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Abstract  Amaranth has been claimed as functional food, but its function on obesity-related disorder is not fully 
known. The aim of this study was to analyse the effect of amaranth protein intake on blood lipids profile and insulin 
resistance in diet-induced obese mice. The effect of soybean protein was also analysed for comparative purposes. 
C57BL-6 mice were fed for eight weeks with regular or high fat diet. Amaranth or soybean protein isolates (10 mg/kg) 
were supplied via oral administration. Changes in body weight, adipose tissue, total cholesterol, triglycerides, insulin, 
a glucose tolerance test, as well as the expression of lipid metabolism-related genes were measured. Our results have 
shown that amaranth protein induces a decrease in plasma insulin in mice fed with a regular diet, whereas a decrease 
in triglycerides was observed in mice fed with high fat diet. Furthermore, down-regulation of Tnf-α and Res, 
suggested the inhibition of inflammation state. The present study demonstrates that amaranth protein, but not 
soybean protein, improves the obese mice health, and the hormonal modulation (Lep, Fasn, Lpl) could lead to new 
mechanism of action by which amaranth consumption exerts its beneficial health effect. 
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1. Introduction 

Obesity and associated disorders are the main mortality 
causes affecting around 50% of the worldwide population. 
The World Health Organization has established that 
biological, sociocultural and psychological factors are 
related with this epidemic; however an energy imbalance 
between consumed and expended calories is the most 
important factor that could triggers obesity [1]. Obesity 
can be prevented or treated following a balanced diet  
and physical activity. Furthermore, the regular intake of 
several foods containing one or more bioactive compounds 
could improve health or reduce the risk of obesity and its 
complications [2]. The interest on functional foods has 
increased due to several benefits in a diversity of illness 
[3]. Particularly, it has been reported that some seed 
protein isolates from soybean, barley, amaranth, quinoa, 
and linseed have a positive biological activity against several 
metabolic disorders, as shown in studies in disease models 
such as diet-induced obesity [4], streptozotocin-induced 

diabetes [5,6], proliferation of cancer cells [7] and  
alcohol-induced cirrhosis [8]. 

Several studies using in vitro and in vivo systems have 
shown that amaranth presents activity against high serum 
lipid levels, insulin resistance, and weight gain due to its 
content of fatty acids and squalene, protein and starch quality 
as reviewed elsewhere [9]. Reports have proposed that 
amaranth protein could be responsible of those effects, since 
bioactive peptides delivered after protease activity in stomach 
and intestine, are absorbed into the bloodstream [10]. A few 
reports have also indicated that amaranth contains peptides 
with inhibitory capacity against Dipeptidyl peptidase-IV 
(DPPIV), an incretin-degrading enzyme [11] and Angiotensin 
Converting Enzyme (ACE), a vasoconstriction-related 
enzyme [12]. Additionally, peptides with lipid-lowering 
[13] and antidiabetic activity have been reported [14]. 
However, the effect of the amaranth at a level of gene 
expression in adipose tissue has not been studied. Thus the 
aim of the present study was to evaluate whether an 
amaranth protein isolate, when administrated daily via oral, 
could improve the lipid and insulin resistance profile in 
diet-induced obese mice C57BL/6 model. 
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2. Materials and Methods 

2.1. Protein Isolates 
Amaranth protein isolate (AMA) was prepared from 

Amaranthus hypochondriacus cv. Nutrisol seeds, which 
were obtained from the Amaranth germplasm collection of 
INIFAP (Campo Experimental Valle de Mexico, Texcoco 
Estado de Mexico). Soybean protein isolate (SOY) was 
prepared from Glycine Max seeds, which were purchased 
at a local market (San Luis Potosi, México). The method 
for both amaranth and soybean protein extraction 
consisted in an acid precipitation after alkaline extraction 
with some modifications [15,16]. Briefly, the seed flour 
was defatted with hexane (1:20) in constant stirring during 
2 h. Defatted flour was recovered by centrifugation at 
17,000xg for 30 min, kept at room temperature until 
dryness, and then mixed with 10 mM sodium carbonate 
buffer pH 10 (1:20) for 2 h under constant stirring and 
centrifuged at 17,000xg for 30 min at room temperature. 
The supernatant was recovered and mixed with the 
appropriate amount of sodium citrate to reach a final 
concentration of 10 mM and pH adjusted to 4.0 with 
concentrated hydrochloric acid. The resulting precipitate 
was recovered by centrifugation at 17,000xg for 30 min at 
room temperature. The final pellet was defatted again to 
ensure the absence of lipid components in the protein 
isolates. Pellets were mixed with acetone (1:10) centrifuged 
and dried as above and kept at room temperature until 
dryness.  

2.2. Protein Isolates Characterization  
Proximate analysis of protein isolates was carried out 

according to the Association of Official Agricultural 
Chemists Methods [17]. Nitrogen was determined as total 
nitrogen (N) and converted to protein content multiplying 
by factor NX5.85 for AMA and NX5.77 for SOY.  

Protein electrophoretic profiles were obtained under 
native, denaturing and reducing conditions. For native gels, 
protein samples (10 µg) were separated in 4% native 
polyacrylamide gels. For denaturing conditions, 13.5% 
sodium dodecyl sulfate-polyacrylamide gels (SDS-PAGE) 
were used and the reduction of disulfide bonds was 
performed by the addition of 2-mercaptoethanol (5% v/v) 
to the protein samples and heated at 100 oC for 2 min. 
Protein samples (10 µg) were loaded to the gels and 
proteins separated using the Mini Protean III system  
(Bio-Rad Laboratories Inc., Hercules, CA, USA). Gels 
were stained with Coomassie Brilliant Blue G-250 and 
digitalized using a Gel Logic 100 system (Eastman Kodak 
Co., Rochester, NY, USA). 

2.3. Animals and Diets 
Animal experimental procedures were conducted according 

to Mexican regulation (NOM-062-ZOO-1999). The research 
protocol was approved by the Institutional Research 
Bioethics Committee - IPICYT, San Luis Potosi, México, 
with an approval code: LPBM-AMA-C57/002. Four to 
six-week-old male C57BL/6 mice were purchased from 

Unidad de Producción y Experimentación de Animales de 
Laboratorio UPEAL (UAM Xochimilco, México). The 
animals were randomly selected to form 6 groups (n = 8 
per group).  The regular diet (RD) groups received Teklad 
2018S diet with 18% kcal from fat and the high fat diet 
(HF) groups received Teklad TD 06414 diet with 60.3% 
kcal from fat (Envigo RMS S.A. de C.V., DF, México). 
The protein, carbohydrate and fat content, as well as 
energy density of diets are summarized in Table 1. One 
control group was fed with regular diet for rodent chow 
(Ctrl-RD), the second control group was fed with high-fat 
diet (Ctrl-HF). The third group was fed with regular 
rodent chow administered with AMA protein (AMA-RD). 
The fourth group was the high-fat chow with AMA 
(AMA-HF). The fifth was the soybean group with regular 
rodent chow (SOY-RD) and the last one was the soybean 
group with high-fat diet (SOY-HF). Protein isolates were 
resuspended in phosphate buffered saline (PBS) pH 7.5 at 
a dose of 10 mg/Kg using an administration factor of 1 
ml/Kg, in the case of control groups only PBS was 
administered. Protein isolates were administered once 
daily orally using a stainless steel oral gavage. Animals 
were housed under standard conditions (constant temperature 
of 21 ±2 °C, with relative humidity of 50% ±15%, and a 
12 h light/dark cycle). Food and water were provided ad 
libitum. All treatments were administered during 8 weeks. 

Table 1. Regular and high-fat diet composition 

 
Component 

Regular diet 2018s 
(%) 

High-fat diet TD.06414 
(%) 

g kcal g kcal 

Total Protein 18.6 24.0 23.5 18.4 

Total Carbohydrate 44.2 58.0 27.3 21.3 

Total Fat 6.2 18.0 34.3 60.3 

Saturated Fat* 14.5 - 37.0 - 

Monunsaturated Fat* 21.0 - 47.0 - 

Polyunsaturated Fat* 54.8 - 16.0 - 

     
Energy density (kcal/g) 3.1  5.1  
* % of Total Fat. 

2.4. Physiological and Biochemical 
Determinations 

Body weight and the amount of food intake were 
recorded each week. One day before the end of the 
experiment, a glucose tolerance test was performed with a 
glucose dose of 2 mg/kg and a fasting period of 6 h using 
a FreeStyle glucometer (Abbott Diabetes Care, Almeda, 
CA, EUA), as described previously by Andrikopoulos et al. 
[18]. At the end of the experimental period mice were 
anesthetized, blood was collected by retro-orbital punction 
and the epididymal adipose tissue (EAT) was collected 
after euthanasia. Total blood cholesterol (CHO) and 
triglycerides (TG) were measured with an Accutrend Plus 
device (Roche Diagnostics GMBH, Mannheim, DE). 
Plasma insulin levels were determined using an ELISA kit 
following the supplier´s instructions (ALPCO, Salem, MA, 
EUA).  
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2.5. Tissue RNA Extraction and Gene 
Expression Analysis by qRT-PCR 

Gene expression of key genes involved in lipid and 
carbohydrate metabolism were determined in the EAT by 
quantitative real-time PCR. EAT samples (200 mg) were 
used to extract the total RNA using TRIzol reagent (Life 
Technologies Corp., Carlsbad, CA, USA) according to the 
manufacturer’s directions. RNA was dissolved in  
RNase-free water and quantified in a NanoDrop ND-1000 
system (Thermo Fisher Scientific, Wilmington, DE, USA). 
RNAs (1500 ng) were denatured at 65 °C for 5 min, at 
4 °C for 5 min and then, reverse transcribed to obtain the 
cDNA using RevertAid reverse transcriptase (Thermo 
Fisher Scientific), CDS Primer and SMART II-A from the 
SMART PCR cDNA synthesis kit (Clontech Laboratories 
Inc., Mountain View, CA, USA). The cDNA synthesis 
reaction was carried out at 42°C for 120 min with a final 
step of 10 min at 70°C in a T100 Thermal Cycler  
(Bio-Rad). Individual qRT-PCRs were carried out with 50 
ng of cDNA and using the POWER SYBER Green  
RNA-to-CT 1-step kit (Applied Bio-Systems, Foster City, 
CA, USA) according to the manufacturer’s directions. 
Reactions were carried out in a CFX96 Touch real-time 
detection system (Bio-Rad). The primers for Lipoprotein 
Lipase (Lpl), Leptin (Lep), Resistin (Res), and Tumor 
Necrosis Factor-alfa (Tnf-α) were purchased from 
T4Oligo (ADN Sintético S.A.P.I. de C.V, Irapuato, Gto, 
México). Primers for Adiponectin (Adpn), Acid Binding 
Protein 4 (Fabp4) and ribosomal 18S (18s) were 
purchased from Sigma-Aldrich (Sigma-Aldrich Química, 
S. de RL. de CV., Toluca, Méx, México). The primers 
sequences are listed in Supplementary Table S1. The 
resulting values were normalized with respect to the 
constitutive 18S gene. For the statistical analysis, the Ctrl-
RD group normalized value was considered as 100% of 
the response. A heat-map was generated with the same 
software for gene clustering according to the similarity of 
their expression profile. 

2.6. Statistical Analysis 
For body weight measurements, the sample size was 

calculated assuming a minimum detectable difference of 
30% [18], a desired statistical power of 0.8, and an alpha 
error of 0.05 for an ANOVA analysis using the sample 
size calculator from SigmaPlot 12.3 software (Systat Inc., 
Chicago, IL, USA). The statistical analysis was performed 
through a one-way analysis or a two-way analysis (in the 
case of time course of blood glucose) of variance 
(ANOVA) with a Holm-Sidak post-hoc test using the 
analysis tool from SigmaPlot 12.3 software (Systat Inc., 
Chicago, IL, USA). All data were expressed as the mean ± 
standard error (SE). Significance was considered if p<0.05. 
Pearson’s correlation coefficient was determined using the 
same software for evaluate the correlations between gene 
expression and physiological and biochemical parameters. 
A Principal Component Analysis (PCA) was performed 
using XLSTAT software (Addinsoft, Paris, France) to 
investigate the relationships between analyzed variables. 
All the variables were included in the analysis that was 
based on the Pearson’s correlation matrix (12 variables). 

A principal component was considered significant if it 
squared cosines were >0.5. 

3. Results 

3.1. Protein Isolates Characterization 
The protein isolates from AMA and SOY contained 

81.8% and 85.5% protein, respectively (Table 2). The 
electrophoretic profile under native conditions showed a 
main band of 500 kDa in AMA isolates, while two bands 
of (600 and 700 kDa) were observed in SOY isolates 
(Figure 1A). Under denaturant conditions bands at 60 kDa 
and 38 kDa were observed in AMA, while bands at 60, 50 
and 28 kDa were observed in SOY isolates (Figure 1B). 
Under denaturant and reducing conditions, AMA isolates 
showed the formation of two groups of bands (17-24 kDa 
and 30-35 kDa), which are characteristics of the basic and 
acidic subunits of 11S globulins. In SOY isolates the 
acidic and basic subunits were also observed as well the 
bands at 50 and 90 kDa (Figure 1C). 

Table 2. Proximal composition of AMA and SOY protein isolatesa 

Component 
Content (%) 

Amaranth Soybean 

Fat 0.94 1.11 

Protein 81.8b 85.5c 

Othersd 22.5 13.4 

aReported as %(db). bNx5.8. cNx5.77. dDetermined as difference 
including  ashes and sugars. 

 
These results are in agreement with the globulins 

structure, 11S globulins are hexameric molecules 
involving two trimers with molecular weights of 300-400 
kDa, each trimer is formed by 50-60 kDa monomers 
conformed by two subunits of 25 and 35 kDa joined by 
disulphide bonds. The 7S proteins are conformed by 40-70 
kDa monomers, which are not affected by reducing 
conditions [19]. The electrophoretic profile indicates that 
in amaranth, the 11S globulins is the main component as 
reported before [20], while both 7S and 11S globulins 
make up to 80% of total protein in soybean [21]. Although 
at structural level, 11S globulins are similar, 11S globulins 
from amaranth shared only 43.05% homology with 11S 
from soybean, while 11S globulins and 7S globulins share 
22.4% homology. It is noteworthy to mention that the 
balance of essential amino acids (Met, Ile, Leu, His, Thr, 
Trp, Val, Lys, Phe), is better represented in amaranth than 
in soybean proteins, specially amaranth has higher 
methionine contents than soybean. 

3.2. Mice Body Weight and Adipose Tissue 
Content 

To estimate the change in the mice body weight 
throughout the experiment, the percentage of the weight 
difference between initial and final values was calculated. 
A clear difference between the Ctrl-RD and Ctrl-HF was 
obtained (~25%) indicating the successful induction of  
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weight gain by the diet. However, the SOY-RD group 
showed a significant tendency to weight gain (Figure 2A). 
In order to verify if the observed weight gain occurred as a 

consequence of an increment in adipose tissue, the EAT 
was measured. As expected, the increment of body weight 
correlated with EAT accumulation (Figure 2B). 

 
Figure 1. Protein electrophoretic patterns from amaranth and soybean isolates. Proteins were analysed under: A) native, B) denaturing non-reducing, 
and C) denaturing and reducing conditions. MW=molecular weight standard; AMA= amaranth protein isolate; SOY=soybean protein isolates 

 
Figure 2. A) Percentage of mice body weight gain. B) Epididymal Adipose Tissue (EAT) after eight weeks of treatment. Values are the mean of 
triplicates ± SE (n = 8). Different letters indicate statistical differences among groups at p<0.05. RD=regular diet; HF=High fat diet; Ctrl=control diet; 
AMA= amaranth protein isolate; SOY=soy protein isolates 

Table 3. Lipids profile, glucose_AUC and insulin levels in mice blood after eight weeks of AMA and SOY proteins intake 

Group Cholesterol 
(mg/dl) 

Triglycerides 
(mg/dl) 

Glucose_AUC 
(mg/dl) 

Insulin 
(ng/ml) 

Ctrl-RD 162.9c    ±1.60 102.4e   ±3.68 22005b    ±  417.1 0.39c  ±0.03 

Ctrl-HF 168.5b     ±0.94 144.0c   ±4.60 29943a     ±1514.0 0.42c  ±0.07 

AMA-RD 167.2b,c   ±1.24 116.0d   ±5.61 20826b      ±  346.4 0.09d  ±0.01 

AMA-HF 167.4b,c  ±0.73 125.1c,d  ±4.82 29728a      ±1507.6 0.32c  ±0.07 

SOY-RD 166.0b,c  ±1.59 158.2b,c ±14.5 21495b      ±  800.1 0.95a  ±0.19 

SOY-HF 172.9a    ±0.95 178.3a   ±11.0 27437a      ±1752.7 0.61a,b ±0.08 

AUC=Area under the curve from Figure 3. Ctrl-RD=Control group with regular rodent diet;  
Ctrl-HF=Control group with high-fat diet; AMA-RD=Amaranth group with regular rodent diet; 
AMA-HF=Amaranth group with high-fat diet; SOY-RD=Soybean group with regular rodent diet;  
SOY-HF=Soybean group with high-fat diet. Mean ± standard error.  Different superscript letters in the same column indicate statistically differences 
among groups (p<0.05). 
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3.3. Lipid and Insulin Resistance Profiles 
As shown in Table 3, the HF diet increased the CHO 

and TG levels in control and SOY diets. Interestingly, 
differences in these parameters were not detected when 
AMA protein was supplied in the diet. On the other hand, 
the combination of HF diet with SOY protein induced a 
statistically significant increase in CHO and TG levels. 

In order to explore the insulin resistance state among 
the different groups, at the end of the experiment a 
glucose tolerance test was carried out. The glucose 
tolerance test showed a higher level of blood glucose in 
HF groups independently of the treatment except at time 0 
and at 120 min (Figure 3). At time 30 min Ctrl-HF and 
SOY-HF groups had a significant difference, however, 
when the time courses were converted to area under the 
curve (AUC), no significant differences were detected 
among RD neither among HF diet (Table 3).  

Furthermore, to confirm the presence of insulin 
resistance, plasma insulin levels were quantified. As noted 
in Table 3, Ctrl-RD and Ctrl-HF did not show differences 
in plasma insulin concentrations (0.39 and 0.42 ng/ml, 
respectively). AMA-RD showed the lowest values  
(0.09 ng/mL), while AMA-HF insulin values (0.32 ng/ml) 
were similar as Ctrl-RD diets. SOY groups had the highest 
insulin concentration (0.61 to 0.95 ng/ml). This is 
interesting because SOY diets required ten times more 
insulin than AMA diets to arrive to the same glucose levels. 

3.4. Gene Expression Profiles 
Analysis of the expression of selected genes resulted in 

the expected increase when comparing an HF diet with 
respect to the Ctrl groups (Figure 4). However, different 
responses were appreciated when comparing AMA with 
SOY treatments. According to the expression profiles, the 

tested genes were grouped into two clusters. The cluster I 
grouped the Res, Lpl, Adpn, while the cluster II grouped 
Tnf-α, Fasn, Lep and Fabp4 (Figure 5). Interestingly, the 
addition of AMA to the HF diet resulted in the same 
behaviour as Ctrl-diets, however SOY-HF resulted in an up-
regulation of cluster 1. By other hand, the addition of AMA 
in HF had better response to down-regulate the genes of 
cluster II as compared to the Ctrl-HF diets. 

3.5. Principal Component Analysis (PCA) 
and Pearson’s Correlations  

The PCA is an exploratory tool to propose associations 
when several variables are evaluated. A PCA analysis was 
performed to explore the distributions and possible 
associations among all the variables tested in the present 
study. Supplementary Table S2 shows that F1 (Principal 
Component 1) had the highest loading values in all the 
analysed variables, except for insulin for which the 
highest loading value was detected in F3. The plot in 
Figure 6A shows that F1 and F2 defined the projection  
of all the measured variables in 81.76%, positioning the 
treatment groups in different places around axes.  
AMA diets are in close association with Ctrl diets  
being AMA-RD and Ctrl-RD very close grouped, while 
SOY diets are very distant. More interesting, the  
AMA-HF diet was located in the middle of the graphic. 
Figure 6B shows all the variables included in the present 
study; all of them, except insulin are explained by F1, 
however no negative correlations were appreciated. 
Potentially, variables on the left and right of the plot  
are correlated, however when correlation analysis was 
carried on, only statistically significant correlations were 
detected among CHO concentrations with Lpl, Adpn,  
and Res (Supplementary Table S3 and Supplementary  
Figure S1). 

 
Figure 3. Mice glucose tolerance-time course test, after 8 weeks of consumption of protein isolate. Each graphic-point represents the mean of triplicates 
± SEM  (n = 8-10). One star (p<0.05) represents differences among groups: AMA-HF vs. AMA-RD; AMA-HF vs. Ctrl-RD. Two stars (p<0.05) 
represents differences between Ctrl-HF vs. SOY-HF 
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Figure 4. Relative expression of some genes expressed in mice adipose tissue after 8 weeks of treatment. Bars represent the mean of triplicates ± SE  
(n = 8). A=Lep, B=Res, C=Adpn, D=Tnf-α, E=Fabp4, F=Lpl, G=Fasn. The amplification of 18s was used as control. Different letters indicate statistical 
differences among groups at p<0.05. RD=regular diet; HF=High fat diet; Ctrl=control diet; AMA= amaranth protein isolate; SOY=soy protein isolates 
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Figure 5. Heat-map of the mRNA expression levels. Genes have been grouped according to the similarity of the expression profile between groups. The 
colour of the squares indicates the levels of expression; red is the highest and green the lowest level. RD=regular diet; HF=High fat diet; Ctrl=control 
diet; AMA= amaranth protein isolate; SOY=soy protein isolates 

 
Figure 6. A) PCA score plot of the analyzed groups. B) Projection of the variables evaluated in the plane defined by the two first principal components 

4. Discussion 
Amaranth has been claimed as a functional food, but its 

function on obesity-related disorder is still not clear. 
Several studies have shown that the amaranth 
consumption as popped seeds, flour or oil, has beneficial 
effects on health, but only few reports have focused on the 
therapeutic effect of amaranth protein isolates. It has been 
reported that hamsters feed with amaranth protein was 
observed a 27% of hypercholesterolemia reduction, but 
when amaranth was administered in the presence of casein 

the observed reduction reached the 48% [22]. It was also 
reported that treated Wistar rats with 2.5% (w/w) of a 
protein isolate of Amaranthus mantegazzianus had a 
significant decrease in the plasma levels of CHO, TG, and 
oxidation when compared with control rats [23]. However, 
until date, no studies have been reported on the influence 
of amaranth on regulation of hormone profiles.  

Soybean is one of the most marketed legumes in the 
world due to its high protein content and non-complex 
production [24]. The notable effects of the oil and 
hormone-like molecules of soybean have been studied in 
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depth, but protein isolates for the treatment of obesity and 
related disorders only include the fatty acid metabolism 

[25], bone structure improvement [26], and steatosis 
models [27]. On the other hand, several studies have 
indicated that soybean protein consumption limits the 
body fat accumulation, improves insulin resistance and 
reduces plasma lipids [28]. Then, soybean is a good 
reference protein to compare with the effects produced by 
consumption of amaranth proteins.  

One of the main results found in the present study was 
the inability of the both AMA and SOY protein isolates to 
prevent the weight increase and accumulation of adipose 
tissue in HF-diets. This indicates that these protein isolates 
supplied at 10 mg/kg are not enough to exert a significant 
effect on body weight reduction. But this was expected 
because the levels of proteins used are only considered as 
to supply a source of bioactive compounds, then this trail 
is not considered as a high protein rich diet 
supplementation, which is associated with body weight 
loss [29]. However because the amount of protein 
administered is not considered as a HP-diet, it also does 
not causes the problems of health deterioration as reported 
recently [30]. But most important, it has been described 
that the type of protein could have different effects on 
body weight [31]. In this sense, AMA protein had the 
ability to maintain the CHO and TG at the same levels of 
Ctrl diets (Table 3) while SOY treatment produced a rise 
of CHO and TG levels and the only difference between 
the AMA and SOY protein isolates is their amino acid 
composition. Gorinstein et al. [32] reported that SOY has a 
higher content of branched chain amino acids (BCAAs) 
such as leucine, isoleucine, and valine and recent reports 
have shown that BCAAs have an important role in 
adipocyte metabolism, which could impact in lipogenesis 
and adipose tissue accumulation, as well as in type 2 
diabetes [33,34]. Moreover, it is well known that amaranth 
proteins contains a better balance of essential amino acids, 
especially amaranth globulins contains higher amount 
methionine than soybean proteins. 

The second finding was that although all groups 
presented the same glucose levels, AMA insulin levels 
were lower than the Ctrl groups in both RD and HF diets, 
but in the SOY protein amended diet two-fold higher 
insulin levels were observed, indicating a deficient 
processing of carbohydrates or and increased insulin 
resistance that leads to the development of type 2 diabetes.  

The expression of four cytokines was evaluated: Res, 
Adpn, Tnf-α and Lep. Our results showed and up-regulation 
of Res in Ctrl-HF but higher values were observed in 
SOY-HF diets (Figure 5). AMA consumption allowed 
reverting the levels of Res observed in Ctrl-HF diets. It 
has been proposed that Res is a key molecule related with 
obesity and insulin resistance and both could indirectly 
contribute to the type 2 diabetes development [35]. This 
relationship could be explained by the intervention of Res 
in TLR4-dependent pathway, which ends in phosphorylation 
of IκBα and activation of transcription factors of several 
cytokines as recently reported [36]. Adpn, which modulates 
mainly glucose metabolism and fatty acid oxidation showed 
up-regulated in SOY-HF diet (Figure 5). This result is in 
accordance with the insulin resistance observed in  
SOY-HF group (Table 3). Tnf-α has been associated with 
chronic inflammation and as a link between obesity and 

type 2 diabetes [37,38]. As observed in Figure 5, Tnf-α 
was up-regulated in Ctrl-HF and SOY-HF diets but not in 
AMA diets, suggesting that AMA consumption has an 
important role in the inhibition of inflammation state, 
because Tnf-α is one of the most important inflammation 
markers which is increased in obesity state [38]. 

Lep, is an hormone mainly produced in adipose tissue, 
which regulates the energy balance inhibiting the appetite. 
But according to the type of diet and obesity grade, it has 
been reported that Lep can increase and generate Lep-
tolerance [39]. Insulin has been reported as responsible of 
the increased production of Lep by an enhancement of 
glucose utilization by adipocytes. In the present study, no 
association was found between insulin accumulation and 
Lep expression. However, Ctrl-HF diets induced an up-
regulation of Lep, which was reverted at Ctrl levels by 
AMA diets. McManus et al. [40] reported that when 
C57BL/6 were fed with HF diet, Lep levels are lower 
when bovine serum albumin was added to the diet. This 
result suggests that AMA protein consumption can revert 
the Lep resistance caused by HF diets. 

Fasn product is an enzyme that catalyses mainly the 
synthesis of palmitate from acetyl-CoA. The down-
regulation of Fasn in rodents adipose tissue has been 
reported when fat is supplemented in the diet, resulting in 
a decrease in the de novo fatty acid synthesis [41]. In the 
present study, the levels of Fasn mRNA were higher in 
Ctrl-HF than Ctrl-RD group, however AMA proteins had 
better effect on reduction of Fasn expression than SOY 
protein.  

The product of Fabp4 facilitates the solubility of fatty 
acids in cytosol, therefore the role of this protein is crucial 
to normal adipocyte function. It has been reported that 
knockout mice with null Fabp4 expression had an increase 
of EAT mass [42]. Moreover, the fatty acids solubility 
could trigger other routes that are related with the Lep role 

[43]. 
In obese rodents and humans, it was observed the up-

regulation of Lpl, in adipose tissue; however, high insulin 
levels seem to decrease its expression [42]. In the present 
study, the SOY-RD group showed the highest levels of 
insulin among all groups. High insulin levels, high 
concentration of TG, and the low response of Lpl could 
confirm that SOY protein has a negative effect in 
regulation of TG, when is administered with a HF diet. In 
contrast, the AMA protein had the opposite effect showing 
lower levels of insulin, lower TG, and expression level of 
Lpl are similar to Ctrl-diets (Figure 5). 

5. Conclusions 

Our findings suggest that the AMA protein administered 
at 10 mg/Kg in mice could modulate the reduction of the 
plasma insulin levels in RD group and the reduction of the 
TG levels in HF group. In the specific case of insulin 
lower levels, the glucose tolerance test confirmed that the 
carbohydrate metabolism remains efficient. By contrast, 
SOY produces the opposite effect, even when animals 
were fed with RD. This is the first work analysing the 
changes on gene expression profile on adipose tissue due 
to amaranth consumption. Our results have shown that the 
mechanism of action of the AMA protein involves the 
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sensibilization of insulin pathway probably mediated by 
Lep down-regulation, the decrease of TG triggered by 
Fabp4 and Fasn down-regulation, and reversion of 
inflammation state as consequence of Tnf-α and Res 
down-regulation. All the gene expression profiles as well 
as physiological and biochemical parameters together with 
the PCA analysis indicates the close relationship between 
AMA and Ctrl-RD, so the AMA protein could be a 
potential improvement therapy in obesity-related disorders. 
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Supplementary Information 
Supplementary Table S1. PCR amplification conditions for gene expression analysis. 

Primer Sequence 
(5’ – 3’) 

Amplicon 
size (pb) 

Annealing 
(°C) Cycles cDNA (ng) 

Lep F ACATTTCACACACGCAGTCGG 
371 58.3 30 800 

Lep R GCATTCAGGGCTAACATCCAAC 
Res F CCCTCCTTTTCCTTTTCTTCCTTG 

251 56.8 30 150 
Res R TTCTTCACGAATGTCCCACGAG 

Tnf-α F AAAGATGGGGGGCTTCCAGAACTC 
434 58.9 30 150 

Tnf-α  R AGATAGCAAATCGGCTGACGG 
Lpl F CCACTTCAACCACAGCAGCAAG 

412 57.8 30 150 Lpl R ATCAGCGTCATCAGGAGAAAGGCG 
Fasn F CCAATACAGATGGCAGCAAGGAG 

744 60 32 150 Fasn R TCCCTGAGCAGATGAACCAGAGTG 
Fabp4 F CAAGCCCAACATGATCATCAGC 

97 58.1 30 150 Fabp4 R CACGCCCAGTTTGAAGGAAATC 
Adpn F AAGGACAAGGCCGTTCTCT 

219 60 30 150 Adpn R TATGGGTAGTTGCAGTCAGTTGG 
*18s F GATCCATTGGAGGGCAAGTCT 

79 52 30 150 *18s R AACTGCAGCAACTTTAATATACGCTATT 

F=forward; R=reverse; Res=resistin; Lpl=lipoprotein lipase, Fabp4=fatty acid binding protein 4, Fasn=fatty acid synthase, Adpn=adiponectin, 18S=18S 
ribosomal. *Constitutive gene. 

Supplementary Table S2. Factor loading for the five principal components 

  F1 F2 F3 F4 F5 
Biochemical parameter 

    Weight difference (%) 0.917 -0.123 0.148 0.314 0.154 
Adipose tissue (g) 0.874 -0.119 0.019 0.471 -0.027 
Cholesterol (mg/dL) 0.838 0.402 -0.229 -0.065 0.283 
Triglycerides (mg/dL) 0.682 0.615 0.351 -0.084 0.161 
Glucose (mg/dL) 0.851 -0.301 -0.049 0.412 -0.117 
Insulin (ng/mL) 0.124 0.571 0.792 0.027 -0.173 
Gene expression           
Adpn 0.840 0.424 -0.298 -0.098 -0.126 
Fabp4 0.752 -0.572 0.237 -0.223 0.030 
Lep 0.730 -0.565 0.262 -0.271 0.068 
Lpl 0.809 0.475 -0.300 -0.080 -0.156 
Res 0.959 0.097 -0.147 -0.214 -0.064 
Tnf-α 0.871 -0.395 0.009 -0.256 -0.141 

Values in bold correspond for each variable to the factor for which the loading is the highest. 
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Supplementary Table S3. Correlation coefficients between the gene expression in adipose tissue with physiological and biochemical parameters 
in the treated mice 

Variables Weight difference (%) Adipose tissue (g) Cholesterol (mg/dL) Triglycerides (mg/dL) Glucose (mg/dL) Insulin (ng/mL) 
Adpn 0.623 0.635 0.913 0.717 0.576 0.129 
Fabp4 0.730 0.624 0.369 0.268 0.705 -0.056 
Lep 0.704 0.581 0.362 0.276 0.659 -0.044 
Lpl 0.589 0.611 0.898 0.721 0.545 0.159 
Res 0.768 0.724 0.872 0.670 0.713 0.063 

Tnf-α 0.746 0.691 0.546 0.354 0.771 -0.093 

Values in bold show significant correlation (p < 0.05). 

 
Supplementary Figure S1. Plot of the significant correlations between the gene expression of Adpn, Lpl and Res, and the cholesterol levels of the 
treated groups. R = Pearson’s correlation coefficient, p = p value. 

 


