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ABSTRACT

Micronutrient fortified milk was developed and its bioavailability using in-vivo (rats) and in-vitro gastrointestinal simulated method was
determined. In in-vivo studies, rats fed with fortified milk powders and its effect on nitrogen utilization indices were determined. Results
showed that both calcium citrate and calcium phosphate showed similar absorption in all treatment groups viz. calcium, vitamin D, and
calcium+vitamin D, groups. Vitamin D increased calcium absorption when fortified singly and in combination with both calcium salts.
The weight of rats increased after every interval of week in comparison to day 0. The calcium and vitamin D fortified group showed
significantly (p<0.05) highest protein efficiency ratio followed by vitamin D fortified group, calcium fortified group and control. Similar
trend observed in net protein utilization and digestibility coefficient, however, both nutrient fortified group showed significantly (p<0.05)
higher biological value than other three groups. Vitamin D has positive effect on protein digestibility indices; calcium has no or slight
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effect, whereas, when fortified in combination rats showed higher nitrogen utilization.
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INTRODUCTION

Many studies carried out to check the effect of vitamin D supplementation on
human metabolism. The presence of vitamin D receptors in most human tissues
indicate the extraskeletal role of vitamin D (Paul et al., 2024). The literature
confirms its role in calcium, potassium, iron and zinc and other minerals
absorption, utilization and balance (Kaushik et al., 2014). It helps in optimizing
skeletal muscle function (Boland 2011); improve muscle strength (Bischoff-
Ferrari et al., 2006); prevent falls (Kiely et al., 2017); activates protein kinase
(Olmos-Ortiz et al., 2015), reduce pulvewave velocity, and improve arterial
stiffness (Chen et al., 2020). It also enhance leydig cells performance and increase
production of testosterone in men (Holt et al., 2020), attenuates lung injury via
stimulating epithelial repair, reducing epithelial cell apoptosis (Zheng et al., 2020),
metabolic syndrome and atherosclerosis (Colak et al., 2020).

Skeletal muscles have receptors for vitamin D and it maximizing muscle activity
(Boland, 2011). It impairs proximal muscle function and is through to pre-dispose
falls in elderly. An improvement in muscle strength and movement was recorded
when vitamin D level rose from 4 to 16ng/ml and continued to improve upto
40ng/ml (Bischoff-Ferrari et al., 2006).

Vitamin D is bound to vitamin D binding protein in blood and carried it to the liver,
kidneys, intestine and other target tissues. Vitamin D low level and vitamin D
binding protein expression level have negative outcomes during pregnancy, such
as preterm delivery and restricted fetal growth (Kilpatrick et al., 2020). A person
is considered as deficient in vitamin D when its blood 25(OH)D concentration is
below 75nmol/L and severely deficient when below 25nmol/L (Sempos et al.,
2018).

Bioavailability of proteins represents the amount of peptides and amino acids
absorbed through small intestine. Despite the rapid and dynamic evolvement of
research into food proteins, there is still a knowledge gap regarding their
bioavailability for systemic circulation to targeted organs. Beside the digestive
actions of endogenous proteases and peptidases, chemical and nutritional
compositions of the food matrix and their physical forms (e.g., liquid, puree, gel,
solid) are also critical factors that can influence the interactions, digestibility,
bioavailability of calcium and vitamin D and proteins in fortified milk (Sun et al.,
2020). Vitamin D receptor and membrane associated rapid response steroid
binding protein found in the cell membrane bind 1,25(0OH).D and initiate the

activation of numerous pathways involving various protein kinase (Olmos-Ortiz
et al., 2015).

Charoenngam, (2019) reported that 100 crore people worldwide have vitamin D
deficiency. Cashman (2019) reported that more than 20% population has
circulating 25(0OH)D concentration <25nmol/L. Infants, young children and
women of child bearing age were shown to be at highest risk. Vitamin D 8001U/day
supplementation with calcium can prevent risk of falls. Kiely (2017) recommended
5 to 15 pg/day to achieve 25(OH)D targets of >25-50nmol/I (10 to 20ng/ml).
Nutrient deficiencies are generally occurs in combinations like vitamin D and
calcium deficiencies are observed in same individuals (Kaushik and Arora,
2017). All nutritionist reported that dairy products are superior in calcium
retention; indeed, 65% of all ingested calcium absorbed from these sources
(Kaushik et al., 2014a). However, the consumption of milk is declining in
industrialized countries leading to inadequate calcium intake (Rana et al., 2003).
This has opened new avenues in the development of calcium-fortified milk to
deliver nutritionally dense milk. Calcium in milk is more easily absorbed by the
intestine that the calcium from the vegetables and cereals. Phytates (present in
cereals, beans and pulses), oxalates (present in leafy vegetables), long chain fatty
acids and dietary fibers can reduce the bioavailability of calcium by forming
insoluble calcium complexes (Singh et al., 2007).

Vitamin D consumption may not only fulfill the recommended dietary allowance
of vitamin D but also increase the bioavailability of calcium and phosphorous
(Ross et al., 2011). Health agencies reported association of calcium and vitamin D
and have synergistic effect on skeleton health (Laird et al., 2010).

Bioavailability is a critical feature in the assessment of the role of micronutrients
in human health and milk is an effective delivery vehicle for fat-soluble vitamins.
However, data on the bioavailability of micronutrients (endogenous or synthetic)
from dairy products in humans are very limited (Sachdeva et al., 2015a). In vitro
models based on human physiology developed as simple, inexpensive and
reproducible tools to predict the bioavailability of different food components
(Sachdeva et al., 2015b).

In this study, developed the vitamin D and calcium fortified milk (Kaushik et al.,
2015a; Kaushik et al., 2015b) absorption of added nutrients using cellulose
membrane permeability in-vitro method was carried out. In-vivo studies were also
carried out to determine the effect of fortification on nitrogen utilization of milk.
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MATERIALS AND METHODS
Chemicals and Reagents

Calcium salts viz. Calcium phosphate dibasic and calcium citrate terahydrate; nitric
acid and lanthanum chloride procured from Himedia, Mumbai, India. Vitamin D,,
a-amylase (EC 3.2.1.1), human pancreatic lipase (EC 3.1.1.3), colipase,
cholesterol esterase (EC 3.1.1.13), phospholipase A2 (EC 3.1.1.4), mucin, bovine
serum albumin, pepsin (2080 units per mg of protein), pancreatin and taurocholate
salts were purchased from Sigma Chemical Co (Madrid, Spain). Ethanol, hexane,
acetonitrile, methanol, (HPLC grade) were obtained from Carlo Erba (Madrid,
Spain).

In vitro study

The micronutrient fortification was carriedout of toned milk viz. calcium at 600
ppm by two calcium salts (Calcium citrate and calcium phosphate, respectively)
and vitamin D 15 pg/L singly and in combination with both salts of calcium and
in-vitro bioavailability was determined by simulated gastrointestinal conditions
with slight modifications. Dialysis tube membrane made up of modified cellulose
with 16 mm diameter and 12-14 thousand dalton cut-off limit was cleaned with
milli Q water and placed it in boiling milli Q water for 5 min. Then transfed it to
clean dialysis tube in a 20 % alcohol aqueous solution (at 4 °C) for 10 min. Finally,
the dialysis tube was cleaned with milli Q water 3 times. The one side of cellulose
membrane was sealed and from second side 15 ml milk was poured and simulated
digestion secretions added at similar concentration as in digestive system at similar
conditions and maintain 37 °C (Sachdeva et al., 2015b).

Vitamin D, and calcium content of retentate and permeate were determined by
HPLC and AAS and digestibility of the added nutrients was determined using
simulated gastro-intestinal conditions.

Calculation

The bioavailability of the nutrients calculated from the amount of the nutrient
(vitamin D, or calcium) that had passed the dialysis membrane proportional to the
total nutrient (vitamin D, or calcium) content of the sample (eq. 1).

Bioavailability (%) = D x 100
C

where,
D = vitamin D, or calcium content in the dialysate and
C = vitamin D, or calcium content of sample

Analysis of added nutrients

Calcium content was analyzed as per method described in Kaushik et al., (2023).
Accurately measured 5ml of milk sample and transfer in a silica crucible. Put silica
crucibles on hot plate for charring and then placed it at 600 °C in muffle furnace
for 16 h. After ashing, add lanthanum chloride 100 ul/100 ml (5 %) and then add
1 ml of nitric acid (69% concentrated) and diluted to 2000 times with milli Q water.
For vitamin D analysis, milk samples were saponified and then extracted using n-
hexane. Then, hexane was evaporated and volume made up to 1 ml by HPLC
mobile phase and analyzed at wavelength 254 nm using HPLC (Kaushik et al.,
2014b).

In-vivo study

The effect of fortification on nitrogen utilization was carried out on rats of Wister
Strain. Rats were procured from Animal breeding Facility, National Institute of
Pharmaceutical Education and Research, Mohali, India with an initial mean weight
38.89 g with mean age of 28 days. The study was approved by Ethical Committee
of ICAR-National Dairy Research Institute and conducted in its Small animal
house facilities. Forty rats were divided into equal five groups and acclimatized for
7 days. Five rats groups were fed on five different diets during experimental period
of 4 weeks. Group 1 was nurtured on protein free synthetic diet (100 %). Group 2
was nurtured on milk lyophilate (1/3) and synthetic diet (2/3). Group 3 was
nurtured on vitamin D, fortified milk lyophilate (1/3) and synthetic diet (2/3).
Group 4 was nurtured on calcium phosphate fortified milk lyophilate (1/3) and
synthetic diet (2/3). Group 5 was nurtured on both nutrient fortified milk lyophilate
(1/3) and synthetic diet (2/3).

Nitrogen bioavailability of fortified milk in rat models

The calcium phosphate salt selected for in-vivo studies because it showed higher
absorption than calcium citrate. The effect of added nutrients on nitrogen
absorption and utilization from fortified milk was determined. The fixed amount
of diet supplied to rats every day and after each day amount of diet consume noted
down. Urine and droppings of rats were collected daily, percentage of nitrogen
absorbed (eq. 2), and retained (eq. 3) was calculated on weekly basis for 28 days.

Nitrogen absorbed = &2 « 100

1

HEEOE0 %100 v eq. 3

1

Nitrogen retained =

Where,
N, = Total Nitrogen Intake (g)
Nb = Nitrogen in droppings
Ny = Nitrogen in urine

Nitrogen utilization indices

Nitrogen absorption and retention are related to protein quality indices. For
conversion of nitrogen into protein 6.35 factor was used.

Protein efficiency ratio (PER)

The PER was determined by ratio of increase in rats weight and protein consumed
(eq-4)

Increase in rat weight (g)

PER =
Nitrogen content X 6.35 (g)

. eq.4

Digestibility coefficient (DC)

The DC is the percentage of nitrogen absorbed from ingested food source only. To
calculate it, a control with nitrogen free diet group is required. The DC was
calculated by eq. 5

Digestibility coefficient =
Where,

[N; = (Npp - NppF)] % 100 ed5
X100 .q
N, = Total Nitrogen Intake (g)
Npp = Nitrogen in droppings of protein diet group

Nper = Nitrogen in droppings of protein free diet group

Biological value (BV)

Biological value represents the retention of nitrogen from ingested food source
only. The body was released nitrogen in droppings and urine of protein free diet
are subtracted from nitrogen in droppings and urine of protein feed group,
respectively. It was calculated as per e.qg. 6

(Npp-Nppp)-(NuP—NupF)
N;—=(Npp — NppF)

Biological Value = x100 eq6

Where,
N, = Total Nitrogen Intake (g)
Npp = Nitrogen in droppings of protein diet group
Nper = Nitrogen in droppings of protein free diet group

Nue = Nitrogen in urine of protein diet group
Nuer = Nitrogen in urine of protein free diet group

Net protein utilization (NPU)

Net protein utilization of dietary protein is the product of digestibility coefficient
and biological value divided by 100.

Digestibility coefficient x Biological value
100

Net protein utilization =

Measurements

Nitrogen content of feed, feces and urine was analysed using Kjeldhal method
(Kjeldhal digestion assembly, Vapodest 40 C. Gerhardt, UK Ltd., Brackley,
Northants) as described by AOAC (2005). The percentage nitrogen in the sample
was calculated as follows:

% N = (T-B)xNx1.401

Sample weight (g)
Where,
T=ml acid required for sample titration
B=ml acid required for blank titration
N= normality of acid used for titration
The 6.38 conversion factor for nitrogen to protein used during calculations.

Data analysis

The results were compiled and tabulated in Microsoft excel 2015 (Microsoft Corp.,
Redmond, United States). Statistical analysis and descriptive analysis carried out
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through its data analysis pack. Data analyzed as per single way ANOVA and using
it CD value calculated at 95 % confidence level (Chawla et al., 2021).

RESULTS AND DISCUSSION

The calcium and vitamin D fortified milk was developed and its nutrition
absorption analysis was carried out using in-vitro models based on human
physiology (Sachdeva et al., 2015b) although their potential predictive value
regarding absorption in humans should be validated in different in-vivo situations
(Oomen 2003).

Modifications in the in vitro method

Compositions and concentrations of inorganic and organic solutions, gastric and
duodenal juices and bile constituents were carefully duplicated as described by
Granado-Lorencio et al., (2007). He determined recovery of nutrients in the
supernatant after decantation for 16 h at room temperature and after low speed
centrifugation (3200 g for 20 min). However, numerous other methods have
discussed the model where diffusion used to determine bioavailability (Miller et
al., 1981; Drago and Valencia 2004; Etcheverry et al., 2012). In human
digestion, nutrients in digested food passed into the blood vessels in the wall of the
intestine through the process of diffusion. Certain dietary factors can influence
calcium solubility, thereby affecting calcium bioavailability at the absorptive
surface of intestine cell. Thus, in-vitro methods might be useful in comparing the
bioavailability of different calcium salts that are contained in dietary supplements
or when added as food fortificants (Etcheverry et al., 2012). Therefore, dialysis
of digested milk carried out using cellulose dialysis membranes (molecular weight
cut-off, 12000-14000 Da). The nutrients were permeated through dialysis
membrane were considered as absorbed. The absorption of added nutrients
calculated using AAS for calcium and HPLC for vitamin D.

Absorption of added nutrients
Absorption of calcium from fortified milk

The calcium absorption from fortified milk was determined and values ranges
between 40.43 to 53.08 % for calcium phosphate fortified groups and 40.43 to
47.90% for calcium citrate fortified group (Table 1). Buchowski (2016) reported
similar calcium absorption range with 30-50% from dairy foods. The calcium
absorption in calcium fortified group and vitamin D fortified group was statistically
(p>0.05) similar from both calcium salts, however, in calcium and vitamin D,
fortified samples; calcium phosphate showed higher (p<0.05) calcium absorption
than calcium citrate. Malyugina (2020) carried out a systematic review and
concluded that vitamin D, increases the calcium absorption.

Absorption of vitamin D from fortified milk

The vitamin D fortified at the rate of 6001U/L of milk, absorption was determined
using dialysis tubing membrane, and results presented in Table 2. In control
sample, vitamin D not detected. The vitamin D absorption ranges between 397.08
to 484.08 1U/L for vitamin D fortified milk and calcium (600mg/L) and vitamin D
fortified milk in calcium phosphate and vitamin D fortified samples. In calcium
citrate and vitamin D fortified samples, vitamin D absorption ranged between
406.02 to 478.56 IU/L for vitamin D fortified milk and calcium (600mg/L) and

Table 3 Weight change in rats during 28 days study

vitamin D fortified milk in calcium citrate and vitamin D fortified samples. Results
showed that vitamin D absorption increased when fortification with calcium and
its absorption increased with increase in calcium content. Vitamin D absorption
found similar (p>0.05) for both calcium salts in all different groups, respectively.
Fortified milk is the source of extra essential nutrients and help in fulfilling RDA;
however, it has health benefits also. Morvoridzadeh (2020) carried out meta-
analysis and reported that calcium and vitamin D co supplementation significantly
reduce diastolic blood pressure; however, non-significant difference observed in
systolic blood pressure. Mandlik (2020) supplemented vitamin D and calcium to
children and reported improvement in bone health parameters and increase PTH
level.

Table 1 Bioavailability of calcium from fortified milk
Bioavailability of calcium

Samoles Total Calcium (%)

p Content Calcium Calcium

Phosphate Citrate

Control 1500 mg/L 43.27+0.37% 42.36+0.21*
Calcium 500 mg/L 2000 mg/L 40.54+0.10° 40.54+0.29°
Calcium 600 mg/L 2100 mg/L 40.43+0.21* 40.43 +0.26*
Vitamin D 600 1U/L 1500 mg/L 48.96+3.79° 49.29+0.64°
Calcium 500 mg/L + b b
Vitamin D 600 1U/L 2000 mg/L 50.14+3.29 46.31+0.12
Calcium 600 mg/L + 2100mg/lL  53.08:2.88°  47.90+0.41°

Vitamin D 600 IU/L
Values presented in Table are meanstSEM (n=3).
*bSamples represented with different letters are significantly different (P<0.05) from each
other in rows.

Table 2 Absorption of vitamin D different milk samples
Absorption of vitamin D
Calcium phosphate  Calcium citrate +

Samples

+ Vitamin D, Vitamin D,
Control Not detected Not detected
Vitamin D 600 1U/L 397.08+8.42% 406.02+5.012
Calcium 500 mg/L + Vitamin b b
D 600 IU/L 454.92+6.92 452.34+7.04
Calcium 600 mg/L + Vitamin . .
D 600 1U/L 484.08+7.88 478.56+5.20

Values presented in Table are means+SEM (n=3).
“bSamples represented with different letters are significantly different (P<0.05) from each
other in rows.

Weight of rats

The rats divided into four groups and of similar weight at zero day. After every
seven days upto 28 days, significant (P<0.05) increase in weight was observed in
all rat groups, respectively. In between groups, Control and vitamin D fortified
feed groups showed statistical similar weight; however, calcium fortified group
showed significantly higher weight than vitamin D and control groups. The both
nutrients fortified group showed highest weight gain in comparison to all other
groups (Table 3). From weight trends, it was observed that calcium and vitamin D
fortification has positive effect on growth of growing rats.

Groups Weight of rats
P 0 day After 7 days After 14 days After 21 days After 28 days
Control 54.26+1.63aA 91.61+4.27aB 126.37+6.41aC 164.97+7.52aD 190.06+8.13aE

Vitamin D group 53.39+1.72aA

86.71+4.21aB

122.69+3.83aC 158.00+3.60aD 186.20+3.24aE

Calcium Phosphate group 54.06+1.59aA

98.33+4.02bB

141.02+6.21bC 180.49+6.78bD 208.02+7.57bE

Calcium phosphate and

Vitamin D group 33.82+1.64aA

101.49+2.36bB

153.524+3.37bC 197.85+4.40bD 226.38+4.91bE

Values presented in Table are means+SEM (n=3).

*bSamples represented with different letters are significantly different (P<0.05) from each other in column.
ABSamples represented with different letters are significantly different (P<0.05) from each other in rows.

Effect of fortification on nitrogen utilization indices

The nitrogen utilization indices of fortified milk samples determined in-vivo in rats.
The results obtained presented below

Protein efficiency ratio (PER)

As per FAO (2011), food having PER more than 2.5 (Standard casein) is consider
as good source of protein. The PER of milk is 3.09. The PER of our samples was
4.65 to 4.99 which is far higher than standard casein. It was observed that
fortification increased PER. The PER of combine fortified (calcium and vitamin
D) group was significantly higher than single fortified groups. Vitamin D fortified
group showed significantly higher PER than calcium-fortified group.

Digestibility coefficient (DC)

Maathuis (2017) reported that milk DC ranged between 65-75%. In present study,
the DC ranged between 66.52 to 76.27% for calcium-fortified group, calcium and
vitamin D fortified group, respectively. It was observed that vitamin D fortification
increased DC, whereas calcium fortification has no effect on DC. When both
nutrients fortified in combination significant higher DC observed.

Biological value (BV)
The BV is the most important indices for nitrogen utilization. Egg is standard

protein and considered as 100% BV. Food products with more than 95% BV
considered as good source of protein. The BV in present study ranged between
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95.82-96.69% for control and vitamin D and calcium fortified group, respectively.
Both nutrient fortified group showed significantly higher (p<0.05) BV than all
other three groups (Figure 1).

Net protein utilization (NPU)

The NPU is the finally retain portion of protein from consumed food. This protein
finally converted into muscles and other protein metabolites. The NPU in present
study ranged between 63.81 to 73.74% for control and calcium and vitamin D
fortified groups, respectively. Both nutrient fortified group showed significantly
higher NPU than vitamin D fortified group. Vitamin D fortified group showed
higher NPU than calcium and control group. From above result, it was observed
that vitamin D increases the retention of protein in body. It might be due to role of
vitamin in function of kidney.

As such, no study published which can show direct interaction of vitamin D and
calcium on protein digestion. Some studies are there from which some connection
of these nutrient with protein observed.

Skeletal muscles expresses vitamin D receptor and may require vitamin D for
maximizing its function (Boland 2011). Vitamin D deficiency impairs proximal
muscle function and is through to pre-dispose falls in elderly. An improvement in
muscle strength and movement was recorded when vitamin D level rose from 4 to

16ng/ml and continued to improve upto 40ng/ml (Bischoff-Ferrari et al., 2006).
From literature, it is observed that 8001U/day vitamin D supplementation with
calcium can prevent risk of falls. Vitamin D receptor and membrane associated
rapid response steroid binding protein found in the cell membrane bind
1,25(0OH),D and initiate the activation of numerous pathways involving various
protein kinase (Olmos-Ortiz et al., 2015).

Vitamin D enhances the osteocalcin (non-collagenous protein) expression in
bones. Vitamin D with PTH enhances bone resorption by stimulating the osteoblast
to express receptor activator of nuclear factor Kappa B Ligand on cell membrane
as well as releasing it into the circulation (Charoenngam et al., 2019). Takiar
(2015) carried out research on effect of vitamin D binding protein, VDD and
fracture risk. He reported that vitamin D were associated with higher incidence of
hospitalized fractures. Ping-Delfos (2011) reported that higher calcium and
vitamin D diet showed higher diet induced thermogenesis and fat oxidation. It also
reduces carbohydrate oxidation rates. From above results, it can be suggested that
high calcium and vitamin D enhance metabolism but reduce carbohydrates
oxidation, therefore, to maintain hemostasis body will absorb more protein. Due to
all these effects associated with vitamin D and calcium, there is possibility to have
positive effect on nitrogen utilization or protein digestibility.
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Figure 1 Nitrogen utilization indices of fortified groups. **Samples represented with different letters are significantly different (P<0.05) from each other. Error bars show the variations

of three determinations in terms of standard error of mean.
CONCLUSION

A simple in-vitro method (simulated gastrointestinal tube) was used to determine
the bioavailability of added nutrients from fortified milk. It is fact that vitamin D
enhances calcium absorption; however, in present study, obtained results showed
that both nutrients had synergistic effect. Nitrogen absorption and utilization
indices showed that both nutrient fortification had positive effect on protein
utilization. There is requirement of clinical/human trials to prove synergistic effect
of vitamin D and calcium on protein utilization indices.
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