19] also failed to reduce total body mass. Future
studies should investigate whether the lean mass increase is caused by
the activation of signaling pathways of muscle synthesis.

ChOi supplementation did not affect the circulating levels of total
cholesterol in mice fed to HFD + ChOi diet, but was able to increase
the HDL concentration. Obese mice treated with ChOi showed a 30%
reduction in their serum TG concentration, even without decreasing
the amount of carbohydrates offered in the diet. Because increased
plasma TG concentration is directly related to the development of car-
diovascular diseases, the use of polyunsaturated fatty acid w-3 is an
option for the treatment of hypertriacylglycerolmia [39].

It seems that the ChOi supplementation effects observed in obese
mice did not depend on the inflammation resolution as the HFD-
induced obesity model used in this study did not result in an increase
in systemic inflammatory markers, as was apparent from the assess-
ments of IL-6 and TNF-a serum concentrations. Recent studies have
questioned the direct and independent association between inflam-
mation and obesity. Kim et al. demonstrated that an increase in the
size of adipocytes can lead to IR, regardless of inflammation [40]. The
authors described some lines of evidence to support this claim, such
as Cushing syndrome, in which patients have high blood levels of glu-
cocorticoids and develop central obesity and IR while being immuno-
suppressed. Another line of evidence presented refers to the reduction
in early B-cell factor-1, which increases the size of adipocytes and
causes IR but does not influence inflammatory pathways [41]. Another
study showed that HFD induces adipocyte hypertrophy and IR inde-
pendent of the inflammatory response. To demonstrate that the effect
was independent of inflammation, the authors used c-Jun N-terminal
kinase 1 and recombination activating gene 1 knockout mice (which
do not produce mature T and B cells in the immune system) and mice
treated with clodronate (to deplete macrophages) [42]. More recently,
Shimobayashi et al. demonstrated that is not the inflammation that
determines IR [26]. Thus, we understand that the obese animal used
in our study exhibited IR independently of presenting inflammation.
Therefore, the beneficial effect presented by the use of ChOi seems to
be independent of the resolution of the inflammation.

Conclusion

The molecular signaling effects observed in muscle tissue
together with changes in body composition may have contributed
to the healthy phenotype presented by the obese animals treated
with ChOi. According to the concept of obesity presented by the
World Health Organization, which considers obesity to be an
excess of adiposity that causes damage to health, the use of ChOi
reduced the degree of obesity in the mice we studied, as it reduced
fat mass and reversed the symptoms of MetS. The results of this
preclinical mechanistic study provided evidence that the use of
ChOi could improve obese comorbidities even when offered along
with an obesogenic diet.

Acknowledgments

The authors acknowledge Mileane S. Busch, Vany Silva, and
Genilson Silva for technical assistance.

Supplementary materials

Supplementary data related to this article can be found at
doi:10.1016/j.nut.2018.08.011.

References

[1] World Health Organization. World health statistics. Available at: http://apps.
who.int/iris/bitstream/10665/112738/1/9789240692671. Accessed Septemper
25th, 2018.

[2] Miller M], Lagerpusch M, Enderle ], Schautz B, Heller M, Bosy-Westphal A.
Beyond the body mass index: Tracking body composition in the pathogenesis
of obesity and the metabolic syndrome. Obes Rev 2012;2:56-13.

[3] Hiibers M, Geisler C, Plachta-Danielzik S, Miiller MJ. Association between indi-
vidual fat depots and cardio-metabolic traits in normal- and overweight chil-
dren, adolescents and adults. Nutr Diabetes 2017;7:e267.

[4] Wang F, Wang Y, Zhu Y, Liu X, Xia H, Yang X, et al. Treatment for 6 months

with fish oil-derived n-3 polyunsaturated fatty acids has neutral effects on gly-

cemic control but improves dyslipidemia in type 2 diabetic patients with
abdominal obesity: a randomized, double-blind, placebo-controlled trial. Eur ]

Nutr 2017;56:2415-22.

Avignon A, Hokayem M, Bisbal C, Lambert K. Dietary antioxidants: do they

have a role to play in the ongoing fight against abnormal glucose metabolism?

Nutrition 2012;28:715-21.

Pahlavani M, Ramalho T, Koboziev I, LeMieux M], Jayarathne S, Ramalingam L,

et al. Adipose tissue inflammation in insulin resistance: review of mechanisms

mediating anti-inflammatory effects of omega-3 polyunsaturated fatty acids.

J Investig Med 2017;65:1021-7.

[7] Storlien LH, Kraegen EW, Chisholm DJ, Ford GL, Bruce DG, Pascoe WS. Fish oil
prevents insulin resistance induced by high-fat feeding in rats. Science
1986;237:885-8.

[8] Jayanthy G, Subramanian S. Rosmarinic acid, a polyphenol, ameliorates hyper-

glycemia by regulating the key enzymes of carbohydrate metabolism in high

fat diet—STZ induced experimental diabetes mellitus. Biomed Prev Nutr
2014;4:431-7.

Chang WC, Kuo PL, Chen CW, Wu JSB, Shen SC. Caffeic acid improves memory

impairment and brain glucose metabolism via ameliorating cerebral insulin

and leptin signaling pathways in high-fat diet-induced hyperinsulinemic rats.

Food Res Int 2015;77:24-33.

[10] Brown AL, Lane ], Coverly ], Stocks ], Jackson S, Stephen A, et al. Effects of
dietary supplementation with the green tea polyphenol epigallocatechin-3-
gallate on insulin resistance and associated metabolic risk factors: randomized
controlled trial. Br ] Nutr 2009;101:886-94.

[11] Brasnyo P, Molnar GA, Mohas M, Mark L, Laczy B, Cseh ], et al. Resveratrol
improves insulin sensitivity, reduces oxidative stress and activates the Akt
pathway in type 2 diabetic patients. Br ] Nutr 2011;106:383-9.

[12] Rytter E, Vessby B, Asgard R, Ersson C, Moussavian S, Sjodin A, et al. Supple-
mentation with a combination of antioxidants does not affect glycaemic con-
trol, oxidative stress or inflammation in type 2 diabetes subjects. Free Radic
Res 2010;44:1445-53.

[13] Yang WS, Wang WY, Fan WY, Deng Q, Wang X. Tea consumption and risk of
type 2 diabetes: a dose—response meta-analysis of cohort studies. Br ] Nutr
2014;111:1329-39.

[14] Ayerza R. The seed’s protein and oil content, fatty acid composition, and grow-
ing cycle length of a single genotype of chia (Salvia hispanica L.) as affected by
environmental factors. ] Oleo Sci 2009;58:347-54.

[15] Oliveira-Alves SC, Vendramini-Costa DB, Betim Cazarin CB, Mardstica Jr MR,
Borges Ferreira JP, Silva AB, et al. Characterization of phenolic compounds in
chia (Salvia hispanica L.) seeds, fiber flour and oil. Food Chem 2017;232:295-
305.

[16] Oliva ME, Ferreira MR, Chicco A, Lombardo YB. Dietary salba (salvia hispanica
L) seed rich in alpha-linolenic acid improves adipose tissue dysfunction and
the altered skeletal muscle glucose and lipid metabolism in dyslipidemic insu-
lin-resistant rats. Prostagl Leukot Essent Fatty Acids 2013;89:279-98.

[17] Rossi AS, Oliva ME, Ferreira MR, Chicco A, Lombardo YB. Dietary chia seed
induced changes in hepatic transcription factors and their target lipogenic and
oxidative enzyme activities in dyslipidaemic insulin-resistant rats. Br | Nutr
2013;109:1617-27.

[18] Chicco AG, D’Alessandro ME, Hein GJ, Oliva ME, Lombardo YB. Dietary chia
seed (Salvia hispanica L.) rich in a-linolenic acid improves adiposity and nor-
malizes hypertriacylglycerolaemia and insulin resistance in dyslipaemic rats.
BrJ Nutr 2009;101:41-50.

[19] Marineli RDS, Moura CS, Moraes EA, Lenquiste SA, Lollo PC, Morato PN,
et al. Chia (Salvia hispanica L.) enhances HSP, PGC-1 « expressions and
improves glucose tolerance in diet-induced obese rats. Nutrition 2014;31:
740-8.

[20] Marineli RDS, Marineli SA, Moraes EA, Maréstica MR. Antioxidant potential of
dietary chia seed and oil (Salvia hispanica L.) in diet-induced obese rats. Food
Res Int 2015;76:666-74.

[21] da Silva SV, Renovato-Martins M, Ribeiro-Pereira C, Citelli M, Barja-Fidalgo C.
Obesity modifies bone marrow microenvironment and directs bone marrow
mesenchymal cells to adipogenesis. Obesity 2016;24:2522-32.

[22] Oh DY, Talukdar S, Bae EJ, Imamura T, Morinaga H, Fan W, et al. GPR120 is an
omega-3 fatty acid receptor mediating potent anti-inflammatory and insulin-
sensitizing effects. Cell 2010;142:687-98.

[23] da Silva BP, Anunciacao PC, Matyelka JCDS, Della Lucia CM, Martino HSD, Pin-
heiro-Sant'Ana HM. Chemical composition of brazilian chia seeds grown in dif-
ferent places. Food Chem 2017;221:1709-16.

[5

[6

[9


https://doi.org/10.1016/j.nut.2018.08.011
http://apps.who.int/iris/bitstream/10665/112738/1/9789240692671
http://apps.who.int/iris/bitstream/10665/112738/1/9789240692671
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0001
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0001
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0001
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0001
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0002
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0002
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0002
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0002
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0002
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0003
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0003
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0003
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0003
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0003
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0004
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0004
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0004
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0004
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0005
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0005
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0005
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0006
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0006
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0006
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0006
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0006
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0007
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0007
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0007
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0007
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0008
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0008
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0008
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0008
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0009
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0009
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0009
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0010
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0010
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0010
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0010
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0010
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0011
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0011
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0011
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0011
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0012
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0012
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0012
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0013
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0013
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0013
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0013
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0013
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0014
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0014
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0014
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0014
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0015
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0015
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0015
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0015
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0016
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0016
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0016
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0016
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0016
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0017
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0017
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0017
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0017
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0017
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0017
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0018
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0018
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0018
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0018
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0018
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0019
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0019
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0019
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0020
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0020
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0020
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0021
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0021
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0021
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0021

174 T. Fonte-Faria et al. / Nutrition 58 (2019) 167—174

[24] Citelli M, Fonte-Faria T, Nascimento-Silva V, Renovato-Martins M, Silva R, Luna AS,
et al. Obesity promotes alterations in iron recycling. Nutrients 2015;7:335-48.

[25] Garcia-Souza EP, da Silva SV, Félix GB, Rodrigues AL, Freitas MS, Moura AS,
et al. Maternal protein restriction during early lactation induces GLUT4 trans-
location and mTOR/Akt activation in adipocytes of adult rats. Am ] Physiol
Endocrinol Metab 2008;295:E626-36.

[26] Shimobayashi M, Albert V, Woelnerhanssen B, Frei IC, Weissenberger D,
Meyer-Gerspach AC, et al. Insulin resistance causes inflammation in adipose
tissue. J Clin Invest 2018;128:1538-50.

[27] Oh DY, Walenta E, Akiyama TE, Lagakos WS, Lackey D, Pessentheiner AR, et al.
A Gpr120 selective agonist improves insulin resistance and chronic inflamma-
tion in obese mice. Nat Med 2014;20:942-7.

[28] Rafiee M, Sotoudeh G, Djalali M, Alvandi E, Eshraghian M, Sojoudi F, et al. Die-
tary n-3 polyunsaturated fatty acid intake modulates impact of insertion/dele-
tion polymorphism of apob gene on obesity risk in type 2 diabetic patients.
Nutrition 2016;32:1110-5.

[29] Andersen LF, Solvoll K, Johansson LR, Salminen I, Aro A, Drevon CA. Evaluation of
a food frequency questionnaire with weighed records, fatty acids, and alpha-
tocopherol in adipose tissue and serum. Am J Epidemiol 1999;150:75-87.

[30] Geerling BJ, Houwelingen AC, Badart-Smook A, Stockbriigger RW, Brummer R]. Fat
intake and fatty acid profile in plasma phospholipids and adipose tissue in patients
with Crohn'’s disease, compared with controls. Am ] Gastroenterol 1999;94:410-7.

[31] Baker EJ, Miles EA, Burdge GC, Yaqoob P, Calder PC. Metabolism and functional
effects of plant-derived omega-3 fatty acids in humans. Prog Lipid Res
2016;64:30-56.

[32] Poudyal H, Panchal SK, Ward LC, Brown L. Effects of ALA, EPA and DHA in high
carbohydrate, high fat diet induced metabolic syndrome in rats. J Nutr Bio-
chem 2013;24:1041-52.

[33] Mohammadi-Sartang M, Sohrabi Z, Barati-Boldaji R, Raeisi-Dehkordi H,
Mazloom Z. Flaxseed supplementation on glucose control and insulin

sensitivity: a systematic review and meta-analysis of 25 randomized, placebo-
controlled trials. Nutr Rev 2018;76:125-39.

[34] Huber ], Loffler M, Bilban M, Reimers M, Kadl A, Todoric ], et al. Prevention of
high-fat diet-induced adipose tissue remodeling in obese diabetic mice by n-3
polyunsaturated fatty acids. Int ] Obes 2007;31:1004-13.

[35] Miiller MJ, Braun W, Pourhassan M, Geisler C, Bosy-Westphal A. Application of
standards and models in body composition analysis. Proc Nutr Soc
2016;75:181-7.

[36] Kalyani RR, Metter EJ, Ramachandran R, Chia CW, Saudek CD, Ferucci L. Glu-
cose and insulin measurements from the oral glucose tolerance test and rela-
tionship to muscle mass. ] Gerontol Biol Sci Med Sci 2012;67:74-81.

[37] Ayerza R, Coates W, Lauria M. Chia seed (Salvia hispanica L.) as an omega-3
fatty acid source for broilers: influence on fatty acid composition, cholesterol
and fat content of white and dark meats, growth performance, and sensory
characteristics. Poult Sci 2002;81:826-37.

[38] Nieman DC, Cayea EJ, Austin MD, Henson DA, McAnulty SR, Jin F. Chia seed
does not promote weight loss or alter disease risk factors in overweight adults.
Nutr Res 2009;29:414-8.

[39] Ito MK. Long-chain omega-3 fatty acids, fibrates and niacin as therapeutic
options in the treatment of hypertriglyceridemia: a review of the literature.
Atherosclerosis 2015;242:647-56.

[40] Kim ]I, Huh JY, Sohn JH, Choe SS, Lee YS, Lim CY, et al. Lipid-overloaded
enlarged adipocytes provoke insulin resistance independent of inflammation.
Mol Cell Biol 2015;35:1686-99.

[41] Gao H, Mejhert N, Fretz JA, Arner E, Lorente-Cebridn S, Ehrlund A, et al. Early B
cell factor 1 regulates adipocyte morphology and lipolysis in white adipose tis-
sue. Cell Metab 2014;19:981-92.

[42] Lee YS, Li P, Huh JY, Hwang IJ, Lu M, Kim JI, et al. Inflammation is necessary for
long-term but not short-term high-fat diet-induced insulin resistance. Diabe-
tes 2011;60:2474-83.


http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0022
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0022
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0023
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0023
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0023
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0023
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0023
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0024
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0024
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0024
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0025
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0025
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0025
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0026
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0026
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0026
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0026
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0027
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0027
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0027
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0028
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0028
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0028
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0028
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0029
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0029
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0029
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0030
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0030
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0030
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0031
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0031
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0031
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0031
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0032
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0032
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0032
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0032
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0033
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0033
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0033
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0033
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0034
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0034
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0034
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0035
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0035
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0035
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0035
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0036
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0036
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0036
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0037
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0037
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0037
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0038
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0038
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0038
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0039
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0039
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0039
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0039
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0040
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0040
http://refhub.elsevier.com/S0899-9007(18)30917-1/sbref0040

	Chia oil supplementation changes body composition and activates insulin signaling cascade in skeletal muscle tissue of obese animals
	Introduction
	Methods
	Animals and diets
	Body composition analysis
	Intraperitoneal glucose tolerance test
	Intraperitoneal insulin tolerance test
	Sample collection
	Leptin and cytokine measurements
	Muscle protein preparation
	Western blot analysis
	Statistical analyses

	Results
	ChOi supplementation improves glucose tolerance and insulin sensitivity in mice
	ChOi supplementation decreases blood levels of leptin and triacylglycerols in obese mice
	ChOi supplementation changes body composition
	ChOi supplementation improves insulin signaling in obese animals

	Discussion
	Conclusion
	Acknowledgments
	Supplementary materials
	References



