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Abstract Corn tortillas provide calcium and help maintain a healthy state in the bones of the population. The
objective of the study was to evaluate the mechanical and structural properties of rat femurs fed with tortillas made
with different processes. The following diets were evaluated: raw corn (RCD), commercial tortillas (COMTD),
tortillas processed with the traditional method (TTD) processed with Ca(OH),, and organic tortillas (ETD) processed
with CaSO,. There were no differences in the force to fracture femurs of rats fed TTD (10.66) and ETD (11.27 N),
being significantly different from COMTD (5.66 N). Micrographs showed pronounced cavities in femurs of
RCD-fed rats and to a lesser extent than those fed COMTD. More compact and healthier bones were shown in
femurs of rats fed ETD and TTD. Ecological process provided the same properties of femurs from rats fed with
traditional tortillas, with the advantage of being an ecofriendly process.
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1. Introduction

Adequate nutrition throughout life is important to keep
bones in a healthy state. Calcium is essential for the
development, growth, and maintenance of bone [1].
However, other nutrients like magnesium, phosphorus,
vitamin K, vitamin C and vitamin B12 also play an
important role in bone development [2]. Magnesium
assists in the activation of vitamin D, which helps regulate
calcium and phosphate homeostasis to influence the
growth and maintenance of bones [3]. A weakened bone
can lead to fractures and if it remains constantly in that
state, it can lead to osteoporosis. Osteoporosis is a
systemic metabolic disease characterized by low bone
mass and microstructural destruction of bone tissue, which
leads to an increased bone fragility and easy fracture [4].
Osteoporosis is defined as a progressive and systemic
skeletal disease characterized by reduced quantity and

quality of bones that can lead to osteoporosis, thus
increasing incidences of bone fractures [5]. Therefore, it is
important to take care of the primary sources of food
consumption that can provide the greatest amount of
calcium possible. One of the important sources of calcium
in countries such as Mexico and Central America, are
those foods derived from the processing of corn.

Corn is used as a staple in many regions in the world, or
used to produce biofuels, chemical compounds, pseudo-
plastics, and other materials [6]. In North America and
Latin America there is greater demand for corn products,
such as tortillas, nachos, and tacos [7], which are prepared
through a process called nixtamalization. Nixtamalization
includes the stages of cooking the corn grain with lime
and water for 15 to 40 min and then steeping the
cooked grain for 12 to 20 h. Then, these corn grains are
washed to separate them from the “nejayote” (excess
water, lime, nutrients, and pericarp fragments), and then
stone-grounded to produce masa. Masa is shaped into
small circular discs and cooked on a metallic surface
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heated by gas combustion until tortillas are obtained [8].
The weight of each tortilla is about 25-30 g. The tortillas
can be obtained in a traditional way (artisanal) or
industrially. In both cases, the same procedures are
followed [9]. Industrially, the dough is dehydrated,
grounded, and packaged to be sold in supermarkets or
stores that cook tortillas. This product is known as the
nixtamalized corn flour. In artisan tortillas, the dough is
directly formed into dough discs, cooked, and sold
directly to consumers. The nixtamalization is not efficient
because it involves: i) high consumption of energy and
water, ii) high production of solid residual presence
(5-14%, sugars, such as, dietary fiber, proteins, vitamins
and minerals), iii) large amounts of water in the nejayote
is lost during nixtamalization (this water is not recovered
due to the high cost of water treatment plants);
iv) nejayote has a highly alkaline pH (up to 12) and can
cause scale formation inside drainage pipes [8,10]. For
this reason, new alternatives are being sought out to
modify the nixtamalization process variables. Some of
these methods are called ecological methods, where the
calcium source is replaced, to obtain a less polluting
nejayote. Studies are being carried out by substituting
calcium hydroxide for some other sources such as calcium
chloride, calcium carbonate, calcium acetate and calcium
sulfate [11-16]. The most significant pH reduction is when
calcium sulfate is used. Calcium salts (e.g., sulfate,
carbonate, chloride) were used to achieve an incomplete
grain dehulling giving product with a higher content of
dietary fiber as a result and lower production of polluting
substances [17]. It is important to change the source of
calcium in nixtamalization to achieve an eco-friendlier
process, without affecting the calcium absorption into the
corn grains In summary, with the ecological method it is
possible to have a slightly acidic pH in the nejayote and
therefore does not cause major damage when it is
discharged into the pipes or requires a lower cost of the
wastewater treatment, there is no detachment of the
pericarp of the grains of corn with which it is possible to
retain higher contents of soluble and insoluble dietary
fiber, and the losses of nutrients are minimized.

Tortilla consumption plays an important role in some
countries of Central America and Mexico, due to their
contribution to nutrients such as protein, calcium, energy,
and dietary fiber. In the United States of America, the
preference for the consumption of tortillas has been
increasing, because there is a part of the population that

seeks to consume foods that guarantee health benefits [18].

In recent years, in North America, Europe and Asia, the
tortilla market has been increasing rapidly [17,19].
In the urban areas of Mexico, the daily consumption of
tortillas per person was 217.9 g (7.26 tortillas/day) and
in urban areas, the daily consumption was 155.4 g
(5.18 tortillas/day) [20]. For this sector of the population,
the tortilla represents their main source of calcium and is,
a key factor in preventing osteopenia and osteoporosis.
For the population that regularly consumes tortillas,
calcium does not represent a deficiency problem, due to
the high content of calcium contained in this food [21].
Corn tortillas are reported to have calcium values between
86.95-283 mg/100 g tortillas [11,22]. Several studies have
been carried out in which the positive effects have been
demonstrated between the consuming tortillas done by the

traditional method of nixtamalization (done with calcium
hydroxide) with  properties evaluated in bones
[21,23,24,25]. Therefore, the objective of the present
study was to evaluate the physicochemical, mechanical,
and structural properties in femurs of rats fed with diets of
tortillas made with calcium sulfate and compare them with
diets based on tortillas made with calcium hydroxide.

2. Materials and Methods

2.1. Tortilla

The tortillas were prepared as follows: 1) traditional
process of nixtamalization with Ca(OH),, 2) an ecological
method, according to the conditions reported in the patent
289339 [12] using CaSQ,, and 3) an industrialized corn
flour processed with Ca(OH), was obtained from a local
market in Morelia, Mich., México. The first stage in
preparing tortillas was to prepare the dough or masa
from the three processes. To obtain the masa by the
traditional nixtamalization method, 3 L of water, 1 kg of
corn grains and 100 g of Ca(OH), were boiled for 49 min.
Subsequently, the nixtamalized corn kernels were steeped
for 16 h in the cooking water (nejayote) and washed twice.
To obtain the masa by the ecological method, the same
procedure was used except for using 100g of CaSO,
instead of Ca(OH),. To make the tortillas with commercial
nixtamalized corn flour, the flour was mixed with water
until masa was obtained. From each masa, tortillas were
made as follows: portions of 259 of masa were made and
molded into flat surfaces about 1 mm thick. They were
placed on a metal surface heated to 280°C for 30 secs. The
tortillas were turned and allowed to heat up for a further
30 secs and then turned again to heat for another 20 secs.
The tortillas obtained were dehydrated in an oven at 45°C
and grounded until obtaining a particle size of 250 p.

2.2. Chemical Composition

The chemical composition analysis of each tortilla and
the formulated diets were carried out according to the
techniques of the AOAC [26]: moisture, ashes, fat, protein
(N x 6.25) and dietary fiber. Carbohydrate content was
calculated by difference (100- [moisture + crude protein +
fat + ash]).

2.3. Diets, and Biological Assay

Experimental diets based on tortillas were developed
along with a control diet. The formulated diets were:
Control diet (CD) based on casein, Raw corn-based diet
(RCD), Tortilla-based diet using the traditional method
of nixtamalization with Ca(OH), (TTD), Ecological
tortilla-based diet using CaSO, (ETD), and Tortilla-based
diet using commercial corn flour (COMTD). The TTD
and ETD diets were made with the same white corn which
was used in the RCD diet. In CD, the protein source was
casein, and in the experimental diets, the proteins were
provided by tortillas or corn. The amount of protein in the
tortilla and unprocessed corn diets ranged from 7.27% to
7.77%. The diets were formulated to contain similar
amount of lipids (= 4%). A mixture of minerals at a
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concentration of 3.5% was added only to CD. In the other
experimental diets, the ashes were provided by tortillas or
corn, and was completed until reach 3.5% of mineral
adding a mixture of AIN-93G free of calcium. A 1%
vitamin mixture AIN-93G were added to all diets,
including 0.25 mg of Vitamin D3, corresponding to 400
IU/g, that allows adequate absorption of all the calcium
that enters from the diets, in the bones of the rats of all
groups. Diet compositions are shown in Table 1.

Male Wistar rats of 22 days old were used in the
experiment. The average weight was 55 g. Six animals
were used for each of the experimental diets. The
environmental conditions were at 22°C and there were
light and dark cycles of 12 h. Food and water were
provided ad libitum. A record was kept of the food
consumed and the body weight of the animals during the
28 days of the study. At the end of the experiment, the
animals were sacrificed by cervical dislocation, after
fasting for 6 h, and the femurs were extracted from each
rat, eliminating the tissue adhering to the bone. The
femurs were superficially cleaned by impregnating cotton
with alcohol solution only to clean possible impurities and
stored until use. All animal studies were conducted using
appropriate procedures following standard guidelines for
animal experiments and carried out under the Mexican
official normativity for the production, care, and use of
laboratory animals NOM-062-Z00-1999 [27].

2.4. Physical Dimension of the Femurs

The femurs were weighed and the physical dimensions
such as length (L), mean diameter of the bone (MBD),
the diameter of the femoral articulation and pelvis (Dafp),
diameter of the femoral articulation and tibia (Daft) were
measured using a vernier.

2.5. Determination of Calcium, Magnesium
and Phosphorous in Femurs

The femurs of rats were incinerated at 580°C for 6 h,
then 1 g of dry sample was weighed and transferred to a
150 mL beaker and 10 mL of concentrated nitric acid was
added and digested overnight. Then, it was heated on a hot
plate until the red fumes (NO,) disappeared. The flask was
cooled, and a small amount (2-4 mL) of 70% HCIO, was
added. The mixture was heated to a small volume by
evaporation. The sample was transferred to a 50 mL
volumetric flask and made up to volume with deionized
water. Then the reading was made in the Atomic
Absorption Spectrophotometer (AA) PerkinElmer Model:
AAnalyst 200. A wavelength of 422.7 nm was used for
calcium and 285.2 nm for magnesium. The phosphorus (P)
concentration was carried out by colorimetry according to
AOAC [28].

2.6. Force for Fracture, Compression and
Modulo of Young Evaluated in Femur

Femoral fracture and compression tests were performed
using a TA-XT2 Texturometer (Texture Technologies
Corporation. Stable Micro Systems. Surrey, England).

Force to fracture femurs: the test was carried out using a
flat knife probe 5mm thick. Each femur was placed on a
plate cm long, with a hole located at the center of the plate.
The compression force was applied at a constant speed
of 2 mm/s speed, and a penetration distance of 10 mm,
with a cutting force of 0.1 kg. The maximum force
required to break the bones was expressed as Newton (N).
The fracture force measurement was performed on the six
right femurs of each rat in each group. Compression force:
to measure the compression force on the four left femurs
of each rat in each group, a conical probe with 90° angle
was used, which moved at a speed of 1 mm/s on the femur
of the animals until making contact, without fracturing it.
Young’s modulus or modulus of elasticity (E) behavior of
the femurs was calculated using the values obtained from
compression force test. Then, Young's Modulus was
determined from the load-discharge curve in a relatively
low deformation, and according to equations 1 and 2:
o

E== (n
€

Lo—Lf
E =
Lo

x100 2

Where: ¢ = Normal stress (force/area); € = Tension;
Lo = Initial thickness of the femur; Lf = Final thickness of
the femur after compression. The results were expressed
as MPa.

2.7. Structural Analysis of the Femurs

For the structural analysis of the bones, a scanning
electron microscope with elemental analysis microprobe
ESEM XL30 PHILIPS, equipped with an electron
beam adjusted to 20 Kv and 50 pA current was used.
Two left femurs from each rat fed with each diet group
were cut transversely and inserted into an acrylic
base using an AcryFix Kit, such that the cross section
of the femur was exposed. The acrylic bases containing
the femurs were placed on the viewing plate of the
equipment, and the femurs were scanned with the
scanning electron microscope. The images obtained were
digitized and processed with image analysis software
(IMAGE J).

2.8. Statistical Analysis

All analysis corresponding to the chemical composition
of flours and diets were conducted in triplicate.
Physicochemical characterization tests on the bone
material were done in sixth femurs of each group. The
data obtained was subjected to by analysis of variance
(ANOVA). Significant differences between means were
determined by Tukey's test with a significance level of o=
0.05. The results of the biological assays were obtained
from the six rats in each group were analyzed using the
Analysis of Variance (ANOVA), with a level of
significance of o = 0.05. When within subject effects for
different diets were significant, differences between diets
were explored using the Tukey—Kramer test and a = 0.05.
Statistical analyses were carried out using JMP version 6.0
software, SAS, 2005 [29].
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Table 1. Chemical composition of experimental diets (Dry basis).

Component (%) cD RCD COMTD TTD ETD
Carbohydrates 62.26 +1.03° 74.3420.98" 80.77+1.65° 80.22+ 1.13° 73.51+0.92°
Insoluble Fiber 5.06+0.08° 8.79+0.10° 3.90+0.07¢ 4.0520.09" 9.35+0.21°
Soluble Fiber 1.06+0.02° 1.57+0.01° 0.83+0.01¢ 0.93+0.03¢ 1.70+0.56°

Protein 20.36+1.13° 7.62+0.20° 7.10+0.23° 7.27+0.30° 7.7740.33°

Fat 7.100.06° 4.19+0.09° 3.92+0.04° 4.03+0.07° 4.17+0.01°

Ash 4.16+0.09° 3.49+0.04° 3.48+0.07° 3.50%0.05° 3.500.02°

Ca (mg/100g) 499.8+25° 7.140.35° 86.9+3.47¢ 162.949.40° 105.4+3.16¢

P (mg/100g) 318.247.95° 530.0+22° 430.0+14° 610.0+19° 350.049.8¢
Ratio C/P 157 0.01 0.20 0.26 0.30

Mg (mg/100g) 50.6+1.01° 122.1+2.07° 219.1+7.68° 145.4+1.81° 121.4+3.64°
Kcal/100 g 394 366 387 386 363

Values are mean of three replicates + standard deviation. Means followed by different letter within a row have a statistically significant difference
(P < 0.05). Ca = Calcium. P: phosphorus. Mg: magnesium. CD: control diet. RCD: raw corn diet. COMTD: Commercial tortilla diet. TTD: traditional

tortilla diet. ETD: ecological tortilla diet.

3. Results and Discussion

The tortilla is considered a staple in the diet of
Mexico and Central America. In recent years, alternatives
have been sought to optimize the traditional process,
such as minimizing polluting effluents for the
environment, ensuring that the final product has an ideal
nutritional value and without affecting the organoleptic
characteristics of the final product. In this work, an
ecological nixtamalization alternative is presented that,
apart from the ecological advantages, also has the same
efficiency in terms of intake and use of calcium evaluated
in the bone of rats fed with diets formulated with different
nixtamalization processes.

3.1. Biological Assay

The food consumption and the amount of calcium
ingested during the 28 days of the study are shown in
Table 2. There was no significant difference (P<0.05)
between the food consumed by the rodents fed the
different diets. A significant difference (P<0.05) was
observed in calcium intake between all diets, with the
highest intake in rodents that consumed the TTD with the
value of 483 mg calcium, followed by ETD, COMTD, and
RCD, presenting the values of 362 mg, 233 mg, and 21
mg of calcium, respectively. The highest calcium intake
was obtained in TTD compared to ETD, even though there
was no significant difference in food consumption
(p<0.05), however, because tortillas processed by the
traditional method contained a higher amount of calcium,
significantly different compared to tortillas processed with
the ecological method. It is also noteworthy that the
control group had the highest calcium intake, being 2055
mg, however, since it was a control diet with all the
ingredients that the rodent needs and the response
variables will always be greater than those of the other
experimental diets.

3.2. Physical and Chemical Characteristics of
the Femurs

The data of the physical dimensions of the femurs are
presented in Table 3. The rats fed with ETD and TTD had

heavyweight femurs, showing no significant differences
between them (P<0.05). ETD presented the values of 0.20
g and TTD showed 0.19 g. The weight of the bones of the
rats fed with COMTD presented a lower weight value
(0.15 g) and lastly the rats fed with RCD (0.11 g). The
group fed with CD registered the highest weight (0.32 g),
being statistically different (P<0.05) from the other groups.
Gbémez-Aldapa et al. [22] reported a value of 0.13 g of
femur in rats fed with nixtamalized tortillas. For the femur
length parameter, no significant difference (P<0.05) was
observed between the diets containing tortillas, oscillating
in a range from 2.50 to 2.57 cm. The values for this
parameter coincided with the report by Martinez-Flores et
al. [24] whose values displayed 2.50 cm for tortillas and
corn flour. The thickness of the femur was also evaluated.
There is no significant difference (P <0.05) between the
values obtained from the femurs of the rats who were fed
the tortilla-based diets, the ETD and TTD diets caused an
increase in thickness as compared to the RCD diets, of the
order of 33%. The femurs of the rats fed with CD showed
the highest values in the dimensions of the bones.
Regarding bone weight, the femurs of the rats fed TTD
and ETD presented 62.5% and 59.37%, respectively,
which was more weight in relation to the values obtained
for those fed with CD. If we take the thickness of the
femurs of the rats fed with CD as a reference, the femurs
of the rats fed with TTD and ETD reach 68.75% of the
normal thickness. This is because the tortilla is considered
a good source of Ca, since in México it provides 49.1% of
the recommended daily requirements [30]. In general, the
physical dimensions of the bones of the rats fed TTD and
ETD showed the best results compared to the commercial
tortilla. This may be due to the higher calcium content and
to a better calcium/phosphorus ratio in ingested in both
treatments as compared to RCD and COMTD. On
the other hand, even when TTD provided more calcium
than ETD, the values obtained in calcium concentration
were similar. One explanation is that the ETD
calcium/phosphorus ratio was 0.30, slightly better than the
TTD value of 0.26. At a higher intake of calcium than
phosphorus, and maintaining a positive relationship
between calcium/phosphorus, a higher content of minerals
in bone is observed [31], and therefore greater bone
strengthening.



Journal of Food and Nutrition Research

Table 2. Food and calcium consumed by rodents during 28 days

329

Diets Feed intake (g) Calcium intake (g)
CcD 411.06+13.15° 2055.20+°
RCD 354.26+7.79° 21.56+0.62°
COMTD 338.45+6.43" 233.80+6.78°
TTD 335.49+13.75° 483.56+19.34°
ETD 345.52+6.56" 362.04+8.14°

Values are mean of six replicates + standard deviation. Means followed by different letter within a column have a statistically significant difference
(P <0.05). CD: Control diet (DC), RCD: Raw.

Table 3. Physical dimensions, mineral content, fracture strength and compressibility tests of the femurs of rats fed with the experimental diets

CD RCD COMTD TTD ETD
Weight (g) 0.32+0.02° 0.11+0.01° 0.15+0.02° 0.19+0.01° 0.20£0.01°
Length (cm) 2.97+0.11° 2.49+0.10° 2.50+0.04° 2.50+0.05" 2.57+0.08"
Thickness (cm) 0.34+0.1 0.25+0.02° 0.29+0.01° 0.29+.01° 0.29+0.01°
Mean diameter (cm) 0.74+ 0.03* 0.62+0.01" 0.65+0.02" 0.65+0.04" 0.67+0.01°
Cortical bone thickness (mm) 0.48+0.04° 0.22+0.02° 0.30+0.01° 0.33+0.02° 0.33+0.01°
Calcium (mg/g) 248.67+9.81° 34.810.95° 115.20+4.32¢ 157.494.34° 149.42+3.13°
Phosphorus (mg/g) 149.97+6.72° 56.24+0.21" 59.3812.43" 84.50+3.14" 79.4612.21°
Calcium/Phosphorus ratio 1.66 1.61 1.94 1.86 1.88
Magnesium (mg/g) 45740.17° 0.17+0.007° 5.43£0.20° 4.84%0.19 3.92+0.18¢
Fracture force (N) 17.7421.97° 5.66+0.62° 8.93+0.54° 10.66+1.02° 11.2740.90°
Young's modulus (MPa) 626.34+28.49° 71.78+3.24 ¢ 136.3627.09° 438.41+22.35" 446.55+21.08"

Values with different letters in the same row have a statistically significant difference (P<0.05), n=6. CD: Control diet (DC), RCD: Raw corn diet,

COMTD: Commercial tortilla diet, TTD: Traditional tortilla diet, and ETD: Ecological tortilla diet.

3.3. Minerals in Femurs

The concentration of Ca, P and Mg in the femurs were
determined (Table 3). There was a significant difference
between all the diets (P<0.05). The highest value of
calcium was presented in rats fed with CD. At the level of
diets with tortillas, it was observed that the highest value
of calcium was TTD with 157 mg/g, followed by ETD
with 149 mg/g, not showing a significant difference
among treatments, with a difference of only 5%. The
value obtained with the RCD presented a low value of
calcium 34.81 mg/g. Regarding the content of P in the
femur, there was a significant difference (P<0.05)
between all the diets, presenting the highest values in
those who were fed with TTD and ETD. The Ca/P ratio
was also determined. A ratio of 1 or higher is
recommended since lower values can cause 0steoporosis
[31]. Only the diet with RCD had values lower than this
relationship. The Ca/P ratio found in the femurs of rats fed
ETD and TTD presented the highest values with 1.88 and
1.88, respectively. Although the femurs of rats fed with
RCD and COMTD had excellent ratios Ca/P, the content
of calcium and phosphorus were very low. At the Mg
level, all diets have a good content of magnesium, with
exception of femur of rats fed with RCD (0.17 mg/g). A
deficiency in Mg intake contributes to the loss of bone
mineral density, and this can contribute to the appearance
of osteoporosis since magnesium helps in the formation of
crystals and bone cells as well as influences the secretion
and activity of the parathyroid hormone [32].

3.4. Compression Force

The force necessary to break the femur transversely was
determined (Table 3). The force required to fracture the
femurs did not present significant differences between the
values obtained with the rodents fed the DET and DTT,

being 11.27 N and 10.66 N, respectively. The main
objective of this study was covered since its purpose was
that by substituting the calcium source (calcium sulfate) of
the ecological method, it will not affect the calcium
absorption properties compared to the traditional method
(calcium hydroxide). The ETD value presented 49.7%
more resistance to fracture of the femurs compared to
RCD. Therefore, it is shown that the traditional
nixtamalization process provided a significant amount of
calcium. The CD presented the best value, being 17.74 N,
the force required to fracture the bones. And it was
36.47% better than the value of those provided by ETD. It
is worth mentioning that generally a single food does not
provide all the calcium required per day by the population.
In Mexico, the average consumption per person per year is
more than 80 kg [33], which means that at least 219 g of
tortillas are consumed per day per person, which the
organic tortilla would provide 231 mg Cal/day and the
traditional tortilla 334 mg/day of Ca/day. Regarding the
biomechanical behavior of the bone, the collagen fibers
provide flexibility and resistance to tension while the
mineral component (representing 30 to 40%) gives it
hardness, rigidity, and resistance to compression. Bone
has a viscoelastic behavior, since its mechanical response
changes as a function of the applied strain rate and its
mechanical properties depend on its density, where
trabecular bone is very porous and cortical bone is dense.
When a compressive load is applied and the strain is
measured, a curve is generated, such as is shown in
Figure 1. The first slope of the displacement force curve
or Zone | corresponds to the absorption of compression by
the articular cartilage and soft tissues [34]. The second
slope or Zone Il demonstrates the loading of the bone, and
the slope recorded in this region measures the stiffness of
the bone. The peak force or maximum force measurement
in a sample indicates the inflection produced by the
appearance of the bone fracture.



330 Journal of Food and Nutrition Research

3

20 =0
z CcD — =
= - = ETD E TTD
g 18- ; B 154 8 154
. 2 5
S 104 E 104 S 104
3 H 3
E .l o J E
g E‘ g g- 5 o
o A 5} o :
T v v T 0 orit” % r Qe . I
0.00 005 0.10 015 0.20 0.25 0.00 0.05 0.10 015 0.20 0.25 000 005 610 048 0.20 0.08
Deformation (mm) Deformation {mm) Deformation (mm)
20 .
Z {coMTD Z {RCD
o 154 8 154
2
& k
(=
£ 104 S 10
] i
8 $
E 54 g- 54
o o - o
o T -“T.- T T o > --I. T T L]
000 005 0.10 015 0.20 0.25 0.00 0.05 0.10 015 0.20 0.28

Deformation (mm)

Deformation (mim)

Figure 1. Compression force curves measured in femurs of rats fed the experimental diets. The solid line is the loading force, and the dashed line is the
unloading force. The gray area under the curve is the elastic work and the white area is the plastic work behavior of the bone material. CD: control diet.
RCD: raw corn diet. COMTD: commercial tortilla diet. TTD: traditional tortilla diet. ETD: ecological tortilla diet

With the XY graphs obtained from the compression test
(Figure 1), the Modulus of Elasticity parameter was
calculated, which is defined as the ratio between the
increase in stress and the change corresponding to the
unitary strain (Young's modulus), and it is a constant
independent of the effort if it does not exceed a maximum
value called the elastic limit. This relationship is
identifiable in the force-deformation curve (Figure 1),
from the origin to the elastic limit since the slope of the
segment of this graph is the modulus of elasticity of the
material. The highest value of force was obtained for the
DC data (626 MPa), being statistically different in relation
to the other diets; the values for DE (446 MPa) and DT
(438 MPa) registered the highest values and did not
present differences between them. The value found for the
rats fed COMTD turned out to be 69% lower than those
found for ETD and TTD (Figure 1).

Animals fed with ETD and TTD presented higher

compression values than animals fed with RCD (Figure 1).

The maximum value was presented by the ETD, with an
increase in those who were fed with RCD (75%). With
the XY graphs obtained from the compression test, the
Modulus of Elasticity parameter can be calculated, which
is shown in Figure 1. The modulus of elasticity is defined
as the ratio between the increase in stress and the change
corresponding to the unit strain. If the stress is a tension or
a compression, the modulus is called Young's modulus (E)
and has the same value for a tension as for compression.
It is a constant independent of the effort if it does not
exceed a maximum value called elastic limit. It was
observed that the maximum value of Young's modulus in
the experimental diets was for ETD, 446.55 MPa, with an
increase of 84% with respect to the value obtained from
RCD. Young's modulus (E) can be considered as a
magnitude of stiffness. The higher the value of this
constant, the greater the stiffness of the material.
Regarding the biomechanical behavior of the bone, it can
be mentioned that the collagen fibers are those that
provide flexibility and resistance to tension, while the
mineral parts give it hardness, rigidity, and resistance to
compression. These analyses show evidence regarding
ETD. Despite containing 5.12% less calcium than TTD, it

did not present a significant difference (P<0.05) in terms
of the thickness dimensions in the cortical bone of the
femurs analyzed, both being 0.33 mm thick. The highest
Young's modulus was observed for the group fed CD with
626.34 MPa, which was significantly different from the
rest.

3.5. Scanning Electron Microscopy (SEM)
Measured in Femur of Rats

SEM analysis of cortical thickness of the femurs of the
rats fed with the different diets (Figure 2) resulted in the
following findings: CD obtained an average of 0.48mm,
TTD and ETD did not register any difference, both
being 0.33mm. This is relevant for the comparison
of the bioavailability of the Ca source proposed in this
work. The modification of the Ca source within the
nixtamalization process does not reduce the bioavailability
of this mineral in the food matrix. On the other hand, the
femurs of the rats fed with COMTD and RCD registered
values of 0.30mm and 0.28mm, respectively.

This parameter is correlated with the inorganic/organic
proportions of the tissue, where the inorganic phase
represents 70% of the weight in the material. This confers
the hardness and resistance to the bone [25]. Additional
information was obtained from the study by SEM. The
following findings in micrographs were found: the
RCD group shows that the micrograph (50 pm)
presented abnormal bone resorption zones on the surface
of the cut. These anomalies in bones observed in this work
are associated as intracortical osteopenia, which is
characterized by the production of longitudinal cortical
striations or radiolucent areas. Microscopy images for
RCD indicate, that Ca from the bone was removed to
cover the normal serum Ca concentration, and normal
losses in feces and urine by the animal. Regarding the
micrograph of the group fed with CD, normal bone
formation and resorption sites were observed. For those
fed with TTD and ETD, some resorption sites were
observed and more formation sites. COMTD indicated
more widely distributed resorption sites and few formation
sites on the micrograph.
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Figure 2. Cross-sectional scanning electron microscopy images of rat bone tissue from rats fed the experimental diets. CD: control diet. RCD: raw corn
diet. COMTD: Commercial tortilla diet. TTD: traditional tortilla diet. ETD: ecological tortilla diet

4. Conclusions

There were no significant differences in the physical
properties and in the force required to fracture the femurs
between the animals fed with tortillas from ecological
method as compared to the traditional nixtamalization
process to produce tortillas. It is important to note that the
tortillas made with the ecological method allowed a lower
intake of calcium in the food consumed by the rats.
However, it presented high bioavailability since it
displayed similar characteristics on the rats fed with the
traditional tortilla.
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