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1. Introduction

Mineral concentration in foodstuffs is a worthy measure of recommended daily intake if allowances for the losses via
the digestive system are attached to it. Documented evidence show that both food and human factors can influence the
efficiency of absorption and utilization of minerals [1]. Plant food components such as fiber (lignocellulose), carbohy-
drate gums, phytochemicals including phytic-, tannic-, and oxalic acids and several thousand polyphenols that are clas-
sified under flavonoids and phenolic acids form insoluble complexes with minerals and render them unavailable [2, 3].

The problems of polyphenol-minerals complexes are of two-fold; on one side they cause mineral deficiency and on
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the other side they limit the bioavailability of food born antioxidants that could inhibit or neutralize reactive oxygen
species (ROS) and expose people to oxidative damages that could cause cancer, cardiovascular- and neurodegenerative
disorders [4, 5]. Fatty acids, fructo-oligosaccharides and the interaction between minerals additionally compromise the
availability of minerals [1, 2].

The bioavailability of both minerals and potentially complexing polyphenols is highly associated to the environment
in the digestive lumen (pH, enzymes) and the matrix of the food. Food polyphenols are usually bound to carbohydrates
moiety that govern the degree of digestibility. Those bound to soluble carbohydrates are more easily available for ab-
sorption [Scholz and Williamson 2007]. Plant factors like cultivar, age and yield, as well as environmental factors such
as soils, climate, storage and processing determine the type and level of polyphenols [6] and their influence on mineral
bioavailability.

Complex interactions between different minerals can also compromise the effectiveness of a diet in promoting
growth and health. In reference to magnesium, for example, it is not only its adequacy that prove biological develop-
ment but also its correct balance with dietary calcium. A high deviation of the ratio of magnesium to calcium can result
in the depression of magnesium absorption and utilization [7]. A calcium to magnesium ratio of 2 is optimal whereas
that of <1.7or >2.8 can influence absorption negatively [8].

Food components such as proteins, lactose, vitamins A and C could promote the absorption of minerals. Milk pro-
teins including casein, beta-lactoglobulin, and alfa-lactalboumin contain phosphate groups that bind Ca, Fe and Zn and
hinder their complexion with antinutritional molecules, leaving them soluble and absorbable in the digestive tract [9].
Fermentable oligosaccharides improve the apparent absorption of some minerals [10]. Sugar alcohols including polyols
and maltols promote mineral bioavailability in rats [11]. The relative high calcium to phosphate ratio (2.2) in human
milk induces more calcium absorption (~50%) than the ratio of only 0.77 in cow’s milk with about 30% absorption
[12].

Even though proteins and their hydrolytic products, peptides and amino acids, can promote mineral absorption, ex-
aggerated consumption particularly that of poor-quality protein can enhance urinary loss and decrease mineral retention
[13]. Some specific study indicates that the amino acids lysine, arginine and leucine can promote calcium absorption
and bone mineral density [14]. A certain meta-analysis, additionally, documented that the consumption of adequate
amount of quality protein can benefit calcium retention [15].

Baobab leaves from N- and W-Kordofan as well as from other sources are potentially very rich in essential minerals
[16, 17]. Information was, however, lacking on the fraction of the minerals that could be biologically absorbed and the
protein quality that could influence their utilization [2]. Therefore, it was rational to investigate the bio-availability of
minerals and the protein concentration and quality of baobab leaves that were collected from the Baobab-Belt, in North-
and West-Kordofan, Sudan.

2. Materials and Methods

Sixty shed-dried baobab leaf samples collected from randomly selected sixty trees that grow equally distributed in ten
villages that belong to the two districts, North- and West-Kordofan, Sudan, were transported to the Nutrition Laboratory,
Department of International Nutrition, Justus-Liebig-University Giessen, Germany. The samples were here
lump-summed according to the villages of origin and thoroughly mixed. Then representative sub-samples of 25 g each
were subjected to in-vitro digestion and dialysis following the method of equilibrium dialysis earlier described by Mil-
ler [18] and later modified and reported by Wolters et al. [19]. Aliquots of dialysate were analyzed using ICP-OES (in-
ductive coupled plasma-optic emission spectrometer) to estimate the dialyzable Ca, Mg, Fe, Zn, Cu and Mn. The in
vitro-bioavailability (%) of each mineral is calculated as: dialyzable mineral/amount mineral exposed to in vi-
tro-digestion x 100; the result represents apparent absorbability of each mineral.

Similar batches of sub-samples were sent to the laboratory of Agricultural Engineering in the Tropics and Subtropics,
University of Hohenheim, Stuttgart, Germany for the analysis of protein content and quality. The amino acid profile of
each sample is compared with that of a reference protein (egg protein) to give the indispensable amino acid score
(IAAS). This estimation is refined by considering the digestibility of the protein in the baobab leaves and accompanying
ingredients in a diet formulated for an adult man (70 kg body weight, BMI = 20-25 kg/m?); details are given in the re-
sults and discussions. Digestible protein corrected amino acids (DPCAAS) is given in g/g DCP (digestible crude pro-
tein), and it is compared with the amino acid requirement by an adult man.

3. Statistical analysis

Descriptive statistic was applied to calculate the mean values and the corresponding deviations. Significant differ-
ences between means were determined using the t-test for absolute values of proteins, amino acids and bio-available
indispensable amino acids. The null-hypothesis that villages do not differ in protein composition and mineral bioavaila-
bility is tested at error term level 5% type 1 [20]. Associations and interactions between minerals are estimated using
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tests of correlation/regression. All of the calculations are conducted using the statistical package Excel.
4. Results and discussions

4.1 In-vitro bioavailability of minerals

One important factor that influences the in-vitro bioavailability of minerals is the level exposed to in-vitro digestion.
In the study at hand 25 g of each sub-sample was digested in-vitro. Earlier analysis indicated that the mineral concentra-
tion of baobab leaves from different trees, villages and districts varied considerably [16]. The level of every mineral in
each sample exposed to in-vitro digestion was therefore the product of the mineral concentration (mg/100g) by 25 g.
Table 1 presents the mean mineral content of selected samples that were exposed to in-vitro digestion. Except for zinc,
the levels of all other minerals varied significantly according to the origin of the samples (North- or W-Kordofan),
p-values are given at the last column of Table 1.

Table 1. The average level of minerals (mg = SE) exposed to in-vitro digestion

Minerals N-Kordofan W-Kordofan P-value
Ca 615+183 811+496 P<0.05
Mg 163+27.2 115+13.2 p<0.001
Fe 12.33+0.22 8.87+0.32 p<0.05
Zn 0.52+0.001 0.45+0.001 p>0.05
Cu 0.403+0.0 0.3+0.001 P<0.05
Mn 1.417+0.008 0.112+0.0 p<0.001

Unlike the variabilities in the level of minerals, it is only iron and manganese that show significant (p<0.05) differ-
ences in the in-vitro bioavailability between the samples collected from N- & W-Kordofan (Table 2). In the case of both
iron and manganese, higher values are recorded for samples from W-Kordofan probably because of the inverse impact
of the lower (p<0.05) levels of both minerals in the analyzed leaf samples (Table 1). As there is no significant district
effect on the in-vitro bioavailability of the other minerals, the cumulative averages (Table 2) could be valid representa-
tive.

Table 2. Mean in-vitro bioavailable minerals* in baobab leaves from N- & W-Kordofan, Sudan

Districts Villages Ca Mg Fe Zn Cu Mn
N. Kordofan Eldajo 0.288 0.751 0.055 0.2 0.334 0.044
Elarit 0.336 0.617 0.053 0.18 0.418 0.14
Fawri 0.306 0.556 0.061 0.19 0.324 0.254
Eldigail 0.262 0.541 0.064 0.29 0.264 0.218
Elgama 0.307 0.623 0.061 0.29 0.364 0.182
Mean 0.300+0.027 0.618+0.083  0.059+0.004 0.23+0.005 0.341+0.056  0.168+0.081
W. Kordofan Nashrbu 0.330 0.599 0.081 0.21 0.342 0.436
Shihat 0.396 0.631 0.083 0.22 0.360 0.648
Jkhisat 0.320 0.609 0.098 0.18 0.338 0.532
Umejija 0.319 0.586 0.094 0.16 0.400 0.344
Khiri 0.285 0.546 0.059 0.11 0.282 0.276
Mean 0.330+0.041  0.594+0.031 0.083+0.015 0.18+0.004 0.344+0.043  0.447+0.148
Cumulative average 0.315+0.036  0.585+0.060  0.075+0.017  0.2+0.005  0.344+0.047  0.361+0.133
P-value p<0.05 p<0.05

*For purposes of accuracy in statistical analysis, in-vitro bioavailability is given in absolute terms, i.e., 0.288 for Ca from Eldajo instead of
28.8 g/100 g or 28.8%.
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Figure 1. Dependency of in-vitro bioavailable mineral (mg) on the level exposed to in-vitro digestion; X-axis = mineral (mg) in
baobab leaves exposed to digestion; Y-axis = in-vitro bioavailable mineral (mg).

It is recorded that the bioavailability of minerals increases with increased ingestion until the level of adequacy, and
slows down thereafter [12]. The results of our study regarding the association of the in-vitro bioavailability of each
mineral with corresponding level in the leaf-samples exposed to digestion is shown in Figure 1. Accordingly, the
in-vitro bioavailability of Ca, Mg, Zn and Cu regress positively (r> = 0.71; 0.82; 0.77; 0.55, respectively) and signifi-
cantly (p<0.05) at the level of each mineral in the leave samples exposed to digestion. The level of calcium exposed to
in-vitro digestion is within the limits of daily requirement for adults while that of magnesium, zinc and copper are be-
low the requirement. Even though the level of manganese is way below the requirement, the tendencies are inconclusive
and insignificant (p>0.05). Iron behaved quite different from the other minerals in that the in-vitro bioavailability does
not regress on the amount exposed to digestion. Regression equation was, therefore, meaningless for both manganese
and iron.

In conditions where the iron supply is within the domain of daily requirement, the low level of in-vitro bioavailability
(5-10%) could implicate the interference of inherent food factors. An earlier study with a diet consisting of cereals and
legumes characterized by a total of 1% phytic acid resulted in very low iron absorption; but, decreasing the phytic acid
by 90% increased the absorption by 2 to 5-fold [21]. Another evidence testifies that a negative influence of soy protein
supplement in the absorption of iron, zinc and calcium may not only be due to increased level of phytic acid but also
due to trypsin inhibitor in the soy protein [24]. In comparison to plant protein supplements (vegetables), animal protein
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supplement promotes better dietary minerals absorption, probably due to the quality of protein, which is dependent on
the amino acid composition [21, 22, 23].

4.2 The concentration and quality of proteins in the baobab leaves

The characterization of baobab leaves based on the levels and quality of protein is important for the formulation of
complete diets that enable efficient utilization of nutrients for normal growth and body maintenance. Dietary and body
proteins consist of at least twenty amino acids, half of which can be synthesized in the body in standard dietary condi-
tion. The rest ten amino acids (essential or indispensable amino acids) have to be delivered with the protein of the daily
diet, otherwise protein synthesis in the body can be interrupted causing stunting, wasting, susceptibility to infection,
loss of physical and mental strength and power [25]. The proteins that contain all of the indispensable amino acids in
the amount required by the body are classified as quality protein. Proteins of animal origin [egg albumin, milk protein
casein, chicken breast) exemplify high quality protein [26]. In contrast, the proteins from food ingredients of plant ori-
gin are incomplete, they are variably deficient in a few of the indispensable amino acid. In general, cereals are deficient
in lysine while legumes are inadequate in methionine and cysteine [27]. Therefore, they have to be mixed to comple-
ment each other in the formulation of adequate diets with desirable levels of amino acids.

The protein value of baobab leaves from Kordofan was assessed on the bases of protein concentration, amino acids
profile, indispensable amino acids score (IAAS) and protein digestibility corrected indispensable amino acids level
(PDCIAAL). The average protein concentration in baobab leaves from N- and W-Kordofan did not depict any signifi-
cant (p>0.05) difference (Table 3). The mean values of the samples collected from ten villages in the two districts were
14.76% DM (dry matter) basis. Baobab leaves are better than cereals in protein content (barley 10%; corn 10.3%; rice
8.5%; sorghum 12.4%; wheat 10-13.4%), but they are not as good as legumes (peas 19.8%; lentils 21.5%; chickpeas
21.5%) [28, 29].

The amino acids profile of the proteins from N-Kordofan, exhibited better quality than those from W-Kordofan (Ta-
ble 3). Except for the sulfur containing amino acids (cysteine and methionine = SAAS), valine and tryptophan, the con-
centration of the other amino acids in the proteins of the samples collected from N- Kordofan were significantly (p<0.05)
higher than those from W-Kordofan. In a similar study with baobab leaves from central and West Africa, isoleucine and
leucine were higher (5.7%, 6.3%), tryptophan was lower (1.5%) whereas the concentration of the other amino acids was
comparable to that of the leaves from Kordofan [30].

Table 3. Crude protein (%6DM) and amino acid profile (g/100CP) of baobab leaves from Kordofan

Protein/amino acids N-Kordofan W-Kordofan Egg * IAAS**

Crude Protein 14.84+0.13 14.73+0.3 g/100gCP N-Kordofan W-Kordofan
Lysine 5.41+0.04 a 5.08+0.04 b 6.98 0.78 0.73
Leucine 4.91+0.05a 4.53+0.06 b 882 0.56 0.51

Isoleucine 4.91+0.05 a 4.53+0.06 b 6.29 0.78 0.72
Histidine 2.19+0.01a 2.04+0.02 b
Cystine 1.31+0.007 1.29+0.006 2.43 0.54 0.53
Methionine 1.78+0.02 1.69+0.02 3.36 0.53 0.50
Valine 6.9+0.04 6.65+0.13 6.85 1.01 0.97
Arginine 5.44+0.04 a 4.9+0.06 b
Tyrosine 3.55+0.03 a 3.26+0.03 b 4.16 0.85 0.78
Tryptophan 2.32+0.01 2.28+0.01 149 1.56 1.46
Phenylalanine 5.96+0.03 a 5.6+0.03 b 5.73 1.04 0.98

**|AAS = Indispensable amino acids score; *FAO (34) Different letters in the same line signify significant (p<0.05) differences.

Despite the outstanding concentration of tryptophan, the essential amino acids profile of baobab leaves was inferior
to that of chicken egg, the common reference protein for quality [31]. In conditions when the protein consumed is defi-
cient in any one of the indispensable amino acid, the efficiency of protein utilization declines, the synthesis of
body-proteins slows down, the available amino acids could be deaminated, the amide component could be wasted as
urea while the carbon skeleton could be reutilized, stored or oxidized to yield energy [32]. As a consequence, muscular
weakness, cognitive retardation, and susceptibility to infection could follow [33]. Quality protein is additionally essen-
tial for proper utilization of minerals because of its role as the supplier of indispensable amino acids for the synthesis of
enzymes that contain or involve minerals as prosthetic component or as their co-factor in metabolic and physiological
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processes of the muscular, circulatory, nervous and endocrine systems. That is why it is prudent to attach indices of
protein quality in characterizing food ingredients.

A valid measure of protein quality includes the comparison of the concentration of indispensable amino acids in the
test protein (in food, in baobab leaves) with that of reference protein (egg protein, milk protein) giving the indispensable
amino acids score (IAAS) [34]. Accordingly, the baobab leaves from N- and W-Kordofan (Table 3) proved to be ade-
quate in the aromatic amino acids (AAAs = tyrosine, phenylalanine), but poor sources of leucine, cystine and methio-
nine, and moderate sources of lysine and isoleucine.

A method based on the comparison of the amino acids content of food with the amino acid requirement of human
beings is also accepted as suitable approach for assessing the protein quality of foodstuffs. As indicated in Figure 2,
baobab leaves are rich in isoleucine, aromatic amino acids and tryptophan to a level that they can on their own meet the
daily requirement of an adult person if provided at 25% of the daily diet. This in agreement with the IAAS of baobab
leaves is indicated in Table 3.

The measurement of protein quality based on amino acid profile may fail to account for the adverse effects of antinu-
tritional factors including trypsin-inhibitors and hemagglutinins in legumes, and phytic acids in cereals [35]. Both le-
gumes and cereals as well as bacbab leaves are high in tannins, lingo-cellulose and phytic acid, the molecules that nega-
tively influence the bioavailability or efficient utilization of proteins in a diet [36]. Therefore, it was found logical to use
a correction factor for the discrepancy that could result from the antinutritional factors.

3

2.5

1.5

gram

0.5

H Requirment Baobab leaves

Figure 2. Indispensable amino acids requirements (g/d) by adults and the provision by dry baobab leaves that constitute 25%
of a daily diet (Note that the digestibility of CP is not considered).

Protein digestibility is a simple and scientifically sound correction factor for routine assessment of protein bioavaila-
bility [37]. In developing countries, traditional diets are often characterized by protein digestibility that varies between
54 and 78% [38]. The average in-vitro digestibility of crude protein of cereals is estimated at 60% [39]. The indispensa-
ble amino acids content of each of baobab leaves, cereals and legumes was multiplied by the coefficient 0.6 to find out
the protein digestibility corrected indispensable amino acids level (PDCIAAL). With due consideration to the daily
energy requirement (2,800 kcal) of a middle age adult (70 kg body weight) and moderate physical activity level (PAL =
1.6), a diet was formulated using the common food ingredients (cereals and legumes) in Kordofan and dry baobab
leaves. The diet was designed to consist of 60% cereals 20% legumes and 20% baobab leaves. The focus was on the
comparison between protein digestibility corrected indispensable amino acids levels (PDCIAAL) of the components of
daily diet with the corresponding daily requirement by an adult man.

Baobab leaves make only 1/3 of the cereals in the diet but they contribute more bio-accessible lysine, the amino acid
that is most limiting in cereals (Table 4). They also supply the same amount of bio-accessible valine as the cereals. The
legumes, which only make 1/5 of the daily diet, supply about 2 times more bio-accessible lysine than either cereals or
baobab leaves.
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Table 4. The average PDCIAAL (g) in the daily diet (2,800 kcal) consisting of 60% cereals, 20% legumes and 20% baobab

leaves
Food Lucien Lysine Valine SAAs Histidine
Baobab leaf 0.5 0.6 0.7 0.2 0.2
*Legumes 0.8 11 0.5 04 0.4
*Cereals 2.9 0.5 0.7 0.4 0.6

*Calculated based on the data from references 31, 41, 42 and 43.

The cereals contribute about 2 times more bio-accessible leucine than that of the sum of both legumes and baobab
leaves. The food diversity is in any way essential for the purpose of complementarity in at least satisfying the require-
ment for indispensable amino acids, not to mention the cheaper cost of baobab leaves and its relatively higher content of
calcium, iron and beta-carotene, the nutrients that are limiting in standard diets of east Africa.

For practical purposes, the diet formulated to satisfy the requirement for indispensable amino acids and the contribu-
tion of baobab leaves, cereals and legumes were compared with the daily requirement of an adult. The results are sum-
marized in Figure 3.

4.5
4
3.5
3

2.5

: N
15 I

1 m B
0.5 l

o B l - -

Leucine Leureg* Lysine Lys req Valine Val req SAA SAAreq Histidine Hisreq

Requirement M Baobableaf Legumes M Cereals

reg* = requirement

Figure 3. Fulfilling the daily requirement of an adult for indispensable amino acids by a daily diet (600 g air-dry) consisting of
20% baobab leaves, 60% cereals (maize, sorghum), 20% legumes (lentils, beans or chickpeas).

The diet that was formulated from baobab leaves, cereals and legumes to be consumed either in the form of porridge
containing all ingredients; or stew/soup of the mixture of baobab leaves and legumes and some porridge of cereals,
could satisfy the requirements for all limiting amino acids. Leucine, lysine and SAAs made 155%, 105% and 100% of
the requirement respectively. Baobab leaves made 20% of the diet but they contributed 37% valine, 27% lysine and
20% SAAs. It is to be noted that without the inclusion of baobab leaves, the requirements for lysine, valine and SAAs
would not be met. Substitution with legumes is thinkable but the cost-benefit analysis favors baobab leaves; they can be
simply collected from village forests or own trees in N- and W-Kordofan. It is wise to mix them in the given proportion
for purposes of diversification and the complementarity in balancing a diet not only in quality protein but also in other
limiting nutrients like calcium, iron, magnesium, beta-carotene. Baobab leaves outstrip all food ingredients in calcium
(2.85 g/100 gDM), magnesium (0.55 g/100 gDM) and iron (42.2 mg/100 gDM) [16]. These minerals count to the mi-
cro-nutrients that cause hidden hunger among 2 billion people in the world [40].

5. Conclusion

The in-vitro bioavailability of variable minerals in baobab leaves was different. Except for magnesium (59.4%) the
values of the other minerals were variably low ranging from 5.3% to 40%. Iron proved to be the least absorbable miner-
al. The in-vitro bioavailability of Ca, Mg, Zn and Cu correlated directly with each respected level that is exposed to
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in-vitro digestion; the level of the concerned minerals did not exceed the recommended daily allowance. Iron and man-
ganese did not exhibit similar tendencies, and district effects influenced their in-vitro bioavailability implicating the
need for further investigations on confounding factors.

The crude protein value of baobab leaves was more than cereals but less than that of legumes. In general, the protein
quality could be classified as moderate because of the amino acids profile that reflected rich amount of tryptophan and
aromatic amino acids, medium level of lysine, isoleucine and tyrosine, but poor content of leucine and SAAs. A mixed
daily diet (600g air-dry) consisting of cereals (60%), legumes (20%) and baobab leaves (20%) proved complementarity
in satisfying the requirement for amino acids.
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