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Abstract

Background: Obesity is a major global health concern, highlighting the need for effective nutritional interventions. Chia seeds (Salvia
hispanica L.) are rich in α-linolenic acid and have recently attracted attention for potential metabolic benefits. Thus, this study aimed
to investigate the effects of chia seed supplementation on obesity-related indicators in a rat model fed a cafeteria diet. Methods: Three-
week-old male Wistar rats (n = 28) were randomly and equally divided into four groups (n = 7 each) and fed the following diets for
15 weeks: control diet (CON), CON with 20% chia seed-supplemented diet (CONC), cafeteria diet (CAF), and CAF with 20% chia
seed-supplemented diet (CAFC). Food consumption and body weights were recorded daily. Tissue and plasma samples were collected
at the end of the study, and body composition and gene expression levels in white adipose tissues were analyzed. Results: The CAF
and CAFC showed significantly higher energy intake (198 ± 7.76 and 199 ± 7.76 kcal/day, respectively) and weight gain (509 ± 46.3
and 500 ± 33.8 g, respectively) compared to CON (all p < 0.001). However, chia seed supplementation did not significantly alter body
composition (p > 0.05). Plasma leptin levels differed among groups (p = 0.017), with the CAF promoting higher levels than the CON
(6.26 ± 1.78 vs. 1.20 ± 0.26 ng/mL). Sterol regulatory element binding protein-1c (SREBP-1c) expression was higher in the CAFC
than in the CAF (p < 0.001). Chia seed supplementation significantly decreased uncoupling protein 2 (UCP2) expression in the CONC
(p < 0.05 vs. CON), and the CAFC showed a trend toward decreased expression (p = 0.053 vs. CAF). Expression of the peroxisome
proliferator-activated receptor α (PPARα) and fatty acid desaturase 2 (FADS2) genes was higher in the CON than in the CAF and CAFC
(both p < 0.05). Conclusions: Chia seed supplementation modified specific gene expression levels, but did not impact primary obesity
indicators under obesogenic conditions.
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1. Introduction
Obesity is defined as the accumulation of abnormal or

excessive fat that can disrupt the maintenance of optimal
health [1]. This complicated, chronic, and multifactorial
disease has become a major global health concern in recent
decades [2]. Sedentary lifestyles and environmental fac-
tors are considered to be primary causes of the global obe-
sity and overweight problem [3,4]. Excessive dietary en-
ergy intake—primarily from sugars and fats (saturated and
trans fatty acids)—combined with low intakes of vitamins,
minerals, and dietary fiber, contributes to weight gain and
increases the risk of diet-related diseases [5–8]. The urgent
need for effective public health strategies to prevent obe-
sity and overweight has emerged as a major global health
priority [9].

Salvia hispanica L., commonly known as chia seed,
belongs to the Lamiaceae family of plants [10]. The lipid
content of chia seeds is between 25–40%, and is composed
of 60% α-linolenic acid (ALA) and 20% linoleic acid (LA)
[11]. This fatty acid pattern makes chia seed an important
source of omega-3 (n-3) fatty acids. Besides their lipid pro-
file, chia seeds also contain a significant amount of dietary
fiber and a high protein content [12–14]. In addition, chia

provides mucilage and various minerals that can influence
satiety and lipid metabolism, while its soluble fiber frac-
tion has been suggested to modulate the composition of gut
microbiota [15].

Recent animal studies have shown that chia seeds pos-
itively affect lipid and glucose homeostasis, contributing to
disease prevention and the management of metabolic disor-
ders [16–18]. Chia seed supplementation of high-fat diets
improved lean body mass, reduced abdominal fat, and alle-
viated chronic inflammation in rats [19]. In other studies,
chia seeds did not prevent weight gain, but enhanced glu-
cose and insulin tolerance and had beneficial cardiac and
hepatic effects [20,21]. These findings indicate the n-3 fatty
acid content of chia seeds may be an alternative dietary
component against the effects of a high-fat diet [22,23].

Polyunsaturated fatty acids (PUFAs) regulate basic
adipose tissue cell functions by modulating the activity of
key transcription factors such as peroxisome proliferator-
activated receptor (PPAR α/γ) and sterol regulatory ele-
ment binding protein 1/2 (SREBP-1/2) [24]. Foods with
a high ALA content have been shown to increase the ac-
cumulation of n-3 PUFA and the activity and expression
of desaturases in adipose tissue [22]. However, there is still
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very little known about the mechanisms underlying the ben-
eficial effects of chia seeds on metabolic disorders caused
by high-fat, high-sugar, or high-fructose diets [21,25–28].

The cafeteria diet was developed by Rothwell and
Stock to improve obesity models through feeding of lab-
oratory animals [29]. In this diet, human foods contain-
ing high energy, fat, and sugar (chocolate, biscuits, chips,
etc.) are provided in addition to the normal daily feed of
experimental animals. In rodent models that are resistant to
the development of obesity with a normal diet, the cafete-
ria diet results in significantly increased food intake, body
weight, and adipose tissues as the taste threshold and food
variety increase [30]. The cafeteria diet has been proposed
as the closest experimental model to the Western-style diet,
which is considered one of the most important factors in the
development of obesity in humans due to its high energy,
saturated fat, salt, and sugar content, with low content of
vitamins, minerals, and essential nutrients [31–33]. To our
knowledge, the possible benefits of chia seed supplementa-
tion of the cafeteria diet have yet to be explored. The aim
of this study was therefore to investigate the potential pro-
tective effects of chia seeds on cafeteria diet-induced obe-
sity in rats, as well as their effect on the expression of sev-
eral key genes in adipose tissue, namely PPARα/γ, SREBP-
1c, uncoupling protein 2 (UCP2), and fatty acid desaturase
2 (FADS2). We hypothesized that supplementing cafete-
ria diet with chia seeds may exert protective effects against
the development of obesity, adiposity-related markers, and
gene expression levels in adipose tissue. While several
studies have examined chia seed supplementation in high-
fat or high-sucrose diet models, its effects in a cafeteria diet
model that more closely reflects obesity-associated eating
patterns in humans have yet to be explored. The present
study provides new evidence on how chia seeds may in-
fluence obesity-related parameters and adipose-tissue gene
expression in cafeteria diet conditions. By examining en-
ergy and nutrient intake in conjunction with anthropomet-
ricmeasures, biochemicalmarkers, and gene-level changes,
this study provides a better understanding of the physiolog-
ical effects of chia supplementation.

2. Materials and Methods
2.1 Animals, Diets and Interventions

The experimental group was comprised of 28 male
Wistar albino rats (3-weeks old) provided by Kobay Ex-
perimental Animals Laboratory Inc. All animals were indi-
vidually housed on shavings in plastic cages at the Labora-
tory Animals Research and Application Centre, Hacettepe
University, under controlled conditions (22 ± 1 °C tem-
perature, 45% humidity, 12 h light-dark cycle). Rats were
given ad libitum access to water and chow diet for one
week to achieve habituation. Subsequently, the rats (av-
erage body weight 105 ± 2.61 g) were randomly assigned
to four groups (7 in each group) based on body weight
using the online software program Research Randomizer

(https://www.randomizer.org/) [34]. The four experimen-
tal groups were: control diet (CON), control diet supple-
mented with chia seed (CONC), cafeteria diet (CAF) and
cafeteria diet with chia seed (CAFC). Rats were fed these
diets for 15 weeks, with the researchers not blinded to the
treatment groups. CON and CONC diets were based on the
AIN-93G diet [35], and their nutrient composition (shown
in Table 1) was calculated and reported by the manufac-
turer (ARDEN Research & Experiment, Ankara, Turkiye).
The CONC diet was made isocaloric with the CON diet by
lowering the amounts of corn starch, soybean oil, casein
and replacing them with 200 g chia seed/kg diet (Table 1),
as previously described [36]. The percentage of chia in-
clusion (20%, w/w) was therefore based on an earlier ex-
perimental study demonstrating that this level is well tol-
erated by rodents and sufficient to elicit measurable phys-
iological effects [36], with additional support from studies
using higher dietary proportions of chia seed in rat mod-
els [16–18]. Although a range of chia seed inclusion lev-
els has been used in rodent studies, the selected proportion
represents a moderate and biologically relevant level. Chia
seed was obtained fromYayla Agro Food Industry (Ankara,
Turkiye) and Transportation Inc.(Ankara, Turkiye), and its
energy and macronutrient composition was provided by the
supplier. Fatty acid and mineral compositions were de-
termined by an external laboratory (Nanolab Food Control
Laboratory, Istanbul, Turkiye) using gas chromatography
with a flame ionization detector (GC-FID) (Trace 1310 GC,
Thermo Fisher Scientific, Milan, Italy) and inductively cou-
pled plasma-mass spectrometry (ICP-MS) (7850 ICP-MS,
Agilent Technologies, Santa Clara, CA, USA), respectively
[36,37]. The nutritional composition of chia seeds is pre-
sented in Table 2 (Ref. [38]); selected values were de-
rived from previous reports [38]. CAF diet included both
a control diet and an arbitrary mix of high-energy, palat-
able foods. Information on cafeteria diet was obtained from
previous reports [39,40]. In brief, the high-energy, palat-
able foods consist of peanuts, potato and corn crisps, milk
chocolate, cheese stick crackers, chocolate bars, kashar
cheese, and biscuits filled with chocolate cream, milk-
chocolate, and orange jelly. Five of these foods were of-
fered in excess every day in a cup on the cage floor. To
ensure variation, three of these foods were substituted with
new ones every day, meaning the rats were not provided
with identical foods for more than two consecutive days.
CAFC diet consisted of CAF supplemented with chia in the
same way as the CONC diet. Food and water consump-
tion were recorded daily for each rat between 13:00 and
15:00 throughout the 15-week experimental period. Cal-
culations for daily energy, macronutrient, and micronutri-
ent intake were based on supplier data for the cafeteria diet
(Supplementary Table 1). The cafeteria diet provided an
average energy distribution of 40.3% from carbohydrates,
8.1% from protein, and 50.8% from fat.
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Table 1. Composition of the CON and CONC diets.

Energy and nutrients
CON diet CONC diet

g (%) kcal (%) g (%) kcal (%)

Macronutrients
Carbohydrate 63.9 63.9 63.9 63.9

Corn starch 39.7 39.7 32.5 32.5
Dextrinized corn starch 13.2 13.2 13.2 13.2
Sucrose 10.0 10.0 10.0 10.0
Chia seed1 - - 7.2 7.2

Fat2 7.0 15.8 7.0 15.8
Soybean oil 7.0 15.8 1.1 2.5
Chia seed - - 5.9 13.3

Protein 20.3 20.3 20.3 20.3
Casein 20.0 20.0 15.4 15.4
L-cysteine 0.3 0.3 0.3 0.3
Chia seed - - 4.6 4.6

Energy (kcal/g of diet) 4 4
Sugar (g/g diet) 0.11 0.11
Dietary fiber (g/g diet) 0.05 0.09
Saturated fat (g/g diet) 0.01 0.01
Sodium (mg/g diet) 1.02 1.02
CON diet, control diet; CONC diet, control+chia diet. Both diets also contained
vitamin mix (V10001) 1%, mineral mix (S10026) 1%, choline bitartrate 0.25%,
methyl paraben 0.0014%, dicalcium phosphate 1.3%, calcium carbonate 0.55%,
and potassium citrate 1.7%. 1Chia seed: 200 g/kg diet. 2Saturated fat content
(g/100 g diet) of the CON and CONC diets was 1.12 and 0.7, respectively as
stated by the manufacturer.

2.2 Blood and Tissue Collection
After an overnight fast, rats were terminally anes-

thetized with isoflurane at the end of the intervention pe-
riod. Blood samples were obtained using cardiac punc-
ture and collected into heparinized capillary tubes. Samples
were then transferred to Eppendorf Tubes for centrifugation
at 3000 ×g for 15 min. Plasma was isolated and stored in
polypropylene microtubes at –80 °C prior to testing.

Body cavities of animals were opened and major or-
gans were removed and weighed, including the liver, brain,
kidneys, gonadal (GWAT) and peri-renal white adipose
tissues (PWAT), and interscapular brown adipose tissue
(IBAT). The organs were placed in punctured sterile bags
and immersed in liquid nitrogen, followed by storage at –
80 °C for subsequent assays. The weight of adipose tissue
and organs are presented as a percentage of the animal’s to-
tal weight (relative).

2.3 Anthropometric Measurements and Carcass
Composition

The body length (naso-anal distance) of anaesthetized
rats was recorded before euthanasia. Body weight and
length were used to determine the Lee obesity index, cal-
culated as 3

√
body weight (g)/length (cm) [41].

The body composition was assessed through chemical
analysis of the carcass, which is the reference method for

determining rat body composition [42]. Whole carcasses
were oven-dried to assess body water levels. The dried car-
casses were then homogenized and sampled to estimate ni-
trogen content using the Kjeldahl method, and fat content
using Soxhlet extraction.

2.4 Plasma Biochemical Indicators

Commercially available ELISA kits were used to as-
sess plasma total cholesterol (Shanghai Sunred Biological
Technology Co., Ltd., Shanghai, China; Cat. No. 201-11-
0785), triglycerides (Shanghai Sunred Biological Technol-
ogy Co., Ltd., Shanghai, China; Cat. No. 201-11-0250),
insulin (Crystal Chem Inc., Elk Grove Village, IL, USA;
Cat. No. 90060), leptin (Crystal Chem Inc., Elk Grove Vil-
lage, IL, USA; Cat. No. 90040) and C-peptide (Crystal
Chem Inc., Elk Grove Village, IL, USA; Cat. No: 90055),
as per the manufacturers’ instructions [39]. Plasma glu-
cose concentration was measured with the glucose oxidase
method and a fully automated biochemical analyzer (BS-
300, Shenzhen Mindray Bio-Medical Electronics Co., Ltd.,
Shenzhen, China) [43].

2.5 Gene Expression Assays

Gene expression levels of SREBP-1c, UCP2, PPARα,
PPARγ and FADS2 in GWAT were evaluated by real-time
polymerase chain reaction (RT-PCR) with an Applied
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Table 2. Nutritional composition of chia seed.
Energy and nutrients Chia seed

Energy (kcal/100 g) 434
Carbohydrate (g/100 g) 35.8
Sugar (g/100 g) 0
Fiber (g/100 g) 31.9
Protein (g/100 g) 22.9
Fat (g/100 g) 29.3

Fatty acid composition (% of total lipid)1

Palmitic acid (C16:0) 8.13
Stearic acid (C18:0) 4.32
Oleic acid (C18:1) 7.05
Linoleic acid (C18:2) 17.0
Linolenic acid (C18:3) 58.3
Total saturated fatty acids 5.79
Total monounsaturated fatty acids 2.38
Total polyunsaturated fatty acids 24.9
Omega-3 19.2
Omega-6 5.61
Omega-3/Omega-6 ratio 3.43

Mineral composition (mg/100 g)
Sodium (mg) 0
Potassium (mg) 641
Calcium (mg) 538
Iron (mg) 9.54
Magnesium (mg) 277
Phosphorus (mg) 594
Zinc (mg) 4.76
Copper (mg) 1.64
Manganese (mg) 12.4
Total phenolic content (mg GAE/g) 3.422

GAE, Gallic acid equivalent. Energy and nutrient values were
provided by the supplier; fatty acid and mineral compositions
were analyzed by an external laboratory.
1Fatty acid composition was analyzed as fatty acid methyl es-
ters derived from lipids extracted from chia seeds.
2Total phenolic content was obtained from the literature [38].

Biosystems (ABI) 7500 Fast Real-Time PCR System (Ap-
plied Biosystems, Thermo Fisher Scientific, Waltham, MA,
USA). RNA was extracted using a total RNA isolation kit
(Vivantis Total RNA Extraction Kit, Vivantis Technologies
Sdn. Bhd., Selangor, Malaysia; Cat. No. GF-TR-100),
as per the manufacturer’s protocol. OneScript Plus Re-
verse Transcriptase (Applied Biological Materials Inc.
Richmond, BC, Canada; Cat. No. G237) was used
to synthesize cDNA from the extracted mRNA, which
was subsequently amplified with the BrightGreen qPCR
MasterMix (Applied Biological Materials Inc. Richmond,
BC, Canada). Primers for the SREBP-1c, UCP2, PPARα,
PPARγ and FADS2 genes, and for the housekeeping gene
glyceraldehyde 3- phosphate dehydrogenase (GAPDH),
were supplied by Biomers.net Gmbh (Ulm, Germany).
The primer sequences (forward and reverse) were as

follows: SREBP-1c (5′-CAACAACCAAGACAGTGA-
3′) and (5′-AGAGAAGCAGGAGAAGAG-3′);
for UCP2 (5′-CACTTCACTTCTGCCTTC-3′)
and (5′-TATCTCGTCTTGACCACAT-3′); for
PPARα (5′-TCTGAATGAGCACTTCTAAG-3′) and
(5′-CTGTAATTGTCTGAATCCTACTA-3′); for
PPARγ (5′-CACCAACTTCGGAATCAG-3′) and
(5′-TCATAGTGTGGAGCAGAA-3′); for FADS2
(5′-CCTTCTTCAATGACTGGTT-3′) and (5′-
CGGCTTCTCTTGGTATTC-3′); and for GAPDH
(5′-ATGACAATGAATATGGCTACA-3′) and (5′-
TCTTGCTCTCAGTATCCTT-3′). A total of 10 µL
of mixture containing 5 µL MasterMix, 0.5 µL primer,
and 4.5 µL RNase-free water was added to each well,
followed by 20 ng of cDNA. Cycle conditions were 95
°C for 15 min, 40 cycles of 95 °C for 15 min, annealing
at 57 °C for 60 s, and finally 40 °C for 30 s. All target
gene expression levels were normalized using GAPDH as
an internal control. Fold changes between groups were
calculated using the 2−∆∆Ct equation.

2.6 Statistical Analysis
The data were analyzed with SPSS version 23.0 (Sta-

tistical Package for Social Sciences, Inc., Chicago, IL,
USA). Results are expressed as the mean ± standard er-
ror. Pooled standard errors were used for variables analyzed
with repeated measures analysis of variance (ANOVA). A
p-value< 0.05 was considered statistically significant. The
water and diet consumption of animals was recorded daily
throughout the 15-week experimental period. Energy and
nutrient intakes were calculated from these records and an-
alyzed using repeated measures ANOVA. Anthropometric
measurements, body composition, organ and adipose tissue
weights, and plasma analyses were evaluated using one-
way ANOVA. In repeated measurements, differences be-
tween groups were revealed by examining dietary interven-
tion, treatment time, and the interaction of diet and treat-
ment time. For pairwise comparisons in one-way ANOVA,
Bonferroni or Tamhane post hoc tests were performed ac-
cording to the homogeneous distribution of variances. The
Shapiro-Wilk test revealed a normal distribution of gene
expression levels in all groups. The independent samples
t-test was used for pairwise comparison of groups. Data
from all animals was included in the analyses. Power anal-
ysis indicated that at least 6 animals per groupwas sufficient
to detect a minimum 12% difference in energy intake with
a power of 80% and alpha of 0.05 [40].

3. Results
3.1 Food and Water Consumption, Energy and Nutrient
Intake

Food consumption and nutrient intake were the pri-
mary outcomes of this study (Table 3). Diet significantly
influenced food consumption (p< 0.001). The level of food
consumption was significantly different between groups
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Table 3. Average food and water consumption, and energy and nutrient intake by the four groups.

Parameter
Group

SE pCON CONC CAF CAFC
n = 7 n = 7 n = 7 n = 7

Food consumption (g/day) 25.4a 32.3b 41.8c 42.2c 1.64 <0.001
Water consumption (g/day) 21.2a 26.3ab 31.9b 28.7ab 1.89 0.004
Energy (kcal/day) 102a 129a 198b 199b 7.76 <0.001
Carbohydrate (g/day) 16.2a 20.6b 20.5b 20.4b 0.86 0.003
Fiber (g/day) 1.27a 1.61b 1.78b 1.84b 0.07 <0.001
Sugar (g/day) 2.56a 3.26a 6.30b 5.82b 0.35 <0.001
Protein (g/day) 5.15a 6.55b 5.64ab 5.93ab 0.24 0.003
Fat (g/day) 1.78a 2.26b 10.0c 10.1c 0.49 <0.001
Saturated fat (g/day) 0.28a 0.23b 4.09c 3.93c 0.21 <0.001
Sodium (mg/day) 25.9a 32.8b 231c 247c 14.6 <0.001
CON, control diet; CONC, control+chia diet; CAF, cafeteria diet; CAFC, cafeteria+chia diet;
SE, pooled standard error. Values shown are the mean with pooled standard error. Repeated
measures analysis of variance (ANOVA) was used for the analysis, and Bonferroni or Tamhane
post hoc tests were used for pairwise comparisons according to the homogeneity of variances.
Mean values with non-identical superscript letters were significantly different (p < 0.05).

over the study period (diet and time interaction, p = 0.09).
Post hoc analysis showed that CAF and CAFC had higher
total food consumption during treatment than CON and
CONC. Water consumption was also significantly influ-
enced by diet (p = 0.004), with the CAF group consuming
more than the CON group.

The type of diet affected energy intake, with the CAF
and CAFC groups having higher intakes than CON and
CONC groups (p < 0.001). The energy intake of the dif-
ferent groups over time is shown in Supplementary Fig.
1A. CON had the lowest carbohydrate and fiber intakes (p
= 0.003, and p < 0.001, respectively). Diet also influenced
sugar intake (p < 0.001), with the CAF and CAFC groups
having a higher intake than CON and CONC groups. Sim-
ilarly, protein intake was influenced by diet (p = 0.003),
with CON having a lower intake than CONC. Diet also in-
fluenced the intake of fat and saturated fat (both p< 0.001).
CON had the lowest fat intake, whereas saturated fat intake
was lowest in CONC. The carbohydrate, protein, and fat
intakes of the groups over time are presented in Supple-
mentary Fig. 1B–D. Sodium intake was also significantly
influenced by diet (p < 0.001), and varied across groups
over time (diet and time interaction, p = 0.01). Sodium in-
take was higher in the CAF and CAFC groups than in the
CON and CONC groups.

3.2 Anthropometric Measurements and Body Composition

Changes in rat body weight over time are shown in
Fig. 1A. Diet significantly influenced the body weight of
animals (p< 0.001). The average body weight during treat-
ment was significantly higher in CAF and CAFC compared
to CON, and lower in CONC compared to CAFC. The high-
est and lowest weight gains were observed in CAF and
CON, respectively (Fig. 1B). Total weight gain at the end

of treatment was significantly lower in CON than in CAF
and CAFC (p < 0.001). At the end of the study, the Lee
index was significantly higher in CONC, CAF and CAFC
compared to CON (p < 0.001; Fig. 1C).

Fig. 1D shows the body composition distribution of
the four groups. Diet significantly influenced body water
and body fat (both p = 0.001). CON had higher body wa-
ter than CAF and CAFC, whereas it was lower in CAFC
than CONC. CAF and CAFC both had higher body fat than
CON.

3.3 Adipose Tissue and Organ Weights
Table 4 shows the adipose tissue and major organ

weights of animals relative to their body weight. Diet had
a significant influence on white adipose tissue (WAT) (all
p < 0.001). Nevertheless, the IBAT and other major or-
gans were similar among the different groups (p > 0.05).
CON had lower PWAT, GWAT and total WAT compared to
the CAF and CAFC groups. In addition, CAFC had higher
PWAT, GWAT and total WAT compared to CONC.

3.4 Plasma Biochemical Indicators
The plasma parameters measured at the end of the

study are shown in Table 5. Dietary treatment had no impact
on the levels of plasma cholesterol, triglycerides, glucose,
insulin or C-peptide. Only plasma leptin levels showed
a significant difference between groups (p = 0.017), with
CAF having significantly higher levels compared to CON.

3.5 Gene Expression Assays
The relative gene expression levels of SREBP-1c,

UCP2, PPARα, PPARγ, and FADS2 in GWAT are shown
in Fig. 2. These genes were selected because they play
key roles in lipid metabolism and adipose tissue function,
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Fig. 1. Body weight changes, total weight gain, Lee index, and body composition in rats. CON, control diet; CONC, control+chia
diet; CAF, cafeteria diet; CAFC, cafeteria+chia diet; n = 7 per group. Data are presented as the mean ± SEM. Significant differences
between groups are indicated by different letters. (A) Body weight changes over the study period. Repeated measures analysis of variance
(ANOVA) was performed. (B) Total weight gain at the end of the study. One-way ANOVA was performed. (C) Lee index at the end of
the study. One-way ANOVA was performed. (D) Body composition (percentage wet weight of body water, fat, and protein) at the end
of the study. One-way ANOVA was performed. Uppercase letters indicate group differences for fat, and lowercase letters indicate group
differences for water. Mean values with non-identical superscript letters were significantly different.

which are central mechanisms in the development of obe-
sity. SREBP-1c regulates lipogenic gene expression in-
volved in fatty acid and triglyceride synthesis; alterations
in its activity have been associated with adipose tissue ex-
pansion and obesity-related metabolic changes [44]. UCP2
is involved in the regulation of mitochondrial energy effi-
ciency and plays an important role in oxidative metabolism
and reactive oxygen species regulation [45]. PPARγ en-
hances insulin sensitivity, lipogenesis, and adipocyte func-
tion and is essential for normal adipose tissue development,
whereas PPARα promotes fatty acid oxidation, adipocyte

differentiation, and anti-inflammatory pathways, thereby
contributing to reduced adipocyte hypertrophy, improved
insulin sensitivity, and protection against obesity-related
metabolic dysfunction, particularly in rodent models [46].
FADS2 is a key enzyme in PUFA metabolism [47]. Alter-
ations in the expression of these genes have been widely
associated with obesity and diet-induced metabolic dys-
function. The expression level of SREBP-1c was signifi-
cantly higher in CAFC compared to CON and CAF, and
lower in CAF compared to CONC (Fig. 2A).UCP2 expres-
sion was significantly higher in CON compared to CONC

6

https://www.imrpress.com


Table 4. Adipose tissue and organ weights relative to body weight.

Adipose tissue and organ weight (% BW)
Group

pCON CONC CAF CAFC
n = 7 n = 7 n = 7 n = 7

IBAT 0.12 ± 0.03 0.08 ± 0.01 0.12 ± 0.01 0.11 ± 0.02 0.301
PWAT 1.19 ± 0.24a 2.05 ± 0.12ab 4.25 ± 0.79bc 3.71 ± 0.34c <0.001
GWAT 0.69 ± 0.14a 1.07 ± 0.11ab 2.37 ± 0.41bc 2.05 ± 0.14c <0.001
Total WAT (PWAT + GWAT) 1.88 ± 0.37a 3.12 ± 0.20ab 6.62 ± 1.19bc 5.76 ± 0.47c <0.001
Liver 2.53 ± 0.12 2.36 ± 0.03 2.42 ± 0.09 2.54 ± 0.06 0.368
Brain 0.54 ± 0.03 0.40 ± 0.02 0.44 ± 0.12 0.35 ± 0.02 0.211
Right kidney 0.33 ± 0.02 0.30 ± 0.01 0.30 ± 0.02 0.30 ± 0.01 0.275
Left kidney 0.32 ± 0.01 0.30 ± 0.01 0.30 ± 0.02 0.29 ± 0.01 0.210
CON, control diet; CONC, control+chia diet; CAF, cafeteria diet; CAFC, cafeteria+chia diet; BW, body weight; IBAT,
interscapular subcutaneous brown adipose tissue; PWAT, peri-renal white adipose tissue; GWAT, gonadal white adipose
tissue; WAT, white adipose tissue. Values shown are the mean ± SEM. One-way analysis of variance (ANOVA) was
performed. Tamhane post hoc test was used for pairwise comparisons. Mean values with non-identical superscript letters
were significantly different (p < 0.05).

Table 5. Comparison of fasting plasma biochemical parameters.

Biochemical parameter
Group

pCON CONC CAF CAFC
n = 7 n = 7 n = 7 n = 7

Cholesterol (mg/dL) 87.9 ± 5.37 86.5 ± 8.42 91.2 ± 5.54 86.7 ± 5.28 0.947
Triglycerides (mg/dL) 104 ± 5.86 114 ± 1.68 103 ± 5.64 104 ± 3.45 0.322
Glucose (mg/dL) 198 ± 13.2 177 ± 23.4 198 ± 20.0 226 ± 18.8 0.377
Insulin (ng/mL) 8.04 ± 0.23 8.18 ± 0.35 8.34 ± 0.36 8.07 ± 0.31 0.910
Leptin (ng/mL) 1.20 ± 0.26a 2.26 ± 0.48ab 6.26 ± 1.78b 5.67 ± 1.60ab 0.017
C-peptide (ng/mL) 1.15 ± 0.42 1.68 ± 0.27 2.77 ± 0.97 2.85 ± 0.85 0.248
CON, control diet; CONC, control+chia diet; CAF, cafeteria diet; CAFC, cafeteria+chia diet. Values shown
are the mean± SEM. One-way analysis of variance (ANOVA) was performed. The Bonferroni post hoc test
was used for pairwise comparisons. Mean values with non-identical superscript letters were significantly
different (p < 0.05).

and CAFC (Fig. 2B). Furthermore, CAFC showed a trend
for lower UCP2 gene expression than CAF (p = 0.053).
The expression levels of PPARα and FADS2 were sig-
nificantly higher in CON compared to CAF and CAFC
(Fig. 2C,E). PPARγ expression did not differ significantly
between groups (Fig. 2D). Additionally, CONC showed a
trend for lower PPARα gene expression than CON (p =
0.051).

4. Discussion
The aim of this study was to investigate whether chia

seed has protective effects against the progression of diet-
induced obesity in a rat model. Several studies have re-
ported beneficial effects from supplementing various obe-
sogenic diets with chia seeds, chia oil, or chia flour [20,
21,28,48–51]. However, the influence of chia seeds on the
cafeteria diet, which has greater similarity with a multifac-
torial human diet, has so far not been investigated in studies
of obesity development.

Chia seed supplementation had no effect on daily food
or water consumption by the CAF group, as previously re-
ported [21]. The CAF and CAFC groups were found to
consume a significantly greater quantity of food than the
CON and CONC groups. This result is similar to previous
studies in which obesity was induced by cafeteria diet in
rats [33,39,52]. Consumption of highly palatable cafeteria
foods increased the fat mass and resulted in hyperphagia
and rapid weight gain in male Wistar rats [33]. Cafeteria
diet groups showed higher daily energy intake compared
to CON and CONC groups. Studies on chia seed supple-
mentation in obesogenic diets for rodents have yielded con-
flicting results, with some finding increased energy intake
with chia seed supplementation of high-fat diets [21], while
others found no short- or long-term differences [28,53]. In
the present study, chia showed only a minimal contribu-
tion (5.3%, data not shown) to total energy intake in the
CAFC group. Moreover, the CAFC and CAF groups de-
rived almost the same proportion of energy from cafeteria
diet (75.7% and 75.8%, respectively, data not shown), indi-
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Fig. 2. Relative gene expression levels in WAT at the end of the study. CON, control diet; CONC, control+chia diet; CAF, cafeteria
diet; CAFC, cafeteria+chia diet. n = 7 in each group. Data are presented as the mean± SEM and normalized to the CON group. Asterisks
indicate statistically significant differences as determined by t-tests (*p < 0.05, **p < 0.01, ***p < 0.001). Gene expression levels for
(A) SREBP-1c, (B) UCP2, (C) PPARα, (D) PPARγ, and (E) FADS2.

cating that both groups consumed similar amounts of cafe-
teria diet foods and that chia seed supplementation had no
effect on energy intake [54].

The CAFC group had the highest fiber intake in this
study, likely due to its high food consumption and the

32.5% fiber content of chia seeds (Table 3). Taken to-
gether, our findings suggest that the potential satiating or
hypocaloric effects of fiber may be overridden [55]. How-
ever, this effect was not observed in our study, likely be-
cause of the higher energy, fat, carbohydrate, and salt con-
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tent of the cafeteria diet. Despite the low fiber content
of cafeteria foods, the CAF group had the second-highest
fiber intake due to increased food consumption. In addi-
tion to fiber, chia also contains mucilage and minerals that
may contribute to satiety [15]. However, such effects were
not evident under the obesogenic conditions of the cafete-
ria diet. These results suggest that the potential satiating or
hypocaloric effects of fiber may be overridden in the pres-
ence of an extremely energy-dense and palatable dietary
background [55,56]. Therefore, the high fiber content of
chia alonemay be insufficient to counteract the hyperphagic
drive induced by the cafeteria diet.

Chia seed supplementation did not significantly alter
saturated fat intake in rats fed the cafeteria diet, whereas
it substantially reduced saturated fat intake in the control
group. High consumption of saturated fats is known to
increase oxidative stress and the production of free radi-
cals [57], which contribute to obesity by promoting pre-
adipocyte proliferation and increasing the size of differen-
tiated adipocytes [58]. Excessive intake of saturated fat is
therefore a key risk factor for the development of obesity.
A study on three-week-old male Wistar rats demonstrated
that adding 41.7% chia seeds to a high-fat diet significantly
reduced saturated fat intake [59]. In contrast, our study
suggests that supplementation of the cafeteria diet with a
lower dose (20%) of chia seeds may not result in the same
reduction in saturated fat. This finding indicates the lipid-
modulating effects of chia may depend on both its propor-
tion in the diet and the severity of the obesogenic back-
ground. The high fat and energy content of the cafeteria
diet is likely to mask potential benefits from chia that have
been observed in simpler, high-fat models [56,59].

Chia seed supplementation of the cafeteria diet did not
exert a significant effect on body weight. However, the fi-
nal body weight and overall weight gain in the CAFC group
were marginally lower compared to the CAF group, al-
though this difference did not reach statistical significance.
There are contradictory findings in the literature regarding
the effect of chia seeds on weight gain. Several studies
found no difference in bodyweight or weight gain when dif-
ferent forms of chia (seed, flour, or oil) were added to high-
fat or high-sucrose diets at different doses (3–36.2%) and
for different times in rodents and rabbits [26,28,53,60,61].
However, other studies reported that supplementation of
a high-fat or high-fructose diet with 1.5–4% chia oil re-
duced weight gain [61,62]. This discordance in research re-
sults highlights the complexities of the effects of chia seed
supplementation on weight management, and suggests that
dosage, duration, and dietary context can affect its physio-
logical impact. The absence of a measurable effect of chia
seeds on body weight in our study could reflect the rela-
tively short consumption period and moderate dose, which
may not have been sufficient to counteract the strong obe-
sogenic drive of the cafeteria diet.

Analysis of the carcass at the end of this study revealed
similar body fat ratios in both the CAF and CAFC groups.
There are conflicting findings in the literature regarding the
effect of chia seeds on body fat in obese rodents. Oliva et
al. [37] and Fonte-Faria et al. [49] found that chia seed and
oil treatments led to a reduction in the percentage of body
fat. In contrast, de Miranda et al. [26] and Poudyal et al.
[21] reported no significant changes in total body fat with
3% chia flour and 5% chia seed supplementation, respec-
tively. These studies utilized different experimental mod-
els, with various forms of chia given in varying amounts
and for different times. In our model, supplementation with
chia seed showed no effect on body fat, suggesting that its
impact on adiposity may depend on the dietary context and
could be more apparent under less extreme nutritional con-
ditions. The complex and variable composition and high
nutrient density of the cafeteria diet might attenuate the ca-
pacity for chia to modulate fat accumulation [56].

PWAT, GWAT, and total WAT in the CAF and CAFC
groups were 2–3-fold higher than in the CONgroup, consis-
tent with other reports in the literature [33,39,63–66]. Chia
seed supplementation of the cafeteria diet did not affect the
weight of adipose tissues in our study, although some stud-
ies found that addition of chia seed to a sucrose-rich diet
reduced visceral adipose tissue [37,67]. The cafeteria diet
is considered to be more obesogenic than diets in which en-
ergy is increased by the addition of a single nutrient, possi-
bly explaining why no effect on adipose tissue weight was
observed [56].

Among the plasma parameters, only the leptin level
was significantly different between groups. Chia seed sup-
plementation of the cafeteria diet had no significant im-
pact on the leptin level compared to the CAF diet alone;
however, the leptin level in CAFC group was also simi-
lar to those in the CON and CONC groups, suggesting a
trend toward control values. Although some studies have
reported that chia oil reduced leptin levels in mice [49,62],
the present study found that chia seeds did not alter leptin
levels in Wistar rats. This partial normalization of leptin
levels suggests a modest improvement in leptin sensitivity
or regulation, even if not statistically significant.

Supplementation with chia seeds was associated with
significant changes in the expression of some genes in
WAT. Several studies have reported that ALA in chia seeds
can either increase or decrease the expression of SREBP-
1c [18,22,37,68–70]. The expression level increased when
adipocyte cells were treated with chia seeds [68], and when
rats were fed with chia oil [69], consistent with our findings.
These effects are mainly attributed to the high ALA content
of chia, which is the principal bioactive component that in-
fluences lipid metabolism [71]. The higher SREBP-1c ex-
pression level observed in the CAFC and CONC groups
compared to the CAF groupmay be related to the high ALA
content of chia seeds. However, chia seed reduced the ex-
pression of UCP2 in our study. Creus et al. [72] reported
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that UCP2 expression in the heart muscle of obese rats was
not affected by chia seed supplementation, and this gene has
not been investigated in other studies of chia seeds. Fish
oil supplementation of a high-fat diet was shown to reduce
UCP2 gene expression in adipose tissue [73,74]. Chia seeds
are rich in plant-derived n-3 ALA, but deficient in eicos-
apentaenoic acid (EPA) and docosahexaenoic acid (DHA)
[23]. Since ALA serves as a precursor to both EPA and
DHA [75], this could potentially explain the reducedUCP2
expression observed in our study. The levels of PPARα
and FADS2 gene expression were lower in the CAF and
CAFC groups compared to the controls. However, chia
seeds given with an obesogenic diet did not affect the ex-
pression level of these genes in WAT. Collectively, these
molecular findings imply that chia seed supplementation
under obesogenic conditions may not be sufficient to coun-
teract the lipogenic gene activation induced by the cafete-
ria diet. However, the observed alterations in SREBP-1c
and UCP2 expression may point to early changes in lipid
metabolism that have yet to result in measurable physio-
logical effects.

To our knowledge, this is the first study to exam-
ine the effects of chia seed supplementation in a cafete-
ria diet-induced obesity model, which is a good model for
Western-type eating patterns. We performed physiological,
biochemical, and molecular assessments to obtain a broad
view of the effect of chia seeds on obesity-related outcomes.
The cafeteria diet is not a standardized approach and there
are challenges associated with its implementation and ac-
curate energy and nutrient estimation. Nevertheless, it is
a well-established method for increasing adiposity parame-
ters [39] and may better resemble Western diets compared
to conventional high-fat models [56]. These aspects high-
light the translational relevance of this work, as it bridges
experimental findings with complex human dietary behav-
iors. Our results highlight the importance of evaluating
nutritional interventions within realistic dietary contexts to
better understand their physiological potential.

A key strength of this work is the integrated evalua-
tion of dietary intake, body composition, plasma biomark-
ers, and gene expression in adipose tissue, thus providing
a multidimensional understanding of chia seed supplemen-
tation. However, several limitations should be acknowl-
edged: the cafeteria diet model is inherently variable, only
one form and dose of chia seed was tested, and the relatively
short duration may have limited the ability to detect subtle
metabolic changes.

Unexpectedly, chia seed supplementation did not sig-
nificantly alter energy and nutrient intake, body composi-
tion, or plasma parameters under obesogenic conditions.
The most plausible explanation is that the dosage used
was insufficient to counteract the strong obesogenic ef-
fects of the cafeteria diet. Future studies using different
chia seed doses, longer intervention periods, and combined
metabolic and gut microbiota assessments should help to

clarify whether the observed changes in gene expression
translate into meaningful metabolic improvements. Since
the soluble fiber and mucilage fractions in chia may influ-
ence gut microbial composition, the integration of micro-
biota analysis would provide a more complete understand-
ing of its physiological actions.

5. Conclusions
We hypothesized that supplementing a cafeteria diet

with chia seed (20% w/w) may exert protective effects
against the development of obesity, adiposity-related mark-
ers, and changes in gene expression levels in adipose tis-
sue. This study found that chia seed supplementation in
rats fed an obesogenic diet increased SREBP-1c expression
and showed a trend toward decreased UCP2 expression in
WAT, possibly mediated by the high ALA content of chia.
In summary, this is the first study to explore the effects of
chia seed supplementation in a cafeteria diet-induced obe-
sity model, providing new insights into how plant-based n-
3 sources can modulate adipose tissue gene expression un-
der complex dietary conditions. The findings of this study
should inform future research into the effects of chia seeds
on obesity and lipid metabolism, focusing on both short-
and long-term supplementation with varying doses. Future
studies should incorporate dietary models that are more re-
flective of human nutrition, such as the cafeteria diet, to
provide deeper insights into the potential benefits of chia
seeds.

Abbreviations
ALA, Alpha-linolenic acid; CAF, Cafeteria diet;

CAFC, Cafeteria diet with chia seed; CON, Control
diet; CONC, Control diet supplemented with chia seed;
DHA, Docosahexaenoic acid; EPA, Eicosapentaenoic acid;
FADS2, Fatty acid desaturase 2; GAPDH, Glyceraldehyde
3- phosphate dehydrogenase; GWAT, Gonadal white adi-
pose tissue; IBAT, Interscapular brown adipose tissue; LA,
Linoleic acid; n-3, Omega-3; PPARα/γ, Peroxisome prolif-
erator activity receptors α/γ; PUFAs, Polyunsaturated fatty
acids; PWAT, Peri-renal white adipose tissues; RT-PCR,
Real-time polymerase chain reaction; SREBP-1/2, Sterol
regulatory element binding protein 1/2; UCP2, Uncoupling
protein 2; WAT, White adipose tissue.

Availability of Data and Materials
All data supporting the findings of this study are avail-

able upon reasonable request from the corresponding au-
thor.

Author Contributions
CC, AAkyol, and AAyaz contributed to conceptual-

ization, investigation, formal analysis, and data curation.
AAkyol and AAyaz contributed to methodology. CC con-
tributed to software andwriting—original draft preparation.

10

https://www.imrpress.com


AAkyol and AAyaz contributed to review, editing, and su-
pervision. AAyaz contributed to funding acquisition. All
authors contributed to editorial changes in the manuscript.
All authors read and approved the final manuscript. All au-
thors have participated sufficiently in the work and agreed
to be accountable for all aspects of the work.

Ethics Approval and Consent to Participate
All experimentation was conducted in accordance

with Directive 2010/63/EU and ARRIVE guidelines, with a
license from the Ethics Board on Animal Experimentations
of Hacettepe University, Ankara, Turkiye (protocol num-
ber: 2016/33-04).

Acknowledgment
The authors would like to thank Tayfun Ide from AR-

DEN Research & Experiment for helping with the feed
preparation process, Samet Ece from DIAGEN for his as-
sistance with biochemical and gene analysis and Yücel
Buyukdere for providing help in data collection.

Funding
This research was funded by the Scientific Research

Projects Coordination Unit of Hacettepe University, grant
numbers TDK-2018-16725 and THD-2019-18012.

Conflict of Interest
The authors declare no conflict of interest.

Declaration of AI and AI-Assisted
Technologies in the Writing Process

During the preparation of this work, the authors used
ChatGpt-5 to check spelling and grammar. After using this
tool, the authors reviewed and edited the content as needed
and take full responsibility for the content of the publica-
tion.

Supplementary Material
Supplementary material associated with this article

can be found, in the online version, at https://doi.org/10.
31083/IJVNR46718.

References
[1] Ellulu MS, Patimah I, Khaza’ai H, Rahmat A, Abed Y. Obe-

sity and inflammation: the linking mechanism and the com-
plications. Archives of Medical Science. 2017; 13: 851–863.
https://doi.org/10.5114/aoms.2016.58928.

[2] Cuciureanu M, Caratașu CC, Gabrielian L, Frăsinariu OE,
Checheriță LE, Trandafir LM, et al. 360-degree perspectives on
obesity. Medicina. 2023; 59: 1119. https://doi.org/10.3390/me
dicina59061119.

[3] Pearson N, Biddle SJH. Sedentary behavior and dietary intake in
children, adolescents, and adults. A systematic review. Ameri-
can Journal of Preventive Medicine. 2011; 41: 178–188. https:
//doi.org/10.1016/j.amepre.2011.05.002.

[4] Popkin BM, Adair LS, Ng SW. Global nutrition transition and
the pandemic of obesity in developing countries. Nutrition Re-

views. 2012; 70: 3–21. https://doi.org/10.1111/j.1753-4887.
2011.00456.x.

[5] Dourmashkin JT, Chang GQ, Gayles EC, Hill JO, Fried SK,
Julien C, et al. Different forms of obesity as a function of diet
composition. International Journal of Obesity. 2005; 29: 1368–
1378. https://doi.org/10.1038/sj.ijo.0803017.

[6] Gandini S, Merzenich H, Robertson C, Boyle P. Meta-analysis
of studies on breast cancer risk and diet: the role of fruit and
vegetable consumption and the intake of associated micronu-
trients. European Journal of Cancer. 2000; 36: 636–646. https:
//doi.org/10.1016/s0959-8049(00)00022-8.

[7] Hooper L, Summerbell CD, Higgins JP, Thompson RL, Capps
NE, Smith GD, et al. Dietary fat intake and prevention of cardio-
vascular disease: systematic review. BMJ. 2001; 322: 757–763.
https://doi.org/10.1136/bmj.322.7289.757.

[8] Fraser LK, Clarke GP, Cade JE, Edwards KL. Fast food and
obesity: a spatial analysis in a large United Kingdom popu-
lation of children aged 13-15. American Journal of Preventive
Medicine. 2012; 42: e77–85. https://doi.org/10.1016/j.amepre
.2012.02.007.

[9] Van Kleef E, Van Trijp JCM, Van Den Borne JJGC, Zondervan
C. Successful development of satiety enhancing food products:
towards a multidisciplinary agenda of research challenges. Crit-
ical Reviews in Food Science and Nutrition. 2012; 52: 611–628.
https://doi.org/10.1080/10408398.2010.504901.

[10] Ulbricht C, Chao W, Nummy K, Rusie E, Tanguay-Colucci S,
Iannuzzi CM, et al. Chia (Salvia hispanica): a systematic review
by the natural standard research collaboration. Reviews on Re-
cent Clinical Trials. 2009; 4: 168–174. https://doi.org/10.2174/
157488709789957709.

[11] European Food Safety Authority (EFSA). Opinion on the safety
of ‘Chia seeds (Salvia hispanica L.) and ground whole Chia
seeds’ as a food ingredient. EFSA Journal. 2009; 7: 996. https:
//doi.org/10.2903/j.efsa.2009.996.

[12] 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. Poul-
try Science. 2002; 81: 826–837. https://doi.org/10.1093/ps/81.
6.826.

[13] Craig R, Sons M. Application for approval of whole chia (Salvia
hispania. L) seed and ground whole chia as novel food ingredi-
ents (pp. 1–29). Advisory Committee for Novel Foods and Pro-
cess. Company David Armstrong: Ireland. 2004.

[14] Alfredo V-O, Gabriel R-R, Luis C-G, David B-A. Physicochem-
ical properties of a fibrous fraction from chia (Salvia hispanica
L.). LWT-Food Science and Technology. 2009; 42: 168–173.
https://doi.org/https://doi.org/10.1016/j.lwt.2008.05.012.

[15] Khalid W, Arshad MS, Aziz A, Rahim MA, Qaisrani TB, Afzal
F, et al. Chia seeds (Salvia hispanica L.): A therapeutic weapon
in metabolic disorders. Food Science & Nutrition. 2023; 11: 3–
16. https://doi.org/10.1002/fsn3.3035.

[16] Chicco AG, D’Alessandro ME, Hein GJ, Oliva ME, Lom-
bardo YB. Dietary chia seed (Salvia hispanica L.) rich in alpha-
linolenic acid improves adiposity and normalises hypertriacyl-
glycerolaemia and insulin resistance in dyslipaemic rats. The
British Journal of Nutrition. 2009; 101: 41–50. https://doi.org/
10.1017/S000711450899053X.

[17] Rossi AS, Oliva ME, Ferreira MR, Chicco A, Lombardo YB.
Dietary chia seed induced changes in hepatic transcription fac-
tors and their target lipogenic and oxidative enzyme activi-
ties in dyslipidaemic insulin-resistant rats. The British Journal
of Nutrition. 2013; 109: 1617–1627. https://doi.org/10.1017/
S0007114512003558.

[18] del Rosario Ferreira M, Oliva ME, Aiassa V, D’Alessandro ME.

11

https://doi.org/10.31083/IJVNR46718
https://doi.org/10.31083/IJVNR46718
https://doi.org/10.5114/aoms.2016.58928
https://doi.org/10.3390/medicina59061119
https://doi.org/10.3390/medicina59061119
https://doi.org/10.1016/j.amepre.2011.05.002
https://doi.org/10.1016/j.amepre.2011.05.002
https://doi.org/10.1111/j.1753-4887.2011.00456.x
https://doi.org/10.1111/j.1753-4887.2011.00456.x
https://doi.org/10.1038/sj.ijo.0803017
https://doi.org/10.1016/s0959-8049(00)00022-8
https://doi.org/10.1016/s0959-8049(00)00022-8
https://doi.org/10.1136/bmj.322.7289.757
https://doi.org/10.1016/j.amepre.2012.02.007
https://doi.org/10.1016/j.amepre.2012.02.007
https://doi.org/10.1080/10408398.2010.504901
https://doi.org/10.2174/157488709789957709
https://doi.org/10.2174/157488709789957709
https://doi.org/10.2903/j.efsa.2009.996
https://doi.org/10.2903/j.efsa.2009.996
https://doi.org/10.1093/ps/81.6.826
https://doi.org/10.1093/ps/81.6.826
https://doi.org/https://doi.org/10.1016/j.lwt.2008.05.012
https://doi.org/10.1002/fsn3.3035
https://doi.org/10.1017/S000711450899053X
https://doi.org/10.1017/S000711450899053X
https://doi.org/10.1017/S0007114512003558
https://doi.org/10.1017/S0007114512003558
https://www.imrpress.com


Salvia hispanica L. (chia) seed improves skeletal muscle lipo-
toxicity and insulin sensitivity in rats fed a sucrose-rich diet by
modulating intramuscular lipid metabolism. Journal of Func-
tional Foods. 2020; 66: 103775. https://doi.org/https://doi.org/
10.1016/j.jff.2019.103775.

[19] Poudyal H, Panchal SK, Ward LC, Waanders J, Brown L.
Chronic high-carbohydrate, high-fat feeding in rats induces re-
versible metabolic, cardiovascular, and liver changes. Amer-
ican Journal of Physiology-Endocrinology and Metabolism.
2012; 302: E1472–E1482. https://doi.org/10.1152/ajpendo.
00102.2012.

[20] Marineli RDS, Moura CS, Moraes ÉA, Lenquiste SA, Lollo
PCB, Morato PN, et al. Chia (Salvia hispanica L.) enhances
HSP, PGC-1α expressions and improves glucose tolerance in
diet-induced obese rats. Nutrition. 2015; 31: 740–748. https:
//doi.org/10.1016/j.nut.2014.11.009.

[21] Poudyal H, Panchal SK,Waanders J,Ward L, Brown L. Lipid re-
distribution by α-linolenic acid-rich chia seed inhibits stearoyl-
CoA desaturase-1 and induces cardiac and hepatic protection
in diet-induced obese rats. The Journal of Nutritional Bio-
chemistry. 2012; 23: 153–162. https://doi.org/10.1016/j.jnutbi
o.2010.11.011.

[22] Rincón-CerveraMÁ, Valenzuela R, Hernandez-RodasMC, Bar-
rera C, Espinosa A, Marambio M, et al. Vegetable oils rich in
alpha linolenic acid increment hepatic n-3 LCPUFA, modulat-
ing the fatty acid metabolism and antioxidant response in rats.
Prostaglandins, Leukotrienes, and Essential Fatty Acids. 2016;
111: 25–35. https://doi.org/10.1016/j.plefa.2016.02.002.

[23] Ayerza R, Jr, Coates W. Effect of dietary alpha-linolenic fatty
acid derived from chia when fed as ground seed, whole seed and
oil on lipid content and fatty acid composition of rat plasma.
Annals of Nutrition & Metabolism. 2007; 51: 27–34. https://do
i.org/10.1159/000100818.

[24] Al-Hasani H, Joost HG. Nutrition-/diet-induced changes in gene
expression in white adipose tissue. Best Practice & Research
Clinical Endocrinology & Metabolism. 2005; 19: 589–603.
https://doi.org/10.1016/j.beem.2005.07.005.

[25] Creus A, Benmelej A, Villafañe N, Lombardo YB. Dietary Salba
(Salvia hispanica L) improves the altered metabolic fate of glu-
cose and reduces increased collagen deposition in the heart of
insulin-resistant rats. Prostaglandins, Leukotrienes, and Essen-
tial Fatty Acids. 2017; 121: 30–39. https://doi.org/10.1016/j.pl
efa.2017.06.002.

[26] de Miranda DA, Pinheiro da Silva F, Carnier M, Mennitti LV,
Figuerêdo RG, Hachul ACL, et al. Chia flour (Salvia hispan-
ica L.) did not improve the deleterious aspects of hyperlipidic
diet ingestion on glucose metabolism, but worsened glycaemia
in mice. Food Research International. 2019; 121: 641–647.
https://doi.org/10.1016/j.foodres.2018.12.033.

[27] Fernández-Martínez E, Lira-Islas IG, Cariño-Cortés R, Soria-
Jasso LE, Pérez-Hernández E, Pérez-Hernández N. Dietary
chia seeds (Salvia hispanica) improve acute dyslipidemia and
steatohepatitis in rats. Journal of Food Biochemistry. 2019; 43:
e12986. https://doi.org/10.1111/jfbc.12986.

[28] Marineli RDS, Lenquiste SA, Moraes ÉA, Maróstica MR, Jr.
Antioxidant potential of dietary chia seed and oil (Salvia hispan-
ica L.) in diet-induced obese rats. Food Research International.
2015; 76: 666–674. https://doi.org/10.1016/j.foodres.2015.07.
039.

[29] Rothwell NJ, Stock MJ. Regulation of energy balance in two
models of reversible obesity in the rat. Journal of Comparative
and Physiological Psychology. 1979; 93: 1024–1034. https://do
i.org/10.1037/h0077631.

[30] Rogers PJ, Blundell JE. Meal patterns and food selection during
the development of obesity in rats fed a cafeteria diet. Neuro-
science and Biobehavioral Reviews. 1984; 8: 441–453. https:

//doi.org/10.1016/0149-7634(84)90003-4.
[31] Moore BJ. The cafeteria diet–an inappropriate tool for studies of

thermogenesis. The Journal of Nutrition. 1987; 117: 227–231.
https://doi.org/10.1093/jn/117.2.227.

[32] Shafat A, Murray B, Rumsey D. Energy density in cafeteria diet
induced hyperphagia in the rat. Appetite. 2009; 52: 34–38. https:
//doi.org/10.1016/j.appet.2008.07.004.

[33] Sampey BP, Vanhoose AM, Winfield HM, Freemerman AJ,
Muehlbauer MJ, Fueger PT, et al. Cafeteria diet is a robust
model of human metabolic syndrome with liver and adipose
inflammation: comparison to high-fat diet. Obesity. 2011; 19:
1109–1117. https://doi.org/10.1038/oby.2011.18.

[34] da Fonseca Cardoso LM, da Silva Ferreira NC, de Araripe Lopes
Correa M, da Silva SA, Alves LA. Software for animal random-
ization: A tool for increasing the reproducibility of science. Lab-
oratory Animals. 2024; 58: 164–169. https://doi.org/10.1177/
00236772231194957.

[35] Reeves PG, Nielsen FH, Fahey GC, Jr. AIN-93 purified diets
for laboratory rodents: final report of the American Institute
of Nutrition ad hoc writing committee on the reformulation of
the AIN-76A rodent diet. The Journal of Nutrition. 1993; 123:
1939–1951. https://doi.org/10.1093/jn/123.11.1939.

[36] Fortino MA, Oliva ME, Rodriguez S, Lombardo YB, Chicco A.
Could post-weaning dietary chia seed mitigate the development
of dyslipidemia, liver steatosis and altered glucose homeostasis
in offspring exposed to a sucrose-rich diet from utero to adult-
hood? Prostaglandins, Leukotrienes, and Essential Fatty Acids.
2017; 116: 19–26. https://doi.org/10.1016/j.plefa.2016.11.003.

[37] Oliva ME, Ferreira MDR, Vega Joubert MB, D’Alessandro ME.
Salvia hispanica L. (chia) seed promotes body fat depletion and
modulates adipocyte lipid handling in sucrose-rich diet-fed rats.
Food Research International. 2021; 139: 109842. https://doi.or
g/10.1016/j.foodres.2020.109842.

[38] Tunçil YE, Çelik ÖF. Total phenolic contents, antioxidant and
antibacterial activities of chia seeds (Salvia hispanica L.) having
different coat color. Akademik Ziraat Dergisi. 2019; 8: 113–120.
https://doi.org/10.29278/azd.593853.

[39] Buyukdere Y, Gulec A, Akyol A. Cafeteria diet increased adi-
posity in comparison to high fat diet in young male rats. PeerJ.
2019; 7: e6656. https://doi.org/10.7717/peerj.6656.

[40] Akyol A, Langley-Evans SC, McMullen S. Obesity induced by
cafeteria feeding and pregnancy outcome in the rat. The British
Journal of Nutrition. 2009; 102: 1601–1610. https://doi.org/10.
1017/S0007114509990961.

[41] Bernardis LL. Prediction of carcass fat, water and lean body
mass from Lee’s “nutritive ratio” in rats with hypothalamic obe-
sity. Experientia. 1970; 26: 789–790. https://doi.org/10.1007/
BF02232553.

[42] Neto Angéloco LR, Deminice R, Leme ID, Lataro RC, Jordão
AA. Bioelectrical impedance analysis and anthropometry for the
determination of body composition in rats: effects of high-fat
and high-sucrose diets. Revista de Nutrição. 2012; 25: 331–339.
https://doi.org/10.1590/S1415-52732012000300003.

[43] Ma J, Ma Z, Wang J, Milne RW, Xu D, Davey AK, et al.
Isosteviol reduces plasma glucose levels in the intravenous glu-
cose tolerance test in Zucker diabetic fatty rats. Diabetes, Obe-
sity & Metabolism. 2007; 9: 597–599. https://doi.org/10.1111/
j.1463-1326.2006.00630.x.

[44] Shimano H. SREBPs: physiology and pathophysiology of the
SREBP family. The FEBS Journal. 2009; 276: 616–621. https:
//doi.org/10.1111/j.1742-4658.2008.06806.x.

[45] Cadenas S. Mitochondrial uncoupling, ROS generation and car-
dioprotection. Biochimica et Biophysica Acta (BBA) - Bioen-
ergetics. 2018; 1859: 940–950. https://doi.org/10.1016/j.bbabio
.2018.05.019.

[46] Gross B, Pawlak M, Lefebvre P, Staels B. PPARs in obesity-

12

https://doi.org/https://doi.org/10.1016/j.jff.2019.103775
https://doi.org/https://doi.org/10.1016/j.jff.2019.103775
https://doi.org/10.1152/ajpendo.00102.2012
https://doi.org/10.1152/ajpendo.00102.2012
https://doi.org/10.1016/j.nut.2014.11.009
https://doi.org/10.1016/j.nut.2014.11.009
https://doi.org/10.1016/j.jnutbio.2010.11.011
https://doi.org/10.1016/j.jnutbio.2010.11.011
https://doi.org/10.1016/j.plefa.2016.02.002
https://doi.org/10.1159/000100818
https://doi.org/10.1159/000100818
https://doi.org/10.1016/j.beem.2005.07.005
https://doi.org/10.1016/j.plefa.2017.06.002
https://doi.org/10.1016/j.plefa.2017.06.002
https://doi.org/10.1016/j.foodres.2018.12.033
https://doi.org/10.1111/jfbc.12986
https://doi.org/10.1016/j.foodres.2015.07.039
https://doi.org/10.1016/j.foodres.2015.07.039
https://doi.org/10.1037/h0077631
https://doi.org/10.1037/h0077631
https://doi.org/10.1016/0149-7634(84)90003-4
https://doi.org/10.1016/0149-7634(84)90003-4
https://doi.org/10.1093/jn/117.2.227
https://doi.org/10.1016/j.appet.2008.07.004
https://doi.org/10.1016/j.appet.2008.07.004
https://doi.org/10.1038/oby.2011.18
https://doi.org/10.1177/00236772231194957
https://doi.org/10.1177/00236772231194957
https://doi.org/10.1093/jn/123.11.1939
https://doi.org/10.1016/j.plefa.2016.11.003
https://doi.org/10.1016/j.foodres.2020.109842
https://doi.org/10.1016/j.foodres.2020.109842
https://doi.org/10.29278/azd.593853
https://doi.org/10.7717/peerj.6656
https://doi.org/10.1017/S0007114509990961
https://doi.org/10.1017/S0007114509990961
https://doi.org/10.1007/BF02232553
https://doi.org/10.1007/BF02232553
https://doi.org/10.1590/S1415-52732012000300003
https://doi.org/10.1111/j.1463-1326.2006.00630.x
https://doi.org/10.1111/j.1463-1326.2006.00630.x
https://doi.org/10.1111/j.1742-4658.2008.06806.x
https://doi.org/10.1111/j.1742-4658.2008.06806.x
https://doi.org/10.1016/j.bbabio.2018.05.019
https://doi.org/10.1016/j.bbabio.2018.05.019
https://www.imrpress.com


induced T2DM, dyslipidaemia and NAFLD. Nature Reviews.
Endocrinology. 2017; 13: 36–49. https://doi.org/10.1038/nren
do.2016.135.

[47] Stoffel W, Hammels I, Jenke B, Binczek E, Schmidt-Soltau
I, Brodesser S, et al. Obesity resistance and deregulation of
lipogenesis in Δ6-fatty acid desaturase (FADS2) deficiency.
EMBO Reports. 2014; 15: 110–120. https://doi.org/10.1002/em
br.201338041.

[48] de Paula Dias Moreira L, Enes BN, de São José VPB, Toledo
RCL, Ladeira LCM, Cardoso RR, et al. Chia (Salvia hispanica
L.) flour and oil ameliorate metabolic disorders in the liver of
rats fed a high-fat and high fructose diet. Foods. 2022; 11: 285.
https://doi.org/10.3390/foods11030285.

[49] Fonte-Faria T, Citelli M, Atella GC, Raposo HF, Zago L, de
Souza T, et al. Chia oil supplementation changes body compo-
sition and activates insulin signaling cascade in skeletal muscle
tissue of obese animals. Nutrition. 2019; 58: 167–174. https:
//doi.org/10.1016/j.nut.2018.08.011.

[50] Mohamed DA, Mohamed RS, Fouda K. Anti-inflammatory po-
tential of chia seeds oil and mucilage against adjuvant-induced
arthritis in obese and non-obese rats. Journal of Basic and Clin-
ical Physiology and Pharmacology. 2020; 31: 20190236. https:
//doi.org/10.1515/jbcpp-2019-0236.

[51] Rui Y, Yang S, Chen LH, Qin LQ,Wan Z. Chia seed supplemen-
tation reduces senescence markers in epididymal adipose tissue
of high-fat diet-fed SAMP8 mice. Journal of Medicinal Food.
2018; 21: 755–760. https://doi.org/10.1089/jmf.2017.4129.

[52] Zeeni N, Daher C, Fromentin G, Tome D, Darcel N, Chaumon-
tet C. A cafeteria diet modifies the response to chronic variable
stress in rats. Stress. 2013; 16: 211–219. https://doi.org/10.3109/
10253890.2012.708952.

[53] Vega Joubert MB, Ingaramo P, Oliva ME, D’Alessandro ME.
Salvia hispanica L. (chia) seed ameliorates liver injury and
oxidative stress by modulating NrF2 and NFκB expression in
sucrose-rich diet-fed rats. Food & Function. 2022; 13: 7333–
7345. https://doi.org/10.1039/d2fo00642a.

[54] L E Mballa D, Yadang FSA, Tchamgoue AD, Mba JR, Tchok-
ouaha LRY, M Biang E, et al. Cafeteria diet-induced metabolic
and cardiovascular changes in rats: the role of Piper nigrum
leaf extract. Evidence-based Complementary and Alternative
Medicine. 2021; 2021: 5585650. https://doi.org/10.1155/2021/
5585650.

[55] Adam CL, Gratz SW, Peinado DI, Thomson LM, Garden KE,
Williams PA, et al. Effects of dietary fibre (pectin) and/or in-
creased protein (casein or pea) on satiety, body weight, adipos-
ity and caecal fermentation in high fat diet-induced obese rats.
PloS One. 2016; 11: e0155871. https://doi.org/10.1371/journal.
pone.0155871.

[56] Oliva L, Aranda T, Caviola G, Fernández-Bernal A, AlemanyM,
Fernández-López JA, et al. In rats fed high-energy diets, taste,
rather than fat content, is the key factor increasing food intake:
a comparison of a cafeteria and a lipid-supplemented standard
diet. PeerJ. 2017; 5: e3697. https://doi.org/10.7717/peerj.3697.

[57] Avignon A, Hokayem M, Bisbal C, Lambert K. Dietary antiox-
idants: Do they have a role to play in the ongoing fight against
abnormal glucose metabolism? Nutrition. 2012; 28: 715–721.
https://doi.org/10.1016/j.nut.2012.01.001.

[58] Rani V, Deep G, Singh RK, Palle K, Yadav UCS. Oxidative
stress and metabolic disorders: Pathogenesis and therapeutic
strategies. Life Sciences. 2016; 148: 183–193. https://doi.org/
10.1016/j.lfs.2016.02.002.

[59] da Silva BP, Toledo RCL, Grancieri M, Moreira MEDC, Med-
ina NR, Silva RR, et al. Effects of chia (Salvia hispanica L.) on
calcium bioavailability and inflammation in Wistar rats. Food
Research International. 2019; 116: 592–599. https://doi.org/10.
1016/j.foodres.2018.08.078.

[60] Alarcon G, Medina A, Martin Alzogaray F, Sierra L, Roco J,
Van Nieuwenhove C, et al. Partial replacement of corn oil with
chia oil into a high fat diet produces either beneficial and dele-
terious effects on metabolic and vascular alterations in rabbits.
PharmaNutrition. 2020; 14: 100218. https://doi.org/10.1016/j.
phanu.2020.100218.

[61] Enes BN, Moreira LD, Toledo RC, Moraes ÉA, de Castro Mor-
eira ME, Hermsdorff HH, et al. Effect of different fractions
of chia (Salvia hispanica L.) on glucose metabolism, in vivo
and in vitro. Journal of Functional Foods. 2020; 71: 104026.
https://doi.org/10.1016/j.jff.2020.104026.

[62] de Souza T, Vargas da Silva S, Fonte-Faria T, Nascimento-
Silva V, Barja-Fidalgo C, Citelli M. Chia oil induces brown-
ing of white adipose tissue in high-fat diet-induced obese mice.
Molecular and Cellular Endocrinology. 2020; 507: 110772.
https://doi.org/10.1016/j.mce.2020.110772.

[63] Zeeni N, Dagher-Hamalian C, Dimassi H, Faour WH. Cafe-
teria diet-fed mice is a pertinent model of obesity-induced
organ damage: a potential role of inflammation. Inflamma-
tion Research. 2015; 64: 501–512. https://doi.org/10.1007/
s00011-015-0831-z.

[64] Gomez-Smith M, Karthikeyan S, Jeffers MS, Janik R, Thoma-
son LA, Stefanovic B, et al. A physiological characterization of
the Cafeteria diet model of metabolic syndrome in the rat. Physi-
ology&Behavior. 2016; 167: 382–391. https://doi.org/10.1016/
j.physbeh.2016.09.029.

[65] Goularte JF, Ferreira MBC, Sanvitto GL. Effects of food pattern
change and physical exercise on cafeteria diet-induced obesity in
female rats. The British Journal of Nutrition. 2012; 108: 1511–
1518. https://doi.org/10.1017/S0007114511006933.

[66] Romero MDM, Roy S, Pouillot K, Feito M, Esteve M, Grasa
MDM, et al. Treatment of rats with a self-selected hyperlipidic
diet, increases the lipid content of the main adipose tissue sites
in a proportion similar to that of the lipids in the rest of organs
and tissues. PloS One. 2014; 9: e90995. https://doi.org/10.1371/
journal.pone.0090995.

[67] Aiassa V, Del Rosario Ferreira M, Villafañe N, Eugenia
D’AlessandroM.α-Linolenic acid rich-chia seedmodulates vis-
ceral adipose tissue collagen deposition, lipolytic enzymes ex-
pression, insulin signaling and GLUT-4 levels in a diet-induced
adiposity rodent model. Food Research International. 2022; 156:
111164. https://doi.org/10.1016/j.foodres.2022.111164.

[68] Pandurangan SB, Al-Maiman SA, Al-Harbi LN, Alshatwi
AA. Beneficial Fatty Acid Ratio of Salvia hispanica L. (chia
seed) potentially inhibits adipocyte hypertrophy, and decreases
adipokines expression and inflammation in macrophage. Foods.
2020; 9: 368. https://doi.org/10.3390/foods9030368.

[69] Reyna Gallegos S, Torres Arrunátegui G, Valenzuela R, Rincón-
Cervera MÁ, Villanueva Espinoza ME. Adding a purple corn
extract in rats supplemented with chia oil decreases gene ex-
pression of SREBP-1c and retains Δ5 and Δ6 hepatic desaturase
activity, unmodified the hepatic lipid profile. Prostaglandins,
Leukotrienes, and Essential Fatty Acids. 2018; 132: 1–7. https:
//doi.org/10.1016/j.plefa.2018.03.005.

[70] Avila-Nava A, Noriega LG, Tovar AR, Granados O, Perez-
Cruz C, Pedraza-Chaverri J, et al. Food combination based on
a pre-hispanic Mexican diet decreases metabolic and cogni-
tive abnormalities and gut microbiota dysbiosis caused by a
sucrose-enriched high-fat diet in rats. Molecular Nutrition &
Food Research. 2017; 61: 1501023. https://doi.org/10.1002/mn
fr.201501023.

[71] Ayerza R, Coates W. Ground chia seed and chia oil effects on
plasma lipids and fatty acids in the rat. Nutrition Research. 2005;
25: 995–1003. https://doi.org/10.1016/j.nutres.2005.09.013.

[72] Creus A, Ferreira MR, Oliva ME, Lombardo YB. Mechanisms
involved in the improvement of lipotoxicity and impaired lipid

13

https://doi.org/10.1038/nrendo.2016.135
https://doi.org/10.1038/nrendo.2016.135
https://doi.org/10.1002/embr.201338041
https://doi.org/10.1002/embr.201338041
https://doi.org/10.3390/foods11030285
https://doi.org/10.1016/j.nut.2018.08.011
https://doi.org/10.1016/j.nut.2018.08.011
https://doi.org/10.1515/jbcpp-2019-0236
https://doi.org/10.1515/jbcpp-2019-0236
https://doi.org/10.1089/jmf.2017.4129
https://doi.org/10.3109/10253890.2012.708952
https://doi.org/10.3109/10253890.2012.708952
https://doi.org/10.1039/d2fo00642a
https://doi.org/10.1155/2021/5585650
https://doi.org/10.1155/2021/5585650
https://doi.org/10.1371/journal.pone.0155871
https://doi.org/10.1371/journal.pone.0155871
https://doi.org/10.7717/peerj.3697
https://doi.org/10.1016/j.nut.2012.01.001
https://doi.org/10.1016/j.lfs.2016.02.002
https://doi.org/10.1016/j.lfs.2016.02.002
https://doi.org/10.1016/j.foodres.2018.08.078
https://doi.org/10.1016/j.foodres.2018.08.078
https://doi.org/10.1016/j.phanu.2020.100218
https://doi.org/10.1016/j.phanu.2020.100218
https://doi.org/10.1016/j.jff.2020.104026
https://doi.org/10.1016/j.mce.2020.110772
https://doi.org/10.1007/s00011-015-0831-z
https://doi.org/10.1007/s00011-015-0831-z
https://doi.org/10.1016/j.physbeh.2016.09.029
https://doi.org/10.1016/j.physbeh.2016.09.029
https://doi.org/10.1017/S0007114511006933
https://doi.org/10.1371/journal.pone.0090995
https://doi.org/10.1371/journal.pone.0090995
https://doi.org/10.1016/j.foodres.2022.111164
https://doi.org/10.3390/foods9030368
https://doi.org/10.1016/j.plefa.2018.03.005
https://doi.org/10.1016/j.plefa.2018.03.005
https://doi.org/10.1002/mnfr.201501023
https://doi.org/10.1002/mnfr.201501023
https://doi.org/10.1016/j.nutres.2005.09.013
https://www.imrpress.com


metabolism by dietary α-linolenic acid rich Salvia hispanica
L (Salba) seed in the heart of dyslipemic insulin-resistant rats.
Journal of Clinical Medicine. 2016; 5: 18. https://doi.org/10.
3390/jcm5020018.

[73] Tsuboyama-Kasaoka N, Takahashi M, Kim H, Ezaki O. Up-
regulation of liver uncoupling protein-2 mRNA by either fish
oil feeding or fibrate administration in mice. Biochemical and
Biophysical Research Communications. 1999; 257: 879–885.
https://doi.org/10.1006/bbrc.1999.0555.

[74] Soria A, D’Alessandro ME, Lombardo YB. Duration of feeding
on a sucrose-rich diet determines metabolic and morphological
changes in rat adipocytes. Journal of Applied Physiology. 2001;
91: 2109–2116. https://doi.org/10.1152/jappl.2001.91.5.2109.

[75] Shahidi F, Ambigaipalan P. Omega-3 polyunsaturated fatty acids
and their health benefits. Annual Review of Food Science and
Technology. 2018; 9: 345–381. https://doi.org/10.1146/annure
v-food-111317-095850.

14

https://doi.org/10.3390/jcm5020018
https://doi.org/10.3390/jcm5020018
https://doi.org/10.1006/bbrc.1999.0555
https://doi.org/10.1152/jappl.2001.91.5.2109
https://doi.org/10.1146/annurev-food-111317-095850
https://doi.org/10.1146/annurev-food-111317-095850
https://www.imrpress.com

	1. Introduction
	2. Materials and Methods
	2.1 Animals, Diets and Interventions
	2.2 Blood and Tissue Collection
	2.3 Anthropometric Measurements and Carcass Composition
	2.4 Plasma Biochemical Indicators
	2.5 Gene Expression Assays
	2.6 Statistical Analysis

	3. Results
	3.1 Food and Water Consumption, Energy and Nutrient Intake
	3.2 Anthropometric Measurements and Body Composition
	3.3 Adipose Tissue and Organ Weights
	3.4 Plasma Biochemical Indicators
	3.5 Gene Expression Assays

	4. Discussion
	5. Conclusions
	Abbreviations
	Availability of Data and Materials
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest
	Declaration of AI and AI-Assisted Technologies in the Writing Process
	Supplementary Material

