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ABSTRACT  29 

 30 

High energy intake promotes imbalances in nutrients homeostasis contributing to the high prevalence 31 

of metabolic chronic diseases. The extent to what metabolic imbalances can be ameliorated by the 32 

inclusion of immunonutritional ingredients from flours favouring nutrients and calorie management 33 

remains poorly understood. Here, it is showed that partial replacement of wheat flour (WB) by these 34 

from Chenopodium quinoa varieties [red(RQ, 25% w/w) and white (WQ, 25% w/w) as well asfrom 35 

Salvia hispanica L., [whole, (Ch, 20% w/w) and semi-defatted (Ch_D, 20% w/w)] in bread 36 

formulations ameliorates the metabolic and inflammation consequences derived from a high-fat diet 37 

consumption in hyperglycaemic animals. Feeding animals with bread formulations replacing wheat 38 

flour effectively reduced insulin resistance (by 2-fold, HOMAir). The reduction of starch content did 39 

not appear as determinant at controlling HOMAir. Only animals fed with RQ and Ch displayed 40 

increased plasmatic levels of triglycerides, which significantly contributed to mitigate HFD-induced 41 

hepatic lipid peroxidation, while elimination of PUFA negatively increased it. Feeding WQ and Ch 42 

samples caused an upward trend in hepatic TNF-α and IL-6 levels. Despite similarities between 43 

immunonutritional agonists from RQ and WQ, it was quantified higher IL-17 levels for WQ. All bread 44 

formulations except Ch_D significantly increased the hepatic granulocyte-monocyte colony stimulation 45 

factor levels. These results show that replacement of wheat flour, influencing the proportion of 46 

immunonutritional ingredients and protease inhibitory activity, in bread formulations improved 47 

metabolic imbalances to hyperglycaemic animals. 48 

 49 
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1. Introduction 52 

Western lifestyle (i.e., food choice and lack of physical activity) has led to an intense and continuous 53 

increase of the prevalence of metabolic diseases such as obesity, type 2 diabetes (T2D)
1
 and of other 54 

major features of the metabolic syndrome. In early stages of metabolic disorders, there is an increased 55 

risk of developing T2D associated with alterations in insulin resistance
2
. Here, hyperglycaemia also 56 

contributes to disrupt physiological lipid handling and management favouring dysfunctional alterations 57 

in hepatocytes
3
. Of note, recent data suggest that non-alcoholic fatty liver disease (NAFLD) incurs a 58 

high risk for the development of T2D, placing the liver in the centre of nutritional studies
4
. In this 59 

context, a significant bulk of evidence indicates the close relationship between innate immune 60 

signalling and hepatic metabolism
5
, worsening or improving the consequences derived from excessive 61 

nutrients availability. 62 

Diet has acquired great importance due to its physiological involvement in the metabolic modulation 63 

where nutritional strategies can help either preventing or ameliorating metabolic alterations
6
. 64 

Prospective nutritional evaluations clearly established a direct relationship between consumption of 65 

white bread and the risk of becoming overweight/obese
7
. Besides, research efforts have evidenced the 66 

potential of replacing wheat flour by that obtained from Latin-American crops (Chenopodium quinoa 67 

and Salvia hispanica) in bread formulations reducing glycaemic index as well as the hepatic 68 

inflammatory milieu
8,9

. These studies evidenced the positive effects increasing the expression of 69 

hepatic immunometabolic transcription factors such as PPAR-γ, helping to control glycaemic index and 70 

nutrients fate in energy metabolism. Recent research has also evidenced the positive effects of 71 

immunonutritional protease inhibitors found in C. quinoa and S. hispanica to increase the hepatic 72 

F4/80
+
 cell population

10
, which exerts a key regulatory role on hepatic cholesteryl ester transfer protein 73 

raising high-density lipoprotein (HDL)-cholesterol
11

. Additionally, S. hispanica is recognised as a rich 74 

source of polyunsaturated fatty acids that may play an important role in the management of insulin 75 

resistance
12

. The promotion of a favourable immunometabolic environment may significantly 76 

contribute in prevention and treatment of T2D. These are novel perspectives connecting the altered 77 

‘gut-liver’ milieu to risk factors for immunometabolic imbalances influencing T2D severity and 78 

progression. However, current evidence for an association of bread formulations replacing wheat flour 79 

by that from Latin-American crops with metabolic and inflammation perturbations caused by HFD in 80 

glucose homeostasis has largely been inferential.  81 

Research efforts have been made to develop animal models that reproduce the transition from pre-82 

diabetes to diabetes, which occurs mainly associated with the apparition of hyperglycaemia to emulate 83 
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the long-term complications of T2D 
13,14

. The repeated administration of low doses of streptozotocin to 84 

mimic an early prediabetic (hyperinsulinemic) phase with modest dysglycaemia failed to reproduce the 85 

insulin resistance axis typically seen in T2D
15

. Nevertheless, overfeeding a high-fat diet to animals 86 

made them develop insulin resistance where hyperglycaemia is associated with hypertriglyceridemia
16

. 87 

Lessons from preclinical long term (56 weeks) models of T2D reveal three distinct phases, the earliest 88 

effects starting from 2 weeks characterized, among other, by hyperglycaemia and insulin resistance
13

. 89 

Longer periods of treatment cause the decline in insulin production (phase 2, 18-42 weeks) and 90 

decrease fasting and post-IPGTT glucose levels (phase 3, 42-56 weeks). Taken together, these studies 91 

seem to suggest that translational value of animal models can be further enhanced when attaining a 92 

better understanding of the role of environmental factors that influence the onset, severity and 93 

progression of the early stages of the disease. 94 

The objective of this study was to evaluate wheat flour replacement by the inclusion of that from 95 

different varieties of C. quinoa (i.e., white and red) and processed S. hispanica seeds (i.e., whole and 96 

semi-defatted) in bread formulations on the impact of high fat diet consumption in hyperglycaemic 97 

animals at early stages of T2D development. 98 

 99 

2. Materials and methods 100 

2.1. Bread samples 101 

Red and white quinoa seeds (Organic quinoa Real
©

) from ANAPQUI, La Paz, Boliva, were 102 

purchased from Ekologikoak (Bizkaia, Spain). Whole and semi-defatted chia flour were provided from 103 

Primaria Premium Raw Materials Company (Valencia, Spain). Wheat flour was purchased from a local 104 

market. Five bread formulations were prepared containing different proportions of flours to adjust 105 

starch and lipid contents (Table 1) 
14,15

: red quinoa (RQ) at 25%, white quinoa (WQ) at 25%, chia (Ch) 106 

at 20 %, semi-defatted chia (Ch_D) at 20% and were compared to wheat bread (WB)
16

. 107 

 108 

2.2 Immunonutritional agonists in flours: Bioaccessibility 109 

Aliquots (0.5 g) of flours were processed and extracted and sequentially filtered through a 50-110 

30KDa membrane (Amicon
®
) 

17
. Then, protease inhibitory activity was quantified in the <30 KDa 111 

fraction 
17

. 112 

Flours used for bread formulation were subjected to a simulated gastrointestinal digestion 
9
 and 113 

bioaccessible immunonutritional agonists were monitored by HPLC-RP-DAD 
17

. Briefly, flours were 114 

subjected to a two-step gastric (pepsin, 1h, 37ºC) and intestinal (pancreatin/bile extract, 1h, 37ºC) 115 
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digestion 
9
. After addition of the pancreatin-bile extract solution, the volume brought to 10 mL with 116 

isotonic saline solution and 2 mL of the gastrointestinal digestion was carried out in the upper (donor 117 

compartment) chamber of a bicameral system. The bottom (acceptor compartment) of the system was 118 

filled up with 2 mL of an isotonic saline solution. 119 

The bioaccessible protein profile was defined on a 1260 Agilent HPLC system equipped with a 120 

quaternary pump and a photodiode array detector set at 280 nm (Agilent Technologies, Waldbronn, 121 

Germany). The separation (0.8 mL/min) was performed on a Poroshell 120 (7.5 cm x 4.6 mm) C18 122 

column (Agilent) 
17

. 123 

 124 

2.3. Animals 125 

In this study, male C57BL/6 mice with 5 weeks of age and an average weight of 15-18 g were 126 

obtained from the Centro de Investigaciones Biológicas (CIB-CSIC) in Madrid, Spain. Animal 127 

experiments were carried out in strict accordance with the recommendations in the Guide for the Care 128 

and Use of Laboratory Animals of CSIC (Consejo Superior de Investigaciones Científicas) and the 129 

protocol was approved by its Ethics Committee (Ethic code, Proex 080/19).  130 

 131 

2.4. Experimental design  132 

All animals were injected intraperitoneally with streptozotocin (STZ) (two doses of 25 mg/kg in two 133 

successive days)
18

 and hyperglycaemic animals were put under a high-fat diet (HFD)
 19

 (EF AIN93G 134 

modified, Ssniff Spezialdiäten GmbH, Soest, Germany) for 3 weeks. Mice were maintained under 135 

controlled environment of temperature (21-23ºC), humidity (55%) and a 12h:12h (light:dark) cycle 136 

with food and water ad libitum. Animals were distributed in 5 groups (n=6/group) depending on the 137 

bread administered. Bread formulations were administered 3 times per week (14 mg/day/animal) 138 

during the period of study. The amount of administered bread was established according to daily 139 

nutritional recommendation for bread consumption of 150g/day/70Kg body weight. The food intake 140 

and body weight of each group were monitored every 2 days. After treatment, mice were sacrificed by 141 

cervical dislocation. 142 

 143 

2.5. Biochemical parameters 144 

Blood samples were centrifuged (6,000×g/10 min) to get clear supernatants. Insulin and glucose 145 

concentrations were determined in plasma samples. Insulin (RAB0817-1KT, Sigma-Aldrich, 146 

Darmstadt, GER) and glucose (MAK263-1KT, Sigma-Aldrich, Darmstadt, GER) and triglycerides 147 
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(Cayman Chemical, nº 10010303, Michigan, USA) were measured using commercial kits. Insulin 148 

resistance (IR) was defined as the homeostatic model assessment of insulin resistance (HOMAir) value 149 

and its behaviour was studied according to the treatment received. HOMAir was calculated according 150 

to the following formula
19

: [insulin (μU/ml)*glycaemia (mg/dL)]/405. 151 

 152 

2.6. Determination of hepatic triglycerides and malondialdehyde levels  153 

Liver sections were kept in Krebs’s buffer (1 ml), containing the Complete Protease Inhibitor 154 

Cocktail (Sigma), until analysis. Samples were thaw up and homogenised using a TissueRuptor 155 

(Qiagen). Then, homogenates were centrifuged (10,000×g/15 min) to get clear supernatants. Then, 156 

hepatic triglycerides determination was performed with a commercial kit (Cayman Chemical, nº 157 

10010303, Michigan, USA) according to manufacturer’s instructions. Malondialdehyde (MDA) was 158 

determined in hepatic homogenates by using a thiobarbituric acid–reactive substances (TBARS) HPLC 159 

method as described elsewhere
20

. The HPLC analysis was performed on an Agilent 1260 system 160 

(Germany) with a diode array detector by using a Poroshell C18 (5 μm 2.7 × 50 mm) (Agilent) with 161 

detection at 532 nm. Total protein content in plasma and hepatic homogenates was determined with the 162 

Pierce
®
-BCA method (ThermoFisher

®
, Rockford, USA) to normalise the results between the different 163 

samples. 164 

 165 

2.7 Hepatic inflammatory markers 166 

Innate immune ‘Toll-like’ receptor (TLR)-4 was determined by quantitative reverse transcription 167 

real-time polymerase chain reaction (qRT-PCR). Validated Gene Expression Assays for murine TLR4 168 

(forward 5′-TGG GAA CAC ACG GTT GGA AA -3′, reverse 5′-ACA GCA AGT TGT AGC ACT 169 

ACT GA-3′) was purchased from Applied Biosystems (Foqter City, CA, USA). qRT-PCR was 170 

performed with 500 ng of cDNA from liver sections, using the Universal PCR Master Mix (Applied 171 

Biosystems, ThermoFisher
®

). Quantitative values were calculated by using the 2
−ΔCt

 method 
17

. 172 

Cytokines profile was quantified in liver samples homogenised in isotonic solution using a 173 

TissueRuptor (Qiagen) and sonicated. Tumor necrosis factor (TNF)-α (Cat. No. 32673019, Friesoythe; 174 

GER), granulocyte macrophage colony-stimulating factor (GM-CSF) (Cat. No. 32673129, Friesoythe; 175 

GER), interleukin-6 (IL-6) (Cat. No. 32670069, Friesoythe; Germany) and interleukin-17 (IL-17) (Cat. 176 

No. 32670179, Friesoythe; GER) (ImmunoTools) were determined by ELISAs according to the 177 

manufacturer’s instructions. The results of the ELISA assays were normalised according to the total 178 

protein content (Pierce®-BCA). 179 
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 180 

2.8. Statistical analyses  181 

Statistical analyses were performed with the software Statgraphics Centurion XVI. For normally 182 

distributed data ANOVA and the Student t test were applied. Statistical significance was established at 183 

P < 0.05 for all comparisons. 184 

 185 

3. Results 186 

3.1 Immunonutritional compounds in bread formulations and high fat diet. 187 

Inclusion of flours from C. quinoa, white and red varieties, as well as S. hispanica, whole and 188 

defatted, was based considering different scenarios; i) to evaluate the effects derived from replacement 189 

ofwheat  immunonutritional agonists by those provided by C. quinoa and S. hispanica, and ii) to 190 

evaluate the interactioin of immunonutritional agonists with different starch levels in presence of 191 

polyunsaturated fatty acids (PUFA) provided by S. hispanica, influencing insulin resistance 192 

development. According to their origin, white or red C. quinoa, reverse phase-HPLC-DAD analyses 193 

did not reveal significant differences between bioaccessible immunonutritional agonists. 194 

Notwithstanding, it was quantified significant variations in the proportion of immunonutritional 195 

compounds quantified in a low molecular (<30 kDa) protein fraction from C. quinoa and S. hispanica 196 

(Table 2). Despite variations in the total amount of immunonutritional agonits, C. quinoa provided a 197 

similar proportion of those within the <30 kDa fraction than that of T. durum. However, that fraction 198 

from S. hispanica was up to 4.2-fold higher. Immunonutritional agonists displayed significant 199 

differences in relation to their bioaccessibility (Table 2). 200 

Levels of both carbohydrates and fat were taken into consideration to put animals under a High-fat 201 

diet (Table 3). Carbohydrate level of the diet used were elevated up to the highest level commonly used 202 

in the literature according to the experimental model (STZ-treated animals). Fat content was 203 

established at the highest percentage to be representative of a HFD as previously reported (30-50%)
21

. 204 

According to the literature, both HFD and ‘very’ HFD (58-60%) develop insulin resistant animals. 205 

Moreover, to target early events responsible for the onset and progression of immunometabolic 206 

changes, the study period was fitted to the earlier phase (2-18 weeks) previously reported
13

. 207 

 208 

3.2. Changes in body weight  209 

Animals fed with RQ, WQ and Ch_D exhibited a negative trend in body weight (BW) gain (Fig. 1) 210 

relative to WB, but only administration of RQ had a statistically significant effect (Fig. 1A). Notably, 211 
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the observed differences in HFD-induced BW gain was not due to reduced food intake. There were no 212 

significant differences in daily food (energy) intake between the different groups of treatment (90.2 213 

kJ/d) (215.6 kcal/d) over the study period. Although not significant (p>0.05), due to the data 214 

dispersion, it could be found an opposite trend in mean values for body weight gain between animals 215 

administered with Ch or Ch_D formulations. Morphometric comparison of the hepatosomatic ratios 216 

revealed a positive trend in all groups of treatment in relation to WB. Only animals receiving RQ 217 

exhibited a significant (P=0.03) increase relative to WB (Fig. 1B). 218 

 219 

3.3. Glycaemic parameters  220 

Feeding animals with RQ, WQ and Ch samples significantly decreased serum glucose 221 

concentrations (Fig. 2A) in relation to those receiving WB. The significant reduction in starch provided 222 

by Ch and Ch_D does not appear as a major contributor controlling hyperglycaemia in comparison to 223 

RQ and WQ. Animals administered with RQ and Ch displayed a relative 2-fold lower glycaemia to 224 

animals administered with WB. Only animals fed with Ch_D did not display significant decreased 225 

glucose concentrations. All groups of treatment displayed a positive trend decreasing insulin levels in 226 

comparison to WB (Fig. 2B). This effect on insulin regulation reached statistical significance in those 227 

animals administered with WQ and Ch_D. Notably, all groups of treatment displayed reduced HOMAir 228 

values (Fig. 2C) evidencing the improved insulin resistance. HOMAir values were close to #3, even 229 

lower for RQ and Ch fed animals, which is considered the limit to establish an insulin resistance. 230 

 231 

3.4. Lipid parameters 232 

Plasmatic triglycerides concentrations (Fig. 3A) were increased (p<0.05) only in animals 233 

administered with Ch_D, but an increasing trend was also observed in those receiving RQ and Ch. 234 

Interestingly, highest mean triglycerides concentrations associate to those animals exhibiting the lowest 235 

glycaemia (Fig. 2A). Otherwise, it was not quantified significant differences in hepatic triglycerides 236 

concentrations between the different groups of treatment (Fig. 3B). However, all groups exceed normal 237 

hepatic triglyceride contents genetically determined in mice
22

.  238 

Hepatic levels of malonaldehyde (MDA), a reactive metabolite derived from lipid peroxidation, was 239 

quantified to evaluate the influence of bread formulations in the control of HFD-induced excessive 240 

oxidative stress (Fig. 3C). Feeding RQ, WQ and Ch samples significantly reduced the degree of lipid 241 

peroxidation in relation to WB. Between the quinoa groups, it was quantified a significant difference 242 

(P<0.05), where RQ exhibited a more positive effect reducing hepatic MDA levels. Notably, animals 243 
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fed with Ch_D showed 1.5-fold higher MDA levels than its whole counterpart, from where it can be 244 

hypothesised a protector role for chia’s fat in the hepatic lipid peroxidation. 245 

 246 

3.5. Hepatic Inflammatory markers  247 

Hepatic expression (mRNA) levels of TLR4 increased compared to WB except for Ch_D which 248 

obtained similar values (Fig. 4A). WQ and Ch displayed a slight upward trend in TNF-α levels 249 

compared to WB (Fig. 4B). Changes in IL-6 concentrations (Fig. 4C) mirrored those of TNF-α, and it 250 

was quantified a significant difference (P<0.05) between the concentrations in animals fed RQ and 251 

WQ. This behaviour was similar in IL-17 levels (Fig. 4D) suggesting that WQ could exert a greater 252 

influence in the hepatic inflammatory processes in comparison to RQ. In relation to variations in GM-253 

CSF (Fig. 4E), only animals fed with Ch_D showed significantly (P<0.05) reduced levels of the 254 

cytokine in relation to WB. Besides, feeding WQ promoted upward trends in GM-CSF values 255 

suggestive of a more prominent anti-inflammatory innate immune response. 256 

 257 

4. Discussion 258 

This study shows that replacement of wheat flour with those obtained from different varieties of C. 259 

quinoa (i.e., white and red) and processed seeds (i.e., whole and semi-defatted) of S. hispanica into 260 

bread formulations provides beneficial effects ameliorating the immunometabolic conditions derived 261 

from high energy intake. These effects appeared modifiable in hyperglycaemic animals fed a HFD 262 

during 3 weeks likely reproducing early features of T2D/metabolic syndrome
23

. 263 

According to the proximate composition of flours, the similar starch content in WB and those from 264 

C. quinoa, WQ and RQ, samples makes unlikely that better controlled variations in the plasmatic 265 

glucose concentrations could be attributed to starch (Table 1). Moreover, the statistical significance 266 

between insulin levels when animals receive RQ vs WQ allows hypothesizing that these changes are 267 

not completely derived from glycaemia and may imply the participation of immunonutritional agonists 268 

found in C. quinoa
17

. Variations in the plasmatic glucose concentrations were inversely associated to 269 

the protease inhibitory activity, but directly to the higher bioaccessibilty estimated for 270 

immunonutritional agonists from wheat (T. durum) and quinoa (C. quinoa) flours (Table 2). In wheat 271 

flours, these compounds have been found as part of homodimeric and heterotetrameric complexes, 272 

while monomeric units are majorly present in flours from quinoa and chia
17,24

. Major structural 273 

differences rely on the lack of glycoconjugate prosthetic groups in immunonutritional agonists from 274 

wheat, but carriage of an N-terminal glucuronamide linkage in S. hispanica and glucosides in C. 275 
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quinoa
17

. Pilot studies revealed slightly, but significant differences in the coefficients of diffusion for 276 

the immunonutritional agonists from RQ and WQ (data not shown), where the slowest kinetic might be 277 

associated to a better control in insulin production (Fig. 1B). Immunonutritional agonists found in the 278 

flours have proved a significant potential to down-regulate the expression of key enzymes (i.e., 279 

GAPDH) involved in the glycolysis processes according to the following gradation
24

: wheat, 34.9%; 280 

quinoa, 44.2% and chia, 51.5%. These effects occur via their immunonutritional role interacting with 281 

the innate immune ‘Toll-like’ receptor (TLR)-4
24,25

 (Fig. 4A). Accordingly, the lower 282 

immunonutritional potential of RQ is supported by downward trends in the hepatic inflammatory 283 

milieu, TNF (Fig. 4B) and IL-6 (Fig. 4C), that is dependent on TLR4 engagement of adaptor 284 

molecules and downstream molecular signalling. 285 

To approach the comprehensive effect of n-3PUFAs, chia flour was defatted attaining a reduction of 286 

the lipid fraction up to 70% (Table 1). It was observed an increase in the protein fraction that can be 287 

attributed, at least in part, to the conversion factor used to estimate crude protein from total 288 

nitrogen
14,26

. Otherwise, methods targeting peptides containing three or more amino acid residues
27

 are 289 

affected to a lesser extent by protein compositional differences to provide greater concentration 290 

accuracy. Accordingly, significant lower protein contents in defatted chia flours have been reported, 291 

22.7 ± 0.7 g/100g
27

, in comparison to those using the conversion of nitrogen
14,26

, 29.4-31.7 g/100g. 292 

Defatting causes a significant reduction (by 39.7%) of the α-amylase inhibitory activity of chia
28

 293 

attributed to the immunonutritional compounds. These effects can explain the upward trend of glucose 294 

concentrations in animals fed Ch_D in relation to their counterparts receiving Ch (Fig. 2A). 295 

Collectively, it can be hypothesized significant impairments in the tertiary structure of the compounds 296 

responsible for the immunonutritional activity due to the loss of capability to interact with TLR4 (Fig. 297 

4A). Previous data suggest that n-3PUFA may improve postprandial hyperglycaemia as well as insulin 298 

secretion ability and hypertriglyceridemia, with impaired glucose metabolism
29,30

. Neither duration nor 299 

dosage appear to explain the observed heterogeneity in response to n-3PUFAs
30

. Here, the significant 300 

reduction of the lipid fraction could be concordant with the variation observed in plasmatic glucose, 301 

however, it cannot explain the improved control on insulin levels (Fig. 2B-C). This observation 302 

transpires in the sense of supporting the role of immunonutritional compounds. 303 

Immunonutritional agonists from quinoa and chia have been shown to significantly down-regulate 304 

the expression of the fatty acid translocase (i.e., CD36)
10

, thereby modulating the breadth of signalling 305 

for TLR4
24

. In the last few years, different studies pointed out the significant effect of regulation of the 306 

TLR4/NF-κB-pathway on obesity-associated imbalances in biochemical parameters (i.e., 307 
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triglycerides)
18,31,32

. Commonly, the reduction of plasmatic triglyceride concentrations was derived 308 

either from inhibition of its downstream molecular signalling or delaying the intracellular retrieval of 309 

the receptor allowing signal transduction. In this scenario, proteolytic cleavage and shedding of TLR4 310 

has been demonstrated a mechanism to prevent the liver from developing insulin resistance
33

. These 311 

observations agree with findings relative to the important regulatory and sequential role of innate and 312 

adaptive immunity to establish tissue lipid homeostasis
34

. When considering the influence of n3-PUFA 313 

data did not support potential positive effects of PUFA regulating the plasmatic triglycerides 314 

concentrations, in accordance with the lack of correlation between the effects and level of n3-PUFA 315 

intake. Health effects of n–3 PUFAs are partly mediated by their oxidized metabolites, i.e., eicosanoids 316 

and other oxylipins. Here, TLR4 has been identified as a mediator able to induce epoxy-oxylipin 317 

products promoting the protective effects of soluble epoxide hydrolase
35

. This protective effect appears 318 

quite well reflected in the reduced MDA levels quantified in animals fed with Ch in comparison to 319 

Ch_D. While important for the clearance of these molecules from the circulation, CD36-dependent 320 

signalling has also been implicated in the pro-inflammatory effects of modified endogenous ligands of 321 

TLR4
36

.  322 

Here, the extent to what RQ and WQ affect MDA levels (Fig. 3C) appears inversely associated to 323 

the level of TLR4 transcripts (Fig. 4A), which commonly associates with protein content. These 324 

differences are revealed by the upward trends in TNF and IL-6 production (Fig. 4B-C). Collectively, 325 

lower mRNA levels of TLR4 with increased cytokine production may interpret the experimental data 326 

showing faster kinetics if TLR4 mRNA translation and protein expression, which aggravate glycaemia-327 

induced metabolic stress. However, the role of TNF-α and IL-6, which can elicit either positive and 328 

negative effects, on metabolic control and insulin sensitivity is still under debate
37-39

. The lack of 329 

significant differences in the phenolic content between RQ and WQ samples
40

 transpires in the sense of 330 

a protein-mediated effect as unique promoter of different TLR4 transcript levels. Also, neither the 331 

isolated polyphenols profile nor total antioxidant capacity (DPPH method) estimated for S. hispanica 332 

flours, semi-defatted or not, could be associated to the extractable or bioaccessible total antioxidant 333 

capacity estimated for these fractions
41

. 334 

TLR4 mRNA levels together with the trend for both cytokines quantified in animals receiving Ch is 335 

tempting to suggest similarities between immunonutritional agonists in WQ and Ch. But it should not 336 

be ruled out that immunonutritional agonists also promote physiological variations in lipid-dependent 337 

kinases (i.e., protein kinase C - PKC)
24

. These kinases have shown wide-ranging roles in signal 338 

transduction and modulation of insulin action
42

. Accordingly, variations in MDA levels between WQ 339 
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and Ch are explained (Fig. 3A-C), at least in part, by lower PKC expression levels favoured by Ch 340 

helping to ameliorate the effects of fat oversupply. The decreased hepatic IL-17 levels (Fig. 4D) also 341 

supports positive effects on the high-fat diet-induced metabolic stress by inhibiting fatty acid β-342 

oxidation
43

. With this on mind, the negative balance in GM-CSF levels (Fig. 4E) attained by feeding 343 

Ch allows suggesting a better controlled HFD-induced impaired insulin sensitisation (Fig. 2A-B) as 344 

reflected in lower HOMAir (Fig. 2C). Overall, the lack of these inflammatory response(s) helps 345 

supporting the partial loss of bioactivity by immunonutritional agonists during defatting as previously 346 

suggested. 347 

 348 

5. Conclusions 349 

Replacement of wheat flour by those from C. quinoa (i.e., white and red) or S. hispanica (i.e., whole 350 

and semi-defatted) in bread formulations ameliorates the severity of metabolic consequences derived 351 

from high fat diet consumption to hyperglycaemic animals. A relative short STZ/HFD model (3 weeks) 352 

allows monitoring both hyperglycaemia and hypertriglyceridemia as well as insulin sensitization and 353 

resistance development. Here, immunonutritional agonists rather than other nutrients such as PUFA 354 

significantly contributed to a higher extent to the beneficial outcomes. These results support food 355 

composition rather than calorie intake as a major determinant of the nutritional consequences. Hence 356 

more intense research into food and health based on the advances made in life sciences is needed. 357 

These data help opening new avenues for the potential use of these bread formulations helping to tailor 358 

personalised nutritional intervention strategies to ameliorate the severity of chronic metabolic diseases. 359 

Further research with human trials is needed to determine the magnitude of these beneficial effects. 360 
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Figure caption 505 

Fig. 1 Variations of body weight gain (A) and liver to body weight ratio (B) in animals fed with high 506 

fat diet and administered with the different bread formulations: WB, white bread; RQ, red quinoa flour 507 

(25%)-containing bread; WQ, white quinoa flour (25%)-containing bread; Ch, chia flour (20%)-508 

containing bread; Ch_D, semi-defatted chia flour (20%)-containing bread. Untreated controls are 509 

represented by the dotted line. *Indicates statistically significant (p<0.05) differences in relation to 510 

controls.  511 

 512 

Fig. 2 Biochemical parameters (plasmatic glucose, A; insulin, B and HOMAir, C) in animals fed with 513 

high fat diet and administered with the different bread formulations: WB, white bread; RQ, red quinoa 514 

flour (25%)-containing bread; WQ, white quinoa flour (25%)-containing bread; Ch, chia flour (20%)-515 

containing bread; Ch_D, semi-defatted chia flour (20%)-containing bread. Untreated controls are 516 

represented by the dotted line. *Indicates statistically significant (p<0.05) differences in relation to 517 

WB. 518 

 519 

Fig. 3 Plasmatic triglycerides (A), hepatic triglycerides (B) and peroxidised lipids (C) in animals fed 520 

with high fat diet and administered with the different bread formulations: WB, white bread; RQ, red 521 

quinoa flour (25%)-containing bread; WQ, white quinoa flour (25%)-containing bread; Ch, chia flour 522 

(20%)-containing bread; Ch_D, semi-defatted chia flour (20%)-containing bread. Untreated controls 523 

are represented by the dotted line. *Indicates statistically significant (p<0.05) differences in relation to 524 

WB. 525 

 526 

Fig. 4 Hepatic inflammatory markers: (A) Toll-like’ receptor (TLR)-4; (B) tumour necrosis factor 527 

(TNF)-α; (C) interleukine (IL)-6; (D) IL-17; (E) granulocyte-monocyte colony stimulating factor (GM-528 

CSF), in animals fed with high fat diet and administered with the different bread formulations: WB, 529 

white bread; RQ, red quinoa flour (25%)-containing bread; WQ, white quinoa flour (25%)-containing 530 

bread; Ch, chia flour (20%)-containing bread; Ch_D, semi-defatted chia flour (20%)-containing bread. 531 

Untreated controls are represented by the dotted line. *Indicates statistically significant (p<0.05) 532 

differences in relation to WB 533 

 534 
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 535 

Table 1. Proximal composition of raw materials used to obtain flours. 536 

The data are reported on dry basis. Values are expressed as mean ± standard deviation (n = 3). d.m. dry 537 

matter. 
1
 Ballester-Sánchez et al. 

45
; 

2
 Fernández-Espinar et al. 

27
 538 

 539 

Components 

g/100g d.m. 

Flours 

Wheat
1
 Red quinoa

1
 White quinoa

1
 Chia

2
 defatted chia

2
 

Starch 66.2 ± 1.3
 

62.6 ± 1.1
 

61.8 ± 1.7
 

1.7 ± 0.4 1.8 ± 0.2 

Proteins 12.4 ± 0.1
 

12.8 ± 0.7
 

13.0 ± 0.7
 

21.4 ± 1.7 29.4 ± 0.2 

Lipids 1.1 ± 0.1
 

5.3 ± 0.2
 

5.4 ± 0.6
 

34.4 ± 0.4 7.6 ± 0.3 

Ash 0.48 ± 0.08
 

2.32 ± 0.04
 

2.37 ± 0.02
 

4.77 ± 0.04 6.28 ± 0.03 
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Table 2. Content of immunonutritional agonists quantified in flours from different botanical origin and their estimated bioaccessibility and 540 

protease inhibitory activity. Results are expressed as mean ± SD (n=4). 541 

1
 Analysis of the different varieties, white vs red, did not reveal significant differences for the extractability of the immunonutritional 542 

agonists. a-c Different superscript letters indicate statistically significant differences within the same column. 543 

 544 

Botanical origin 
Molecular size (mg protein/g flour) Bioaccessible 

(µg/min) 

Prot. Inh 

activity (%) >50 kDa >30 kDa <30 kDa 

Triticum durum 0.099 ± 0.002
a
 0.022 ± 0.007

a
 0.011 ± 0.003

a
 0.41 ± 0.03 -2.20 ± 0.08

a
 

Chenopodium quinoa 
1 

0.029 ± 0.001
b
 0.017 ± 0.002

a
 0.013 ± 0.005

a
 0.99 ± 0.08 -0.60 ± 0.08

b
 

Salvia hispanica 0.147 ± 0.006
c
 0.082 ± 0.021

b
 0.046 ± 0.001

b
 0.62 ± 0.04 -0.83 ± 0.05

b
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Table 3. Comparison of the high fat diet used in this study with some reported in the literature. 545 

High fat diet 
Ref. 

Carbohydrate (%) 
Fat (%) 

Protein (%) 

43 42 15 This study 

42 - 59.8 20 - 38 13 - 20.1 

1
 Gheibi et al., 2017 35 - 42 40 - 45 18 - 20 

5 - 27.5 58 - 60 15.5 - 35 

1
 Values revised by Gheibi et al. 

15 
546 

 
547 

  
548 
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