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Abstract

Iron deficiency is one of the leading risk factors for disability and death
worldwide. Targeted iron supplementation with pharmaceuticals is widely
used, but oral iron salt ingestion often causes side effects—nausea, vomiting,
abdominal pain. The present study demonstrated that red beetroot juice
(RBRJ) contains a compound or compound complex with the ability to spe-
cifically stimulate duodenal iron absorption, shown in experiments in vitro,
in situ and in vivo. The effect does not depend on juice sugar and ascorbic
acid concentration. Fractionated RBR] impact on iron absorption is dose de-
pendent. This phenomenon is described for the first time.
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1. Introduction

Iron is found in almost all foods, so dietary iron intake is related to energy in-
take. However, its availability for absorption is quite variable, and poor bioavai-
lability is a major reason for the high prevalence of nutritional iron deficiency
anemia [1]. The body’s need for iron depends on organism physiological status
(pregnancy, old age, regular exercise, stress). Nutritional iron deficiency arises
when physiological requirements cannot be met by iron absorption from the di-
et. Some pathological conditions cause secondary iron deficiency. There are also

a lot of genetic forms of iron-related anemia [2].
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Iron deficiency is one of the leading risk factors for disability and death
worldwide, affecting an estimated 2 billion people [3]. Iron deficiency anaemia
(IDA) prevalence varies widely: 7.2% - 14% in Italy, Belgium, Germany, Spain
[4], 32.8% in Croatia [5] and 60% in Asian countries, females of reproductive
age [6].

Targeted iron supplementation with pharmaceuticals is widely used, but oral
iron salt ingestion often causes side effects—nausea, vomiting, abdominal pain
[7]. Oral iron supplementation leads to an improved blood hemoglobin level,
but at the cost of increased oxidative stress [8].

Many attempts have been made to improve food iron bioavailability by diet
enrichment with fruits and vegetables. One of the most important plant com-
pounds which enhance iron absorption is ascorbic as well as other organic acids
[9]. In the experiment in vitro and in situ we previously showed a positive cor-
relation between the ascorbic acid level in mucosal buffer solutions and iron
duodenal absorption in chickens [10].

Nevertheless, increased fruit and vegetable consumption is not a panacea.
Plants specific effects are not always targeted on iron bioavailability increase. For
example, red grape juice diminishes iron availability [11]. Orange and apple
juices stimulate iron absorption from the meal in children [12]. Common beans
(Phaseolus vulgaris) are a staple food and the major source of iron for popula-
tions in Eastern Africa and Latin America. Bean iron concentration is high but
with low bioavailability due to inhibitory compounds such as phytic acid [13]
and polyphenols [14].

Attention is drawn by the fact that practically all attempts to stimulate iron
assimilation in humans are targeted on food fortification with iron-containing
substances or on iron bioavailability increase. Legume seeds are a traditional
source of iron and ferritin, which increases iron bioavailability. However, even if
the percentage of ferritin iron in these seeds is high, its concentration is not suf-
ficient for food fortification. Thus, legume seeds, as well as other plant seeds,
need to be fortified with iron [15]. We did not find any publication regarding the
ability of plants to directly stimulate active iron ion transport via the intestinal
wall. In this regard, some interesting facts may be found in the arsenal of tradi-
tional medicine.

In this regard, red beetroot (Beta vulgaris) should be mentioned in the first
place. Cultivated forms of red beet have been used for their medicinal properties
since ancient times. Beetroot has long been considered beneficial to the blood,
the heart and the digestive system [16]. Usually red beetroot anti-anemic effects
are associated with high iron concentration in the juice. Published scientific data
regarding red beetroot impact on iron metabolism were not found.

The aim of the study was to evaluate the influence of red beetroot juice as well
as other vegetable juices on iron intestinal absorption in the cockerels. The in-
terface between cellular and systemic iron homeostasis is readily observed in the

highly dynamic iron handling of four main cell types: duodenal enterocytes, en-
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terocytes precursors, macrophages and hepatocytes [17]. Consequently, mani-
pulations with duodenum, predominantly, in vitro and in situ were used to

reach the objective of the study.

2. Materials and Methods
2.1. Vegetable Juices

2.1.1. Native Juices

Zucchini, carrot, cucumber, pumpkin, red beetroot, sugar beetroot and fodder
beetroot were delivered by a local farmer in September 2016. Using a household
juicer, the vegetable juice was squeezed, processed by centrifuge for 15 min at
5000 g. The obtained juices were tested for iron, ascorbic acid, glucose, fructose,
sucrose level as well as pigments (betanin which belongs to the red pigment

group; vulgaxantin-I as a yellow pigment component).

2.1.2. Fermentative Red Beetroot Juice (RBR])

An additional experiment was conducted using sugar-free red beetroot juice
(RBR]J). Fresh RBR]J was diluted with distilled water (10% added), fermented for
48 h (at 25°C) using a dried and previously activated culture of Saccharomyces
cereviseae (2 g/L), filtrated via paper and processed by centrifuge for 20 min at
5000 g. The centrifugate was evaporated to the initial juice volume in vacuum at

40°C to remove the ethanol. Sucrose concentration dynamics was checked.

2.1.3. Fractionated RBR]. Red Beetroot Juice Fractionation Method
Development

To increase RBRJ specific activity, the ultrafiltration method was used. Ultrafil-
tration is usable to fractionate juices or plant extracts through separation by mo-
lecular mass. Fresh RBR] was processed by centrifuge for 20 min at 5000 g fol-
lowed by ultrafiltration using “ Ultracel” membranes with cut-off-point 250 - 200
- 150 - 50 - 20 - or 1 kDa. Juice permeate was collected for chemical and func-

tional testing.

2.2. Animals

30-day-old Lohmann Brown cockerels were used in the study. The chickens
were housed in cage units with free access to food and water. The animals were
fed a wheat-barley full-feed diet containing all necessary nutrients. The iron
concentration in the diet was 329 + 7 pg/kg, the ascorbic acid content was 35.5 +
1.2 ug/kg.

At the end of the experiment, the cockerels were decapitated in accordance
with the recommendations for the euthanasia of experimental animals of the
European Convention [18]. The experiment was approved by the local Animal

Ethics Committee.

2.3. Study Design

The obtained vegetable juices were used in vitro, in situ and in vivo experiments
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in chickens. To identify vegetable ability to stimulate iron intestinal absorption,
the screening of plant juices was performed. The RBR] effect was analyzed in
detail. The study included the following experiments:

- Vegetable juice impact on iron intestinal absorption 7n vitro;

- RBR]J fractionation method development;

- Fractionated RBR]J effects on iron absorption evaluation.

2.3.1. In Vitro Study

Juice samples were evaluated for their ability to stimulate iron absorption of the
chicken’s intestinal mucosa 7n vitro. Fe binding by the intestinal wall was studied
by means of accumulating mucosal preparation (AMP) as developed by Ugolev
et al. [19] for investigation of the initial absorption process. After the birds were
decapitated, four AMP (each 4.5 cm long) were prepared from the duodenum,
but from the jejunum-two. AMP everted the gut mucosa outside. An everted in-
testinal segment, mounted on a glass rod, was submerged in 7 mL Tris-buffer
containing 0.512 mM Fe*" or buffered tested vegetablejuice, and incubated for 30
min at 40°. The amount of accumulated iron was calculated as the difference
between the iron contents of the mucosa before and after incubation. Buffer
composition (mM) was: 4 Trishydrochloride, 145 NaCl, 4 KCI, 20 fructose, pH
7.4. With the aim of evaluating the potential impact of iron absorption stimulat-
ing substances (ascorbic acid and sucrose) on iron absorption, in an in vitro ex-
periment AMP were incubated in the buffer, containing the mentioned sub-

stances.

2.3.2. In Situ Study

Fe absorption was studied in duodenum. Before the absorption studies, cockerels
were fasted for 16 - 18 h. During the experiment, chickens were kept under die-
thyl ether anesthesia. An isolated duodenal loop was filled with 0.5 mL buffer
solution. Buffer composition (mM) was as follows: 13.7 Tris hydrochloride, 119
sodium chloride, 4.74 potassium chloride, 20 fructose, pH 7.4; in the buffer solu-
tion infused into duodenal sacs, Fe** concentration was 400 pg/mL (7.16 mM).
After 30 minutes, vein (V. jugularis) blood sampling was done. The chickens
were decapitated, the liver and an isolated intestine segment removed. The con-
tents were drained into a test-tube; segments were rinsed with 1 mL 154 mM
NaCl and put into a separate test-tube. The amount of Fe absorbed was calcu-
lated as the difference between Fe content just after the infusion and 30 minutes
later and expressed as nmol/g tissue. In this experiment iron absorption in duo-
denum, as well as accumulation in the liver, were compared for ingested buffer

solution enriched with FeSO, buffer plus native or fractionated RBR]J.

2.3.3. In Vivo Study

In vivo dose-dependence of RBR]J and its fractional impact on iron accumulation
in duodenal mucosa was also studied. Five different concentrations of juice or its
fraction were used. 30-day-old chicks were orally given 1 mL of 5-fold concen-

trated by lyophilization, 2-fold concentrated, native, 2 diluted, 5 diluted juices or
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fraction in distilled water together with 1 mL ferrous II sulfate solution (Fe** 0.4
mg/mL) 90 min before decapitation. The duodenum (intestinal content and

mucosa) was then analyzed for iron content.

2.4. Laboratory Determinations

Fe concentrations in organs and tissues were estimated after dry aching in atom-
ic absorption spectrophotometer (Perkin-Elmer, Analyst 700) [20]. Ascorbic acid
concentration in beet juice and fractions was determined by 2,6-dichlorindophenol
titrimetric method [21].

Total sugar and reducing sugar were determined according to the AOAC
Official Method 974.06 [22] and the Nelson-Somogyi assay with copper and ar-
senomolybdate reagents [23], respectively, ethanol by AOAC Official Method
942.06 [24]. The content of pigments in vegetable juices and RBR]J fractions was
determined by spectrophotometric method [25].

2.5. Statistics

All statistics were performed using the program SPSS. Means and Standard dev-
iations and significance values were calculated. Results are presented as mean +
S.E.M. Statistical comparisons were performed using Student’s t-test. Statistical

significance was set at P < 0.05.

3. Results

Chemical composition of tested vegetable juices is shown in Table 1. The high-
est iron and ascorbic acid concentration were found in zucchini and red beetroot
juice.

In the in vitro experiment, the effect of vegetable juice on iron absorption in
chicken intestines was tested. The most intensive iron accumulation occurred in
duodenum and the maximal stimulating effect was caused by RBR] (Table 2).

The impact of Beta vulgaris colored andpigment-free juice strains on iron ab-
sorption was studied in vitro (Table 3). RBR], in comparison with sugar beet and

fodder beetroot, stimulates iron absorption 17.5% and 29.0% more, respectively.

Table 1. Vegetable juice chemical composition.

Vegetable Fe Reducing Sucrose Betanin Vulgaxantin-I ~ Ascorbic pH
Juice ug/mL  sugars, g/L g/L mg/L mg/L Acid, mM
Cucumber 1.25 1.5 11 0 0 0.57 6.2
Pumpkin 1.13 5.1 12 0 0 0.56 6.6
Zucchini 2.13 3.0 20 0 0 0.81 7.0
Carrot 1.75 25.0 35 0 0 0.52 7.1
Red beetroot 3.08 4.0 60 770.0 581.0 0.84 6.6
Sugar beetroot 1.18 19.0 158 2.5 55.0 0.74 6.2
Fodder beetroot ~ 1.01 21.0 74 0 96.0 0.77 6.5
DOI: 10.4236/jbm.2018.611005 41 Journal of Biosciences and Medicines
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Table 2. Vegetable juice impact on Fe absorption by intestinal mucosa in vitro studies®.

Incubation medium composition® Iron content in intestinal mucosa (pug/g)

In 30 min of incubation at 40°C (n = 20)

Duodenum Jejunum
Buffered zucchini juice 9.80 + 0.58*** 3.84 +£0.22*
Buffered carrot juice 9.15 £ 0.69*** 5.14 + 0.72**
Buffered cucumber juice 8.15+0.38* 6.89 £ 0.42%¢*
Buffered pumpkin juice 8.12 £ 0.38* 5.12 + 0.37*
Buffered red beetroot juice 14.31 £ 0.55 10.38 + 1.46
Buffered sugar beetroot juice 11.80 £ 0.37 8.14 £ 0.45
Buffered fodder beetroot juice 10.14 £0.78 7.12+0.52
Tris-buffer 8.91 £0.19 3.36 £ 0.49

“Iron concentration in all incubation composition was 30 ug/mL, pH 7.4; Statistical significance of the dif-
ferences between juices was calculated in comparison with red beetroot: *p < 0.001; **p < 0.002; ***p <
0.003; ****p < 0.02.

Table 3. Native and fractionated (cut-off-point 150 kDa) red beetroot juice chemical
composition.

Compounds Native red beetroot juice Fractionated red beetroot juice
Iron, pg/L 3.13 2.0
Ascorbic acid mM 0.9 0.8
Glucose, g/L 1.13 1.2
Sucrose, g/L 52.0 54.0
Fructose, g/L 0.5 0.45
Betanin, mg/L 743.0 642.0
Vulgaxantin-I, mg/L 424.0 324.0
Total phenols (GAE, mg/L) 224 20.1

Ascorbic acid concentration in RBR] was a little higher than in sugar beet and
fodder beetroot. However, sugar content in colored beet strains was less than in
uncolored ones. Red pigment betanin is a component of red beetroot only, while
yellow vulgaxantin-I is found in all tested Beta vulgaris varieties. The effect of
some red beetroot components was tested in a special experiment (Figure 1(a),
(Figure 1(b)). To compare the potential role of red beetroot sugar in iron intes-
tinal transport stimulation, it was compared for native and fermented juice ef-
fects (Figure 1(a)). Due to fermentation, the total sugar content in red beetroot
juice decreased from 5.20% (including reducing sugars 0.19%) to 0.57% (reduc-
ing sugars 0.06%), but this fact did not diminish the iron content in duodenal
mucosa after daily oral ingestion for one week of 2 mL of tested juice: 18.7 + 1.3
pg/g for native juice and 19.4 £ 1.1 ug/g (p > 0.05) for fermented juice.

In vitro experiments showed 55% less active iron absorption by the duodenal
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Figure 1. Influence of red beetroot juice (RBR]) sucrose in vivo (a) and ascorbic acid in
vitro (b) on Fe absorption in duodenum of chickens.

mucosa stimulator in comparison with RBR] with equimolar ascorbic acid level
Figure 1(b).

With the goal of increasing red beetroot juice specific functionality, native red
beetroot juice was subjected to fractionation using an ultrafiltration method.
Prepared red beetroot permeates (i.e. six fractions) were tested for iron content
and its ability to stimulate iron intestinal absorption in vitro.

As seen in Figure 2, fraction III (it corresponds to cut-off-point 150 kDa)
showed maximal ability to stimulate iron accumulation in duodenal mucosa.

Chemical composition of RBR]J and its fraction is shown in the Table 3.

Iron liver accumulation is an integral indicator characterizing intestinal ion
absorption. Table 4 demonstrates the effect of fractionated RBR]J on iron ab-
sorption and liver accumulation in chickens. Fractionated as well as native red
beetroot juice was tested 7n situ. During 30 minutes, 14% of ingested iron was
absorbed, but in the case of fractionated RBR]J—34.5%, from the chicken’s duo-
denum in the presence of native RBR]. In comparison with native juice, the frac-
tionated one also increased iron accumulation in the liver.

In a separate experiment the dose dependence of iron intestinal absorption
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Figure 2. Red beetroot juice (RBR]) fractions obtained by ultrafiltration impact on iron accumulation in chicken duo-

denal mucosa in vitro. All fractions were normalized on Fe’* concentration (28.6 ug/mL) by adding iron II sulfate.

Table 4. Impact of native and fractionated red beetroot juice (RBRJ) on iron duodenal
absorption and accumulation in the liver 7n situ.

Group Nr Tested solution Duodenum Liver
Composition Fe, % of absorption Fe, ug/g
Buffer solution*

1. 8.2 144.25 £ 9.11
Fe?* (400 pg/mL)**

Native RBR]
2. 14.0 148.00 + 3.90
Fe?* (400 pg/mL)**
Fractionated RBR]
3. 34.5 176.90 + 4.03%**

Fe?* (400 pg/mL)**

*Buffer’s composition: 13.7 mM Tris;119 mM NaCl; 4.74 mM KCl; 20 mM fructose, pH 7.4; ** Fe?* as Fe-
SO, 7H,0; **Compared differences between native and fractionated RBR]J: p < 0.001.

and liver accumulation from per os ingested RBR] were evaluated in vivo
(Figure 3 and Figure 4).
It is interesting to note that, unlike native juice, the effect of fractionated RBR]

on both iron intestinal absorption and liver accumulation was dose dependent.

4. Discussion

The objective of the research was to find a plant (vegetable) with a high ability to
stimulate intestinal active transport of iron. Studying the impact of a vegetable’s
native juice on the iron absorption in chicken intestines using modeling system
in vitro (AMP), it was shown that RBR] causes a most marked effect and it does
not depend on juice ascorbic acid concentration, which is one of the most im-
portant natural iron assimilation promoters (Table 1 and Table 2). Probably, it
is about stimulating iron active transport in enterocytes, because in vitro expe-

riments ions flow increased against concentration gradient.
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Figure 3. The effect of a single per os ingestion of native or fractionated red beetroot juice (RBRJ) on the con-
tent of iron in chicken duodenum in vivo.
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Figure 4. The effect of a single per os ingestion of native or fractionated red beetroot juice (RBR]) on the con-
tent of iron in chicken liver in vivo.

To clarify that B. vulgaris pigments are responsible for the mentioned specific
effect, the juice of red beet roots and colorless strains (sugar and fodder beet)
was compared. Iron, red and yellow pigment concentration was higher in RBR]
than in betanin-free strains (Table 3). At the same time, sugar beetroot juice sta-
tistically significantly (p < 0.03) enhanced iron absorption, compared with the
buffer solution. It is worth noting that sugar beet fibers also can stimulate iron
intestinal absorption in vivo [26].

It is known that sugars impact iron absorption in the gastrointestinal tract.
Fructose v. glucose significantly lowers ferrous-iron absorption in rats [27]. In
our experiment RBR] was fermented by adding yeast. As a result, total sugar

juice content decreased by 10 times, but it did not cause real change of iron ab-
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sorption in vitro (Figure 1). The explanation of such a phenomenon as well as
the interaction between calcium and iron may be a lumenal event [28].

Considering the ability of RBR] to stimulate iron intestinal absorption, and
thus its potential use as an anti-anemic product, the effort to increase red bee-
troot specific efficacy has been made. Since it still remains unknown what B.
vulgaris compounds are responsible for iron absorption stimulation, ultrafiltra-
tion was used to isolate such compound complexes without detailed chemical
identification but taking its molecular weight as a basis. Ultrafiltration mem-
branes with different permeability (1 - 250 kDa) were used (Figure 4).

The desired juice ultrafiltration fraction was identified by using two parame-
ters: iron concentration and specific effect in vitro. RBR] fraction III, obtained at
cut-off-point 150 kDa, showed 2.5 times higher (in situ) absorption stimulating
effect in comparison with native juice (Table 4).

The most unexpected fact regarding fractioned RBR] biological effects was its
dose-dependence: this pertains to iron absorption in duodenum after the prod-
uct’s single oral ingestion as well as to the element’s accumulation in the liver.
Such a phenomenon was typical for fractionated, but not for native RBR].

Cellular iron homeostasis is maintained by iron transport proteins that work
in concert with a lot of enzymes and other cell elements. Duodenal enterocytes
belong to cell types which are characterized by highly dynamic iron handling
[29]. The intracellular machinery of iron absorption stimulation induced by the
RBRJ compound complex is unclear. It seems ferroportin, which is an exporter
of iron, as well as hepcidin are involved in this phenomenon. Hepcidin is the
central player regulating the amount of iron in the body [30].

To be sure, initial steps of iron duodenal absorption (tested in vitro), as well as
the subsequent events (evaluated in situ and in vivo) investigated in this study,
allowed us to identify the prospective direction of clinical development of a po-
tential product for people with iron deficiency anemia—red beetroot juice frac-

tionated by membrane ultrafiltration.

5. Conclusions

The present study demonstrated that RBR] contains a compound or a com-
pound complex with the ability to specifically stimulate duodenal iron absorp-
tion. The mentioned red beetroot complex can be isolated by using ultrafiltra-
tion. The effect is dose dependent.

The chemical nature of B. vulgaris iron absorption stimulating complex is not
yet known. Based on our experience, we suppose that the mentioned phenome-
non may be the result of the synergic effect of some substances. The same bio-
logical effects can induce the combination of chemically different substances.
The study of the chemical composition of fractionated RBR] is now in progress.

The results of the research have prospects for clinical use. Iron deficiency
anaemia is globally topical. The restoration of iron transporting machinery in

the intestine in case of iron absorption disturbances by using food supplement
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or medicines, based on fractionated RBR] improves the quality of life for mil-

lions of patients. On the other hand, iron in such “natural” formulation will have

higher user’s compliance and less toxicity in comparison with iron salt tablets. A

similar situation is described for calcium [31].
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