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Plant ferritin is suggested as a good source of iron for human. Usually present in trace amounts, it was induced in legumes
seeds by their sprouting in FeSO, solution. Fortified sprouts were digested in the in vitro model of the human gastrointes-
tinal tract. ~49% of lupine and ~45% of soy proteins were extracted into gastric fluid and next~12% and only ~ 1% into
intestine fluid from lupine and soybean, respectively. Gastric digestion released mainly ferrous iron (~85% from lupine
and ~95% in soybean sprouts). Complexed iron constituted~43% of total iron in intestine after lupine digestion and
~55% after soybean digestion. Intestine digestion doubled the total iron released from lupine sprouts (from ~21% up to
38%), while in soybean it increased from ~16% up to ~23%. Ferritin presence was confirmed by the specific antibodies
in digestive fluids, but it is only partially extracted from sprouts during in vitro digestion.
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Introduction

Iron deficiency anemia (IDA) is the most common type of
anemia (about 50% incidence) affecting more than 1.2 bil-
lion in 2016, particularly infants, children, adolescents,
pregnant women, the elderly or people suffering from
eating disorders [1]. To treat IDA, diet modification and
supplements intake are recommended. However, iron sup-
plementation (tablets application as well as enriched food
consumption) may bring numerous side effects, such as
constipation, diarrhea, abdominal pain and nausea [2]. An
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alternative to this type of strategy may be the use of food
biofortified in iron, such as legumes sprouts enriched in fer-
ritin [3, 4]. Ferritin is a protein able to contain up to 4,500
Fe ions, and it also protects iron from chelating agents pres-
ent in the diet. However, studies on the bioavailability of
ferritin iron are contradictory [5—8]. In vivo results suggest
higher stability of ferritin than in vitro studies [5, 8, 9]. This
may be due to the fact that pure, isolated ferritin is usually
used in in vitro studies, whereas food rich in ferritin is often
part of the human diet in in vivo studies. Clinical studies
are still considered a “gold standard” of nutritional research
[10]. However, in vitro methods are characterized by a sig-
nificantly shorter time, the ease of sampling a large number
of samples, lower costs and labor consumption, a guarantee
of repeatability and no ethical restrictions. That is why still
in vitro methods simulating digestive processes are widely
used in research on the behavior of food and pharmaceutical
products in the digestive tract [10].

The aim of the presented research was to study the avail-
ability of iron and proteins from the sprouts enriched in iron
in a simplified in vitro digestion model. It is hypothesized
that food constituents may have a protective effect on fer-
ritin during digestion and increase its potential as a source
of bioavailable iron.
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Materials and Methods
Sprouts Preparation

Soy (Glycine max, Augusta variety) and lupine seeds (Lupi-
nus luteus, Lord var.) from the Poznan University of Life
Sciences cultivations were used for the preparation of iron-
enriched sprouts.

The sprouting process was carried out according to the
procedure presented previously [3, 11]. The seeds were
cultured for seven days under controlled conditions and
watered with 25 mM FeSO, (POCh, Poland) from the third
day of cultivation. Then the sprouts were dried, until their
moisture was decreased to below 14%, and milled. Two
manners of material drying were applied: continuous drying
in 35°C, or two-stage drying: 5 h in 80°C, followed by dry-
ing in 35°C. As a control sample the sprouts not fortified in
iron (watered only with distilled water with addition of 0.7
mM Ca** and 0.4 mM Mg?"), prepared in the same condi-
tions, were applied. The sprouts were cultivated and dried
in 7-fold repetition, mixed, and stored in an airtight glass
container prior to further analysis.

In Vitro Digestion Experiment

The digestion of the prepared sprouts was done in six rep-
etitions by an in vitro method, simulating two-stage multi-
enzymatic (gastric and intestinal) digestion [12, 13]. The
digestion in the oral cavity was not considered, because it
has no effect on their digestibility (the studied material is
rich in protein, poor in starch). The large intestine stage was
also omitted, as not important at this stage of iron avail-
ability studies.

A studied sample (0.5 g) was introduced into distilled
water (50 mL) containing pepsin (60,000 U) (Sigma) and
pH of the mixture was lowered to 2.0 with 1 M HCI. Gastric
digestion was carried out for 2 h, at 37°C. Then, the pH of
the solution was adjusted to 7.4 and a solution containing
pancreatic-intestine extract (0.005 g, Sigma) and bile salts
(0.03 g, Sigma) in 5 ml 0.1 M NaHCO; (POCh, Poland)
was added. The digestion was again performed at 37 °C
for 2 h (pancreatic extract concentration was based on the
manufacturer’s data). The solution was centrifuged and the
remaining extracted and not digested proteins were precipi-
tated with trichloroacetic acid (TCA) (Sigma, Poland). In
the sample prepared in this way, protein nitrogen was deter-
mined using the Kjeldahl [14] method and was related in
percentage to the amount of protein nitrogen introduced
with the sample into the digestion test. Additionally, the
concentration of protein released from the tested material
into digestive fluids at individual stages of digestion (i.e.,

stomach and intestine) before precipitation by TCA was
determined with the Bradford method [15].

Iron Determination

The iron released during digestion from the sprouted seeds
was determined as total iron and iron in ionic form. The total
iron determination was conducted with atomic absorption
spectrometry with air-acetylene flame atomization, while
the ionic iron was determined as Fe(II) and Fe(III) forms by
the colorimetric procedure. Fe(II) ions content was deter-
mined in reaction with 2,2"-bipyridyl (Sigma, Poland) in
the environment of acetate buffer (pH 4.5) (Sigma, Poland),
while Fe(Ill) in reaction with thiocyanate (Supelco, Poland)
in the environment of hydrochloric acid (Sigma, Poland)
(pH <2) using photometry (wavelength 470 nm). For each
sample, a blank sample was prepared and the obtained value
was used to correct the interference of the sample color [16].

The complexed iron content (in the studied preparation
considered as iron bound mainly in ferritin form) was calcu-
lated from the difference between the total iron content and
sum of ionic iron (Fe(Il) and Fe(IIT) contents).

Lupine Ferritin Standard Preparation

Purification of lupine ferritin was made using Korcz and
Twardowski method [17]. The procedure included two-step
salting out of protein from the homogenized sprouts (in the
buffer containing 50 mM Tris-HCI, pH 8,0, and 30 mM
NaCl). Next, the ferritin was purified by fourfold ultracen-
trifugation (100,000x g/120 min).

FPLC Separation

The chromatographic studies were performed with an
AKTA Explorer 100 Air System (Amersham Pharmacia
Biotech, Uppsala, Sweden). A HiLoad 26/60 Superdex 200
column from Amersham Pharmacia Biotech (Uppsala, Swe-
den) was used. Assays on digested samples were performed
at room temperature, at a flow rate of 2 ml/min. A 15 ml
sample was eluted with 0.05 M of phosphate buffer pH 7
containing NaCl in a concentration of 0.5 M. The chromato-
graphic mobile phase prior to use, and all samples before
injection into the column, were filtered through a membrane
filter (0.45 pum, Millipore). During the chromatographic run,
fractions were collected in volumes of 12 ml. Absorbance at
280 nm was applied for protein detection.

The column was calibrated with the selected standard pro-
teins included in the low molecular weight (LMW) and high
molecular weight (HMW) range calibration kits (Cytivia,
USA). The following proteins were used: Aprotinin (6500
Da), Carbonic anhydrase (29 000 Da), Ovalbumin (43 000
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Da), Conalbumin (75000 Da), Aldolase (158000 Da), Fer-
ritin from Horse spleen (440 000 Da) and Blue Dextran
(2000000 Da). A calibration curve was prepared by measur-
ing the elution volumes (Ve) of standards, calculating their
corresponding partition coefficient (Kav values), and plot-
ting their Kav values vs. the logarithm of their molecular
weight. The Kav was calculated with the following Eq. (1):

Ve = Vo
Ka =
Vi - Vo (1)

where: V, is elution volume for the standard (mL), V, is col-
umn void volume =elution volume for Blue Dextran 2000
(mL), Vt is total column volume (mL). Calibration data is
included in Supplementary Materials.

The fractions collected after separation by size exclu-
sion chromatography with a retention volume similar to the
lupine ferritin standard were further analyzed (SDS-PAGE,
western blot and slot blot).

SDS-Page Separation

The fraction separated by FPLC method was subjected to
electrophoresis in 14% polyacrylamide gels under denatur-
ing conditions [18]. Samples obtained from soy chromatog-
raphy were directly denatured, while lupine samples were
first concentrated 10 times through filters with point cut-off
3 kDa (Amicon Ultra, Millipore Ltd.). Gels were dyed with
Coomassie Brilliant Blue and documented using CLIQS
(TotalLabQuant, GB). Molecular mass of the detected pro-
tein was determined by reference to molecular mass marker
in range 20—120 kDa (Thermo Fisher Scientific, Waltham,
USA).

Ferritin Inmunodetection
Slot-blot Analysis

The collected fractions after FPLC analysis were applied
on the PVDF membrane (Immobilon-P 0,45 um, Merck
Millipore Ltd., Poland). The applied volume was 200 ul
for lupine fractions and 20 ul1 for soy fractions. 1% BSA in
Tris-buffered saline, pH 7.4 was used as the blocking agent
(1-h incubation). Next, the membrane was incubated for 2 h
with the goat sera containing anti-lupine ferritin antibodies,
diluted 1:100 (provided for the research by the Institute of
Bioorganic Chemistry of the Polish Academy of Sciences,
Poznan). As a secondary antibody, rabbit anti-goat IgG
polyclonal antibody, marked with horseradish peroxidase
was applied for 2 h in 1:1000 dilution (Invitrogen, USA).
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Detection of protein-bound antibodies was performed with
diaminobenzidine (Sigma-Aldrich, USA) in 20 min.

Western Blot Analysis

Protein fractions separated by SDS-PAGE electrophoresis
were also transferred by a semi-dry electrotransfer (200 mA
current for 30 min. and 120 mA for 90 min.) to a polyvinyli-
dene difluoride membrane (Immobilon-P 0,45 pum, Merck
Millipore Ltd., Poland). The same antibodies and method
of detection were used as presented above for the slot-blot
analysis. The membranes were analysed using the CLIQS
program (TotalLab Quant, UK).

Statistical Analysis

The necessary statistical analyses were performed using
Statistica 13.0 (StatSoft, USA). All numerical data were
presented as mean=+ SD. The statistical significance of the
difference between the control and the treated sample was
assessed by one-way ANOVA and post-hoc Tukey’s tests.
Results were considered statistically significant at P <0.05.

Results and Discussion
Protein Digestibility

The protein content in the tested Ilupine seeds
(43.61+0.22 g/100 g d.m. (dry matter)) and sprouts
(47.76+0.40 g/100 g d.m.) is over 4% higher compared
to soybean seeds (39.18+0.19 g/100 g d.m.) and sprouts
(42.51+0.13 g/100 g d.m.). The protein content may vary
depending on the seed variety and conditions of seed cul-
tivation [3]. Only the S.Fe.35 (soybean sprouts enriched in
iron, dried continuously in 35°C) variant differed slightly,
but statistically significantly (Table 1).

The availability of nutrients for the human body depends
not only on their content in the digested material, but also
on the extractivity of the components from digested mate-
rial at individual stages of digestion. Ingredients remaining
in undigested material are excreted with feces. Absorption
is possible for those substances which, after being extracted
in the stomach or intestine, are dissolved in digestive fluids.
Thus, the nitrogen compounds (recalculated into total pro-
tein) released from the digested material were studied.

The most of total protein during digestion was released
into the gastric fluid from the L.Fe.80 (lupine sprouts
enriched in iron and dried in 80°C for the first 5 h) and
S.Fe.80 (enriched soy sprouts dried in 80°C for the first
5 h) variant, and the least from L.Fe.35 and S.Fe.35 (lupine
and soy sprouts enriched in iron and dried continuously in
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Fig. 1 Photography presenting liquids obtained after in vitro digestion
of A\ lupine B \ soybean sprouts

I — liquids taken after the first stage of digestion (stomach) II - lig-
uids taken after the second stage of digestion (after stomach +small

Table2 The conent of iron [mg] and its form (Fe(II), Fe (IIT) and com-
plexed iron) released into in the digestive fluid
mg of iron released during digestion of 1 g
sample

Total iron  Fe (II) Fe(III) Com-
plexed Fe
Lupine In the 1.42+0.41 1.22+0.33 ND* 0.21+0.04

sprouts stomach

In the 2.52+0.30 0.81+0.15 0.63+0.17 1.08+0.18
intestine

Soy- In the 0.90+0.17 0.86+0.22 ND 0.04+0.01

bean  stomach

sprouts In the 1.30+0.23 0.35+0.14 0.23+0.01 0.71+0.20
intestine

*ND- not detected

Significant differences were observed even in the color of
the liquids obtained after digestion of lupine (Fig. 1a) and
soybean (Fig. 1b) sprouts. The color observation indicates
the release of iron from the tested material in the intestine,
and a different form of iron released in the two studied
steps of digestion. For the bioavailability of iron from the
studied material not only compound resistance to the diges-
tive enzymes may be important, but also their susceptibil-
ity to extraction from the food matrix. Following digestion
of lupine sprouts, intestine fluid was ‘red’, which suggests
presence of ‘red’ iron. That could be the result of the pres-
ence both of ferric ions (Fe’*) and a complexed form of iron
(such as ferritin).

Thus, iron speciation in the obtained digestive fluids was
performed. Table 2 shows the content of iron in individual
samples.

During the first step of digestion from the studied mate-
rial most of released iron was in ionic form, as ferrous iron
(85%=3% in lupine and 95%=+2% in soybean) (Fig. 2).
Moreover, when the same model of digestion was performed
without the use of enzymes, solely acid action caused the
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intestine digestion); 0 — control sample, Fe — samples enriched in iron;
35°C — sprouts dried in the temperature 35°C, 80°C — sprouts dried in
the temperature 80°C

release of ~80% of the iron released during the presented
experiment. Intestine digestion allowed to almost double
the amount of iron released from lupine sprouts (from
~21% up to 38% of total iron), while in soybean it was not
such a significant increase (from ~16% up to ~23%). Fer-
ric iron (which is less available) constituted ~25% of total
iron in intestine after lupine digestion and ~ 18% after soy-
bean digestion. It suggests that administration of vitamin C
together with the prepared sprouts should increase the iron
absorption in the intestine. The increased content of com-
plexed iron (Fig. 2) was detected and it constituted ~ 16.5%
of'total iron for lupine and ~ 12% for soybean sprouts. How-
ever, this result still does not prove or exclude the stability of
ferritin during digestion. Iron may be complexed here also
by polyphenolic compounds, synthetized in time of sprout-
ing; however, it is suggested that in abiotic stress conditions
ferritin is the dominating compound binding iron [22-24].

Isolation of Ferritin from the Digestive Fluids

Thus, as a next step, chromatographic isolation of ferritin
was attempted from the fluids obtained after digestion to
confirm or deny the possibility of extraction and stability
of ferritin during digestion of the studied samples. Chro-
matogram presented in Fig. 3A and 3B suggests that fer-
ritin (collected in the fraction between 125 and 155 mL)
is not present in the fluid after gastric digestion. This may
result mainly from the inability to extract ferritin under such
conditions. The best extraction conditions to obtain fer-
ritin fractions with good yield correspond to pH approxi-
mately 8.0 [17]. Another essential factor that could have
influenced the ferritin level after gastric digestion is the low
pH of the environment in which this process takes place.
As Bejjani et al [25] demonstrated, pea ferritin dissociates
when exposed to a low pH, releasing iron into the digestive
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A

lupine - stomach

A

Oiron released Dundigestested residue OFell OFelll ®Wcomplexed

lupine - stomach+ intestine ] ! Q

Oiron released @undigestested residue OFeIl OFelll Mcomplexed

B

soybean - stomach

Oiron released Bundigestested residue OFeIl OFelll MWcomplexed

soybean - stomach+ intestine

Oiron released @undigestested residue OFe Il OFelll Mcomplexed

% of iron form released during sprouts digestion % of iron form released during sprouts digestion
totaliron | Fe (II) | Fe (II) | Complexed Fe total iron | Fe (II) | Fe (III) | Complexed Fe
Lupine | In the stomach | 21 85 0 15 Soybean | In the stomach | 16 95 0 5
| In the intestine | 38 32 25 43 | In the intestine | 23 27 18 55
Fig. 2 Iron released during digestion of (A) lupine (B) soybean sprouts
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Fig. 3 Size exclusion chromatographic analyses of the fluids obtained after lupine (A) and soybean (B) digestion: — - stomach (S); ---- - solely

intestine (I); .... — two-step (stomach and intestine) (SI)

fluid simultaneously. Under these conditions, the propor-
tion between the number of a-helices and f-sheet struc-
tures changes, wherein the number of the latter increases
significantly. It is worth noting that in the case of the pre-
sented results, correction of stomach fluid pH after the
end of this step of digestion up to 7.4 did not modify the
results. It excludes the possibility of reassembling ferritin
degraded in the stomach after modification of pH, as it was
observed in other studies [26, 27]. Solely intestine digestion
of sprouts, both lupine and soybean, resulted in extraction

of ferritin from the material. Moreover, this extraction was
many times higher in case of soybean. Simultaneously, after
application of two-step digestion of the material, the amount
of extracted ferritin decreased, especially for soybean. This
suggests the advisability of administering ferritin prepara-
tions after encapsulation, limiting its contact with the gas-
tric fluid (e.g., in eudragit), which is not consistent with the
observations of Theil et al [8]. Intestine condition seems
to be more convenient to ferritin extraction, but also safe
to maintain its structure and, consequently, to ensure the
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Fig. 4 Electrophoregram obtained
after separation of fluid after A\
lupine B\soybean S - stomach
digestion, I - intestine digestion,
SI - two-step digestion (stomach
and intestine); F - partially puri-
fied lupine ferritin isolate; MW
— molecular weight marker (1-
120 kDa, 2-85 kDa, 3-50 kDa,
4-35 kDa, 5-25 kDa, —20 kDa).
*- peptide subunits with molecu-
lar weight comparable to ferritin
subunits

Sz amin

Fig.5 Western blot (A-B) and
slot blot analysis (C). Samples
of A\ lupine B\soybean after S-
stomach digestion, I - intestine
digestion, SI - two-step diges-
tion (stomach and intestine); F

- partially purified lupine ferritin
isolate; MW — molecular weight
marker (1- 120 kDa, 2-85 kDa,
3-50 kDa, 4-35 kDa, 5-25 kDa,
6-20 kDa)

possibility of its absorption by endocytosis [7]. However,
this extraction is still limited — the pH 7.4 is far from pH 8.0
suggested for ferritin extraction.

The Detection of Ferritin in the Digestive Fluids

The samples were subjected to the SDS-PAGE analysis.
Analysis of the obtained gels (Fig. 4) suggest the presence
in the studied fraction of peptides with molecular weight
close to the molecular weight of ferritin subunits. Molecu-
lar weight of ferritin is close to ~450 kDa. It is a multi-
meric protein composed from 16 subunits with molecular
weight~28 kDa and 26.5 kDa (the second subunit is the
product of deletion of amino acids from the C-end) [22, 28,
29]. However, results of the electrophoretical separation
of such not homogenous material (even partially purified
ferritin isolate — line F, Fig. 5) could be very misleading,
especially in case of such rich in protein material (legume
proteins and solution applied to digestion process). Problems
in the results of SDS-PAGE interpretation are eliminated
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by immunodetection, therefore the separated proteins were
transferred to the membrane and detected by polyclonal
anti-ferritin antibodies. Western blot analysis (Fig. 5A
and B) confirmed reaction of the goat serum with the pro-
tein present in the fraction separated by FPLC from fluids
obtained after digestion of soy sprouts and lupine sprouts.
The antibodies recognized even the ferritin subunits in flu-
ids after gastric digestion, which suggests that some ferritin
was extracted and denatured during gastric digestion. The
same result was observed in slot-blot analysis (Fig. 5C). It
must be remembered that samples from gastric digestion
had to be concentrated before analysis and the consistency
of soy samples from intestine (both solely I, as well as SI
digestion) significantly impeded the migration of the sample
through the membrane.
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Conclusion

The results presented in this paper confirm our previous
observations regarding protein shell dissociation induced by
acid in gastric conditions [5, 25]. Simultaneously, these con-
ditions are considered not to be suitable for the extraction
of ferritin from complex matrices (plant materials or food).
Thus, it may be expected that ferritin did not ‘partially
escape’ from stomach digestion [30], but just that it was
not extracted (or only partially extracted) in stomach. These
explain also differences between the results of in vitro stud-
ies on pure, isolated ferritin and in vivo studies, when fer-
ritin was administered as a food ingredient. Food should be
processed to keep ferritin undenatured and easily extracted.
This protein is released from the food matrix mainly during
digestion at the intestinal stage. Thus, extracted ferritin can
be absorbed by endocytosis (by a unique system mechanism
in intestinal enterocytes [7]); but in case of denaturation
becomes as a source of iron ions transported by DMT1. The
results are unique because they do not present studies car-
ried out on isolated ferritin, but on a material containing the
protein. They confirmed the protective effect of food ingre-
dients on the stability of ferritin during digestion.
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