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Abstract

Ferritin, as an iron storage protein, has been considered to be a well-utilized iron supplement. However, the typical thermal processing of food
rich in ferritin may affect the structure and function of ferritin as an iron supplement. Here, a plant ferritin (soybean seed ferritin, SSF) and an
animal ferritin (donkey spleen ferritin, DSF) were used to analyze the changes in fundamental structure and iron content after thermal treatments
(68 °C for 30 min, 100 °C for 10 min). Then, SSF and DSF after thermal treatment were administered intragastrically to mice to further evaluate its
digestive stability and absorptivity after thermal processing. Results showed the secondary structure, oligomeric states, iron content, and
digestive stability of DSF were maintained better than that of SSF after thermal treatments, indicating that DSF has a higher thermostability than
SSF. Both SSF and DSF after thermal treatment exhibited higher absorptivity than untreated ferritins. SSF showed higher absorptivity than DSF

whether heated or not.
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INTRODUCTION

Iron is an essential mineral micronutrient in life that parti-
cipates in the critical metabolic progress in our body, including
electron transport of the respiratory chain, oxygen transport,
enzyme catalysis, and gene synthesis!'2. Iron deficiency is a
severe nutrition deficiency problem worldwide, mainly causing
iron deficiency anemia (IDA), neurodevelopment delay and
even death, especially among pregnant women and
childrenB-3, Iron supplements have been used for preventing
iron deficiency, mainly by use of ferrous iron saltstl. However,
many reports have demonstrated ferrous iron salts have side
effects or toxic effects on the body and could be easily affected
by chelating agents (phytic acid, tannin) in food, leading to low
bioavailability!”:8l. Therefore, it is crucial to develop an alterna-
tive iron supplement to solve the problems above.

Ferritin, an iron storage protein widely found in nature, has
been considered a promising iron supplement?®'9, Generally,
the three-dimensional structure of ferritin is a well-conserved
and protein shell-like structure composed of 24 subunits, with
iron cores stored in the inner cavity(''2, And a ferritin mole-
cule could contain up to ~4,500 Fe3+ atoms in the form of iron
oxyhydroxide-phosphate minerall’3], which we call 'iron cores'.
Ferritins from animals and plants have great variation. Animal
ferritin usually consists of two types of subunits, H chain (con-
taining a ferroxidase site) and L chain (containing a nucleation
site)'1.141, However, only one type of subunit (H chain) has been
found in phytoferritin['516], Besides the differences in the sub-
unit composition, mature phytoferritin has a unique extension
peptide (EP) domain on its surface, which has an iron-oxidation
function and a protease activity!'”.'8, What's more, the 4-fold
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channel of animal ferritin is hydrophobic, but that of
phytoferritin is hydrophilicl’?l. As a potential iron supplement,
the digestive stability and absorptivity of ferritin should be
addressed. Previous research demonstrated that ferritin may
survive the proteolytic degradation by pepsin and pancreatic
enzymes and remain intact2%, A previous study suggested that
ferritin can be mainly absorbed by the receptor-mediated
endocytosis pathway'l. Ferritin iron can also be uptaken
through other pathways. If the ferritin oligomer was broken
after gastrointestinal digestion, the iron cores might be
reduced to ferrous iron and then uptaken by divalent metal
transporter 1 (DMT1)[2223], Moreover, the iron cores could also
remain intact for some time and be taken up by an unknown
mechanism[24],

Usually, thermal treatment is a common process used during
the boiling or sterilizing of food. It's important to investigate
the structural and functional changes of ferritin in food under
thermal treatment. As recently reported, ferritin in tofu still
maintains an oligomeric state after 80 °C treatment(?3.
Recently, our group has demonstrated that thermal treatment
at 60—80 °C can greatly improve the storage stability of pea
seeds ferritin (PSF), which may be attributed to the activity of
EPI26l, However, these reports mainly focused on the plant
ferritin around complex food components, thermostability of
both plant and animal ferritin, and the digestive stability of
ferritin in vivo are lacking. In this work, we aimed to evaluate
the changes in fundamental structures, digestive stability and
absorptivity of holoferritin, coming from both plants and
animals, after thermal treatments (food processing conditions),
in vitro and in vivo.
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Effects of heat treatment on holoferritin
MATERIALS AND METHODS

Materials and chemicals

Soybean seeds (Glycine max Merr.) and donkey (Equus asinus)
spleen were purchased from the local market (Beijing, China)
and online (Hunan, China), respectively. Disodium hydrogen
phosphate (Na,HPO,), potassium dihydrogen phosphate
(KH,PO,), magnesium chloride (MgCl,), and sodium citrate
were obtained from Bio-Dee Biotechnology co. (Beijing, China).
Polyvinyl pyrrolidone (PVP), sodium dodecyl sulfate (SDS),
TEMED, p-mercaptoethanol, coomassie brilliant blue R-250,
Native markers, and SDS markers were obtained from Sigma-
Aldrich Chemical Co. (Beijing, China). Serum iron detection kit
was obtained from Solarbio (Beijing, China). All of the reagents
used were of analytical grade or purer.

Purification of soybean seed ferritin and donkey spleen
ferritin

Soybean seed ferritin (SSF) was purified according to
previous methods with a little modification(2”), Firstly, 1 kg of
dry soybean seeds was soaked in distilled water overnight at 4
°C. The seeds were then blended in twice the volume of
extraction buffer (50 mM Na,HPO,-KH,PO, buffer, 1% PVP, pH
7.5) using a cooking mixer. The slurry was centrifuged at 10,000
g for 10 min at 4 °C. Subsequently, a final concentration of 0.5
M MgCl; and 0.7 M sodium citrate was added to the obtained
supernatant. Then the solution was incubated for 9 h at 4 °C
before centrifugation at 15,000 g for 30 min at 4 °C. The
obtained brown-red pellet was resuspended in 50 mM
Na,HPO,-KH,PO, buffer (pH 7.5) and dialyzed against the same
buffer, obtaining the crude protein samples. Then, the samples
were applied to a DEAE-Cellulose column (ion-exchange chro-
matography), and ferritins were eluted with a linear gradient of
sodium chloride from 0 to 1.0 M. In the end, the solution
containing the ferritin was concentrated and loaded to the
Superdex 75-pg gel filtration column (size-exclusion chroma-
tography) to purify the SSF.

The donkey spleen ferritin (DSF) was purified with a similar
procedure as SSF. In brief, 500 g of donkey spleen tissue was
cut into small pieces and blended in an equal volume of
distilled water. The slurry was centrifuged at 8,000 g for 10 min
at 4 °C after filtration with a 200-mesh strainer. After adding
60% saturated ammonium sulfate to the obtained supernatant,
the solution was incubated for 9 h at 4 °C. Then, the precipitant
was obtained after centrifuging at 10,000 g for 30 min at 4 °C
and dialyzed against 50 mM Na,HPO,-KH,PO, buffer (pH 7.5).
Last, DSF was purified by chromatography methods (ion-
exchange and size-exclusion chromatography) the same as SSF.
For determining the purity of ferritin, electrophoresis methods
were conducted, including SDS-polyacrylamide gel (PAGE) and
Native-PAGE.

Thermal treatment of the purified ferritins

The purified SSF and DSF were dialyzed against 50 mM
phosphate buffer (pH 7.5) and then determined ferritin concen-
tration according to the Bradford method with bovine serum
albumin as standard. Next, the ferritins were dispensed into 1.5
mL EP tubes (0.5 mL/tube).

To investigate the effect of thermal treatment on ferritins, we
chose 68 °C and 100 °C. This is due to 68 °C corresponding to
the temperature of pasteurization of food, and 100 °C corres-
ponding to high-temperature sterilization conditions during

Jietal. Food Innovation and Advances 2023, 2(1):28-35

Food Innovation
and Advances

food processing. Moreover, there is a significant temperature
difference between these two temperatures (68 °C is mild, and
100 °Cis intense), so these two temperatures are representative
to some extent and could be used for contrast. Then, ferritins
(1.0 uM, 0.5 mL) were heated in a thermostatic water bath with
different thermal treatments (68 °C for 10 to 30 min and 100 °C
for 10 to 30 min). Finally, the protein samples after thermal
treatment were centrifuged to obtain the supernatant. The
supernatant of each sample was used for subsequent electro-
phoresis, iron content analysis, and Circular Dichroism (CD)
spectra measurement to examine the structural changes of
ferritins after thermal treatment.

Protein gel electrophoresis

For detecting the purity of ferritin as well as the structural
changes of ferritins after thermal treatments, electrophoresis
experiments were conducted. SDS-PAGE was carried out with
the 15% gel. Twenty microlitres of protein sample was mixed
with an equal volume of SDS loading buffer and heated in
boiling water for 5 min. Subsequently, the mixture was loaded
into the gel, followed by running at 150 V for 1 h. The Native-
PAGE, which used 4%-20% gradient gels, was conducted to
determine the native conditions of the ferritin. Twenty micro-
litres of protein sample was mixed with an equal volume of
native loading buffer and loaded without being heated in
boiling water. Then Native-PAGE was performed under con-
ditions of 190 V for 2 h at 4 °C. The gels were later stained with
Coomassie brilliant blue R-250 and captured by using the
Automatic Digital Gel Image Analysis System (Tanon-2500).
Gray scanning analysis of gels performed on ImageJ software
showed the amount of specific protein.

Circular Dichroism (CD) spectra measurements

After the thermal treatment of ferritins, the concentration of
protein samples in the supernatant was adjusted to an
appropriate value (0.1 mg-mL-" for SSF, 0.2 mg-mL~" for DSF in
pH 7.5, 50 mM phosphate buffer), with untreated ferritins as
control. The far-ultraviolet (UV) CD measurements were con-
ducted using a Pistar 7-180 spectrometer (Applied Photophy-
sics, UK) with a path length of 0.1 mm and a bandwidth of 1.0
nm. The CD data were represented by mean residual ellipticity
(0) in units of deg-cm2dmol-'. The percentage of secondary
structure was calculated using CDNN software.

Inductively Coupled Plasma Mass Spectrometry (ICP-
MS) analysis

After the thermal treatment of ferritins, centrifugation was
performed to isolate the supernatant. Then, we determined the
concentration of the intact protein in the supernatant
according to the Bradford method. Meanwhile, ICP-MS was
performed to detect the iron content in the supernatant, with
untreated ferritins as control. An accurate volume of 200 pL of
the solution was taken from each protein sample and then 1
mL of nitric acid was added to digest for 20 min. After the
digestion, the solution was diluted to 20 mL with distilled
water. Finally, the iron content was detected by ICP-MS (Agilent
ICPOES730, USA), and the working curve was plotted with the
standard iron-containing solution. The final result of ICP-MS
was presented as 'Fe/protein shell' in the supernatant.

Animal study
An animal experiment was conducted to evaluate the effect
of thermal treatment on digestion stability and iron
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bioavailability of ferritins. Four-week-old, healthy male KM mice
with a balanced initial body weight of 30 + 5 g were purchased
from Beijing Vital River Laboratory Animal Technology Co., Ltd.
(China). Mice were acclimatized for 3 d in appropriate
conditions (a temperature of 25 + 2 °C, a 12 h light/dark cycle,
humidity at 55% + 5%, with distilled deionized water and food
continuously given). The following animal experiments were
conducted in strict accordance with the guidelines for the care
and use of laboratory animals of the Animal Welfare and Animal
Experiment Ethics Review Committee of China Agricultural
University (CAU), with permission number AW82402202-4-1.

Twenty-one mice were randomly assigned into seven groups
(n = 3), including one blank control groups, three SSF-treated
groups (administering SSF of untreated, 68 °C for 30 min and
100 °C for 10 min, respectively), and three DSF-treated groups
(administering DSF of untreated, 68 °C for 30 min and 100 °C for
10 min, respectively), and transferred to stainless steel cages.
Before intragastric administration, mice fasted overnight. Mice
in the blank control group were administered with 300 pL of 10
mM phosphate buffer (pH 7.5). In experimental groups, the
purified SSF and DSF with different thermal treatments were
administered intragastrically to mice, with untreated ferritins as
control. The specific steps of ferritins were administered as
follows: firstly, the purified SSF and DSF were dialyzed against
10 mM phosphate buffer (pH 7.5). Secondly, the concentration
of SSF and DSF was adjusted to about 2.4 mg-mL~" and 1.5
mg-mL-1, respectively, both equivalent to an iron dose of 5.0
mg-kg~" mouse weight. Then, SSF and DSF samples were all
heated at 68 °C for 30 min and 100 °C for 10 min. The samples
without thermal treatment were used as a control. Lastly, 300
pL of the total heat-treated ferritins without removing the
precipitation or untreated ferritin sample were administered to
each mouse in the group.

As reported, the time for ferritin to reach the intestine is
about 1-2 hU3l. Thus, 1 h after the intragastric administration,
blood samples (about 0.4 mL) were collected from eye ground
vein into heparinized microcentrifuge tubes and stored at
—20 °C until analysis, and mice were sacrificed by cervical
dislocation. The small intestine tissues were subsequently
removed rapidly from mice and placed on ice. The content of
small intestine tissues were collected by squeezing the tissue
with forceps and immediately stored at the —20 °C. Next,
Native-PAGE was further conducted to detect the digested
ferritins in small intestinal contents. The intestinal content of
one mouse in each group was mixed with 20 uL of 10 mM
phosphate buffer (pH 7.5) and 20 pL of Native loading buffer.
After stirring and centrifuging the mixture to discard residue,
the Native-PAGE using 4%—20% gradient gel was conducted to
detect the supernatant under conditions of 190 V for 2 h at 4 °C.

Serum iron content measurements

The serum was separated by centrifuging the blood samples
at 4,000 g for 10 min. The serum iron content was measured
using the multifunctional enzyme marker (Varioskan Flash,
USA), following the procedures of serum iron detection kit.

Statistical analysis

Experiments were conducted in triplicates. Data values are
expressed as means * standard deviation (SD). Statistical
analyses were estimated with SPSS 25.0 software. The data
were determined by one-way analysis of variances (ANOVA),
and the differences were significant when P < 0.05.
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RESULTS

Structural changes of SSF and DSF after thermal
treatment

SSF and DSF were isolated and purified from soybean seeds
and donkey spleen tissue, respectively. As shown in Fig. 13,
both native SSF and DSF were composed of two types of
subunits, H-1 (26.5 kDa, lower band) and H-2 (28.0 kDa, upper
band) of SSF, L (around 19.0 kDa, lower band) and H (around
21.0 kDa, upper band) of DSF. While, as shown in Fig. 1b, there
is almost only one band for both purified SSF and DSF, which
are the same as that of other typical plant and animal ferritins
composed of 24 subunits(!".14],

To illustrate the effects of the thermal process on ferritins,
the subunit and oligomeric states of ferritins after thermal
treatment (68 °C from 10 to 30 min; 100 °C from 10 to 30 min)
were identified. As shown in Fig. 2, it appeared that the subunit
compositions of both SSF (Fig. 2a) and DSF (Fig. 2b) were
basically not degraded upon thermal treatment. The Native-
PAGE of SSF was shown in Fig. 2¢, untreated SSF maintained an
individual ferritin molecule (560 kDa). According to the gray-
scale analysis, there was 14%-16% denaturation of SSF upon
68 °C thermal treatments from 10 to 30 min, whereas 100 °C
heated from 10 to 30 min caused most of the SSF (80%—98%) to
be denatured by dissociating into smaller subunits. Interes-
tingly, DSF molecules were mostly kept stable even at 100 °C
for 10 min (Fig. 2d). These results indicated that the thermo-
stability of SSF and DSF was different, because the shell-like
structure of SSF was almost destroyed upon high temperature
sterilization, whereas most of the shell-like structure of DSF
remained intact. However, the status of iron cores inside the
ferritin remains to be determined.

Based on the results above, thermal conditions with 68 °C for
30 min and 100 °C for 10 min were selected to treat SSF and
DSF for further study. To figure out the effect of thermal
treatment on the secondary structure of SSF and DSF, the CD
spectra of thermal treated SSF and DSF were further conducted
with untreated ferritins as control (Fig. 3). In Fig. 3a, the CD
spectrum of untreated SSF had the typical characteristics of a-
helical ferritins with negative ellipticity at 207 nm and 222 nm
in the far-ultraviolet (UV) spectrum, which is in agreement with
a previous report of native SSF structure(?8l, And the compo-
sition of secondary structure of untreated SSF were 59% of o-
helix and 21% of random coil. However, the CD spectrum of SSF
heated at 68 °C for 30 min and 100 °C for 10 min showed a
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31.0 210 [ ——560 kDa
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144 #= 140 Jaa
66 @
Fig. 1 Electrophoresis analyses of 1.0 uM of SSF and DSF. (a) SDS-

PAGE analysis. (b) Native-PAGE analysis. Lane 1: SSF; Lane 2: DSF;
Lane M: Protein markers.

Jietal. Food Innovation and Advances 2023, 2(1):28-35



Effects of heat treatment on holoferritin

a 681 °C 10? °C

1

[ | |
(kDa) M 10 min 20 min 30 min 10 min 20 min 30 min
97.4
66.2

45.0

31.0

21.5

14.4

68 °C 100 °C
¢ ] ]

[ I, 1
(kDa) M 10 min 20 min 30 min 10 min 20 min 30 min

669

440

232

Fig. 2

Food Innovation
and Advances
b 68 k"C 1010 °C
|II ll r \
10 min 20 min 30 min 10 min 20 min 30 min
e e e b1

(kDa) M

97.4
66.2
45.0

d 68 °C

100 °C

(kDa) M

10 min 20 min 30 min 10 min 20 min 30 min

669
440
232

140

66

Electrophoresis analyses of 1.0 uM of SSF and DSF after different thermal treatments. (a) SDS-PAGE analysis of SSF. (b) SDS-PAGE

analysis of DSF. (c) Native-PAGE analysis of SSF. (d) Native-PAGE analysis of DSF. Lane M: Protein markers.

a 707 | —Untreated
15 --- 68 °C 30 min

I ~-100 °C 10 min
S 107

60 _g
o 57
£
o 4

50 w0
o
5 5

40+ 10 1

b

ab

Secondary structure fraction (%)

a-helix

B-turn Random coil

b 207

— Untreated
70

- - 68 °C 30 min
100 °C 10 min

60

504

[0] deg-cm?-dmol ™!
(=}

L
o

404

—_
w

200 210 220 230 240 250 260
30 Wavelength (nm)

204

Secondary structure fraction (%)

10

0 -

a-helix

B-turn Random coil

Fig.3 CD spectra results of ferritins under conditions of untreated, 68 °C for 30 min and 100 °C for 10 min. (a) CD spectra and percentages of
the secondary structure of 0.1 mg/mL SSF. (b) CD spectra and percentages of the secondary structure of 0.2 mg-mL~" DSF. Values are means +
SD, and different letters in the column indicate significant difference (P < 0.05) between treatments.

noticeable difference. In detail, the typical o-helix curves of SSF
greatly changed, and the mean percentages of a-helix
decreased to 52% and 34% respectively, whereas random coil
increased to 22% and 31% respectively. These spectral results
of SSF indicated the secondary structure of SSF was affected
after the thermal process, especially at 100 °C for 10 min.

In contrast, the secondary structures of DSF were kept
unchanged under the same thermal treatments as SSF. As
shown in Fig. 3b, the typical a-helix spectral curves of DSF were

Jietal. Food Innovation and Advances 2023, 2(1):28—-35

identical whether heated or not. And compared with untreated
DSF, the ratio of a-helix of DSF treated with 68 °C for 30 min
and 100 °C for 10 min decreased slightly from 53% to 52% and
46% respectively. There is no significant difference between
them (P > 0.05). These results showed thermal treatments have
no significant effect on the secondary structure of DSF,
suggesting the structure of DSF was more stable than SSF,
which is in accordance with the native-PAGE result.

Page 31 0f 35



Food Innovation
and Advances

Effect of thermal treatments on the iron content of SSF
and DSF

During thermal processing, the iron release is always along
with the denaturation of ferritin[2%l, Thus, it is crucial to further
determine the changes in iron content of ferritin during the
thermal process. To explore the case of iron release after
thermal treatment, the iron content of SSF and DSF after
thermal treatments were analyzed. In Fig. 4a, it was found that
the iron content of SSF treated with 68 °C, 30 min (1,056 + 136
iron/protein shell) and 100 °C, 10 min (696 + 62 iron/protein
shell) are much lower than that of the native SSF (2,133 + 152
iron/protein shell). Moreover, there was also a significant
difference between the iron content of SSF heated at 68 °C for
30 min and 100 °C for 10 min (P < 0.05). SSF treated with high
temperature releases iron much more easily. These results
indicated more than half of the iron in SSF was released from
the protein shell during the thermal process, which might be
related to the changes in the tertiary and secondary structure
of SSF after thermal treatments (Fig. 2¢, 3a).

Similarly, small portions of iron also released from DSF during
the thermal treatments (Fig. 4b). Specifically, the iron content
of DSF without thermal treatment was 2,110 + 152 iron/protein
shell, while the iron content of DSF decreased to 1,547 + 14
iron/protein shell (68 °C for 30 min) and 1,390 + 71 iron/protein
shell (100 °C for 10 min), respectively. By comparing the iron
content of DSF with that of SSF after thermal treatment, iron
content in DSF is 50% higher than that in SSF, which might be
due to the high stability of DSF after thermal treatment.

Effect of thermal treatments on in vivo digestive
stability of SSF and DSF

Since ferritin has been considered a well-utilized source of
dietary iron, it is essential to assess the effects of thermal
treatments during food processing on its digestive stability in
vivo. SSF and DSF samples after thermal treatment were used
without centrifugation to remove denatured proteins and iron
core. Firstly, after intragastric administration of SSF and DSF
samples for 1 h, the intestinal contents of mice were collected,
and the composition of intestinal contents was identified by
Native-PAGE. We have used the intestine content of mice
administered with equal volume of PBS as the control. As seen
in Fig. 5, one SSF band was detected in the intestine of mice
administered with untreated SSF (lane 1), whereas the bands
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corresponding to SSF heated at 68 °C for 30 min and 100 °C for
10 min (lanes 2 and 3) were not detectable. These results
indicated that thermal treatments on SSF greatly affected the
digestive stability of SSF in vivo. In contrast, the bands corres-
ponding to untreated DSF, DSF treated at 68 °C for 30 min, and
DSF treated at 100 °C for 10 min (lanes 4—6) were detectable by
Native-PAGE, suggesting thermal treatments had no apparent
influence on the digestive stability of DSF.

Effect of thermal treatments on the iron bioavailability
of SSF and DSF

In order to evaluate the effect of thermal treatments on the
bioavailability of ferritin iron in vivo, the serum iron content
were analyzed after administration of SSF and DSF. To
guarantee the identical dosage of iron administered, ferritin
samples after heat treatment were given to the mice without
removing the released iron core and denatured protein mole-
cules. As shown in Fig. 6, the serum iron content of untreated
SSF group was 50 + 8 uM, and that of SSF heated at 68 °C for 30
min and 100 °C for 10 min are 52 + 19 uM and 56 + 13 uM,
respectively, showing the significant increase of iron
bioavailability after thermal treatments (P < 0.05). This result is
in accordance with previous results that thermal processing
can improve the iron uptake at Caco-2 cell?, However, the
serum iron content of DSF were 40 + 11 uM for untreated, 45 +
15 uM for DSF heated at 68 °C for 30 min and 44 + 10 uM for
DSF heated at 100 °C for 10 min and there is no significant
difference among them.

DISCUSSION

Ferritin is ubiquitous in living kingdoms and has recently
been developed as a novel iron supplement. However, in
foodstuff, ferritin must bear various kinds of treatments such as
heat and light. Although previous research has suggested the
heat-stable property of ferritin, ferritins from different sources
may show differences in their properties. In this research, we
chose DSF from animal sources and SSF from plant sources to
find out the differences in their thermostability, digestive
stability and absorptivity.

We first assessed the effect of thermal treatments on the
essential structures of ferritin. The results showed most of the
SSF was denatured after thermal treatment (Fig. 2c), along with

20004

| &

15004

Fe/mol DSF

1000

500

Untreated 68°C30min 100 °C 10 min

Iron content of ferritins after thermal treatment measured by ICP-MS, with untreated as a control. (a) and (b) are the iron content of SSF

(1.0 uM) and DSF (1.0 pM) under conditions of untreated, 68 °C for 30 min and 100 °C for 10 min, respectively. Values are means + SD, and
different letters in the column indicate significant differences (P < 0.05) between treatments.
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Fig. 5 In vivo digestion results of SSF and DSF after different
treatments. Lanes 1-3: Untreated, 68 °C for 30 min, 100 °C for 10
min of SSF; Lanes 4—6: Untreated, 68 °C for 30 min, 100 °C for 10
min of DSF. Control group: mice administered with 300 pL of 10
mM phosphate buffer. The electrophoresis was performed three
times, with similar results obtained.

80 1
B2 SSF groups

group ab
70 - - DSF groups

601 ab
501
40
301

20 7

Serum irom content (umol/L)

104

0

Untreated 68 °C 30 min 100 °C 10 min

Control

Fig.6 Serum iron content of mice in SSF groups and DSF groups.
The letters indicate inner group comparisons of SSF groups (P <
0.05). There is no statistical difference of DSF groups (P > 0.05).
Control group: mice administered with 300 pL of 10 mM phos-
phate buffer. Values are means + SD, and different letters in the
column indicate significant differences (P < 0.05) between
treatments.

the majority of iron being released (Fig. 4a). In contrast, DSF
remined stable after thermal treatment, and little iron was
released from the protein shell (Fig. 2d, 4b). These results
showed that SSF is not as stable as DSF after thermal treatment,
the reason for which can be attributed to the subunit com-
positions, and need further investigation. Based on previous
reports, the unique EP domain of SSF is sensitive to thermal
temperature during thermal processing!’7:2630, We speculate
that the degradation of EP induced by thermal treatment
destabilizes the protein structure and causes the difference of
thermostability between SSF and DSF. Besides, as reported,
there are other structural factors affecting the thermostability
of ferritins, such as salt bridges and hydrogen bonds3'32l. For
instance, a previous report suggested that the amino acid
residues around three-fold channels contribute to the high
thermostability of shrimp ferritin3%. The differences in amino
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acids around four-fold channels (Supplemental Fig. S1) may
also contribute to the thermostability, which needs further
investigation. Thus, there may be complex factors resulting in
the difference in the thermostability, including the amino acid
residues and so on.

The form and content of iron in ferritin after thermal treat-
ment are highly related to the iron bioavailability of ferritin. Not
surprisingly, the iron content of ferritins after thermal treat-
ment were much lower than that of ferritin without treatment.
In accordance with the thermostability of ferritin, iron content
of DSF is much higher than that of SSF especially after being
heated at 100 °C for 10 min, indicating iron released from DSF is
little and only small a part of DSF was denatured. That can be
explained by the high thermostability of DSF, the fold channels
which are responsible for iron release have not been destroyed
during thermal treatment' and a large amount of iron
remained inside the DSF protein shell.

As a promising dietary iron supplement, the changes in
digestive stability and absorptivity of ferritin after thermal
treatments were further determined. In terms of the digestive
situation (Fig. 5), the differences in digestive stability of SSF and
DSF can be attributed to the stability of SSF and DSF after
thermal treatment. SSF which is partially denatured after ther-
mal treatment was much easier to be digested by proteases in
the gastrointestinal tract!2833], After partially denaturation,
much more enzymatic sites of SSF are exposed to the proteases
such as pepsin and trypsint26l,

As an iron supplement, whether ferritin iron can be absorbed
efficiently is notable to determine. As for absorptivity, we can
find that the serum iron content of all SSF and DSF groups were
higher than that of control groups (Fig. 6), suggesting iron
associated with the ferritins with and without thermal treat-
ment could be absorbed by mice. And importantly, the
absorptivity of SSF and DSF after thermal treatment was higher
than that of ferritins without thermal treatment. The reason for
higher absorptivity can be attributed to the iron forms in
ferritin after thermal treatment. As previously reported, part of
iron released from ferritin. To keep the amount of iron
administered by mice the same, we use ferritins without
removing the precipitate. That means iron core, free iron and
iron within the ferritin shell coexist in ferritin samples before
intragastric administration. Combined with the changes in iron
content upon thermal treatment of SSF and DSF (Fig. 4), we
speculate that the ferritins with released iron after thermal
treatment were more easily absorbed than the intact,
untreated ferritins. This speculation was further confirmed by
the results of DSF. DSF with high thermal stability and digestive
stability showed lower iron bioavailability in vivo than SSF,
which might be explained as follows: firstly, there were larger
portions of iron cores released from SSF than that from DSF
during the thermal process; secondly, a large amount of intact
protein-shell structure of DSF existed after digestion, whereas
SSF didn't (Fig. 5); lastly, different subunit compositions of
ferritins (Supplemental Fig. ST) may have different affinities
with its potential receptor in the intestine such as Transferrin
Receptor 1 (TfR1), causing different absorbing efficiency!'3l.

Recently, possible intestinal absorption pathways of ferritin
have been extensively studied. We propose that a large part of
untreated SSF and DSF could escape digestive degradation and
be directly absorbed into enterocytes through some specific
receptors, such as TfR1, Scara 5, and assembly peptide 2
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(AP2)[34-36]_ At the same time, the released iron cores of SSF and
DSF after thermal treatment might be entirely absorbed by
endocytosis or might translate to iron ions and then taken up
by the DMT1 receptor2437], Based on the results obtained from
the animal experiment, we believe the pathway of iron cores
plays a principal role in iron absorption among three pathways.
Thus, we can conclude that iron from DSF with high thermal
stability are mainly absorbed in the form of intact ferritin in the
intestine, whereas iron from SSF, which may be denatured
during food processing and degraded during digestion, are
mainly absorbed in the form of released iron and ferritin
associated iron. Iron bioavailability from released iron is much
higher than that from ferritin molecules. In the future, it's
deserved to focus on the form of released iron (free iron or iron
cores) and the possible absorption mechanism.

CONCLUSIONS

In the present study, we illustrated the changes in subunit
compositions, the oligomeric states, the secondary structure,
and the iron contents of SSF and DSF during the thermal
process. And combining with the structural changes above, we
found the thermostability and the digestive stability of SSF is
much lower than that of DSF, which may be related to the
difference in subunit compositions and structures. Moreover,
the iron bioavailability of SSF was higher than DSF, from which
we propose iron cores pathway has a higher efficiency than the
receptor-mediated endocytosis pathway for intact ferritin,
whereas the detailed mechanism needs to be explored. Thus,
phytoferritin has a promising application as an iron supple-
ment, especially in vegetarian and meat-scarce countries.
Therefore, thermal treatments during the processing of food
rich in ferritins may promote its absorptivity, providing a
theoretical guidance for the thermal process of ferritin as an
iron supplement.
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