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Introduction: Iron deficiency anemia (IDA) is one of the most common
nutritional diseases encountered all over the world. Nowadays, oral iron
supplementation is still the mainstay of IDA treatment.

Methods: In this study, a new iron nutritional supplement named pig skin
collagen peptides ferrous chelates (PSCP-Fe) was prepared, and its structure
was characterized by the scanning electron microscopy, sykam amino acid
analyzer and Fourier transform infrared spectroscopy (FTIR). The anti-IDA
activity of PSCP-Fe was evaluated in low-Fe?* diet-induced IDA in rats. 16S
amplicon sequencing technology was then used to reveal the mechanism of
PSCP-Fe against IDA.

Results: The results of amino acid analysis and FTIR showed that
aspartic acid (Asp), arginine (Arg), histidine (His), glutamic acid (Glu),
cystine (Cys), and lysine (Lys) residued in PSCP chelated readily with
Fe2* through their functional groups. PSCP-Fe treated reversed the
hematology-related indexes, such as red blood cells (RBC), hemoglobin
(HGB), hematocrit (HCT), mean corpuscular volume (MCV), mean corpuscular
hemoglobin (MCH), mean corpuscular hemoglobin concentrate (MCHC),
serum ferritin (SF), serum hepcidin (HEPC) and serum transferrin receptor
(TFR). And its regulatory action was better than that of FeSO,4. Moreover,
PSCP-Fe alleviated the hepatocyte apoptosis and necrosis, Fe?* loss,
and injury in IDA rats. In addition, PSCP-Fe could significantly retrace
the disturbed profile of gut microbiota in IDA rats (p < 0.05) and
significantly up-regulated the relative abundances of nine bacterial genus,
including Lactobacillus, Alloprevotella, unclassified_of_Oscillospiraceae, and
NK4A214_group (p < 0.05). It could also downgrade the relative abundances
of Subdoligranulum and Coriobacteriaceae_UCG-002 (p < 0.05). The results
of Spearman’s correlation analysis and distance-based redundancy analysis
(db-RDA) revealed that Subdoligranulum and Christensenellaceae_R-7_group
may be potential microbial markers for effective PSCP-Fe action in the
treatment of IDA.
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Discussion: Overall, our results elucidate the interactions between gut
bacteria and related cytokines and reveal the mechanisms underlying the anti-
IDA effect of PSCP-Fe. They will thus provide a theoretical foundation for
PSCP-Fe as a new iron nutritional supplement.

iron deficiency anemia, iron nutritional supplement, peptides-ferrous chelate,
structural characterization, gut flora

Introduction

Iron deficiency anemia (IDA) is the most common
nutritional deficiency in the world (1). The World Health
Organization (WHO) estimates that two billion individuals,
mostly residing in low- and middle-income countries, are
influenced by IDA due to a variety of causes, including
parasitic infections, nutritional deficiencies, chronic diseases,
hemoglobinopathies, and lead poisoning (2). Moreover, IDA
is frequently identified in high-risk groups in developed
countries, such as infants, women of childbearing age, and
pregnant women (3, 4). Clinical research indicates that
IDA is an independent risk in multiple diseases. Children
with IDA often suffer from intellectual disability, non-
specific immune deficiency, inflammation, and cognitive
impairment. Adults suffering from IDA may face tumors,
paralysis, tissue ischemia, and digestive system diseases
(3). Although physiological and nutritional studies have
confirmed that many factors can cause IDA, an insufficient
intake of iron through diet and malabsorption of iron
for the
Therefore, the global incidence of IDA can be reduced by

are predominant causes occurrence of IDA.
increasing the intake of iron-rich foods and improving iron
absorption.

Oral iron supplements are the mainstay of treatment for
IDA. Iron can be supplemented as inorganic and organic salts
of iron, amino acid-iron, and peptide-iron chelates (3, 4).
However, inorganic iron salts have many disadvantages, such as
lower iron bioavailability, lower absorption, and poor stability,
which severely restrict their clinical application. In addition,
inorganic iron salts can also cause colitis and liver damage.
Recently, many studies have shown that bioactive peptides from
animals, plants, and marine algae, exhibit numerous merits,
such as low toxicities, chelation sites, and excellent bioactivities
as compared to prototype proteins. These peptides can be
released from their parent protein via gastrointestinal digestion
or enzymatic hydrolysis (5). Usually, food-derived bioactive
peptides, containing between 2 and 20 amino acids, can be used
to prepare nutritional supplements with iron chelates. Some
ferrous-peptide chelates have been reported and applied to treat
IDA, such as chickpea peptide-iron chelates and ferrous-hairtail
peptide chelates (6, 7).
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Improvement in the microenvironment for iron to be
absorbed effectively is another approach to the treatment of
IDA. The gut bacteria, i.e, the “new organ of the human
body,” may act as a key modulator of iron homeostasis
(8). In the intestine, despite its pivotal role in cellular
proliferation, free Fe?T may generate toxic reactive oxygen
species (ROS), which can affect intestinal integrity by inducing
oxidative stress (9). In addition, unabsorbed Fe?t can
stimulate virulence of pathogenic bacteria (e.g., Escherichia coli,
Clostridium Welchii, Enterococcus faecalis), which contributes
to an oxidative proinflammatory environment. Gut probiotics,
including Lactobacillus, Bacillus, Bacteroides, and Clostridium,
can inhibit the expression of transferrin receptor (TFR),
thereby reducing the proportion of Fe?* in gut and blood,
which reverses the above-mentioned adverse reactions (10). In
addition, the gut probiotics can release multiple metabolites
[e.g., branched-chain amino acids, bile acids, short-chain fatty
acids (SCFAs), and nucleosides] by fermenting nutrients, which
can improve intelligence and immunity by increasing the release
of neurotransmitters and immune factors (11). Therefore, gut
probiotics may help overcome the challenges in IDA treatment
by modulating intestinal bacteria.

Pig skin, which is often used as a by-product from meat
processing premises, is associated with environmental problem
and low economic value. Thus, the high value-added utilization
of pig skin needs to be valued and solved (12). Based on
morphology and physiological functions, domestic pig skin
seems to be the closest to human skin in composition (13). For
this reason, it is a good model for studies on wound healing
and permeability (13, 14). It is rich in collagen, and thus, is
marked as a good source of active peptides. Pig skin is also used
as a raw material for the preparation of new Ejiao—a blood
tonic in Traditional Chinese Medicine that has been used for
2000 years. However, there are only a few studies that explore
the use of pig skin collagen peptides (PSCP) for the preparation
of ferrous chelates. The therapeutic effect of these chelates on
IDA has never been reported, and thus, the modulation of gut
microbiota in the IDA model remains ambiguous. In this study,
we first prepared PSCP by enzymatic hydrolysis of pig skin with
trypsin and pepsin. PSCP was then chelated with Fe?* to obtain
the PSCP-ferrous chelates (PSCP-Fe). The microstructure and
chelation sites in PSCP-Fe were identified via multiple analytical
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instruments. An IDA rat model was then established to evaluate
the potential of PSCP-Fe for the treatment of IDA. The related
mechanisms of PSCP-Fe against IDA were also revealed by
correlation analysis of gut microbiota structure and cytokines.

Materials and methods

Materials and reagents

Fresh pig skin was purchased from Jinluo Foods Co.,
Ltd. (Yantai, China) and was stored at —20°C until further
experimentation. Pepsin (3,000 U/mg) and trypsin (1,000-
1,500 U/mg) were obtained from Shanghai Lanji Technology
Development Co., Ltd. (Shanghai, China). Ferrous chloride
(molecular weight 126.75 Da) was purchased from Shanghai
Biological Technology of Vibration Spectrum Co., Ltd.
(Shanghai, China). Ferrous sulfate tables were purchased from
Shanxi Lijiu Pharmaceutical Co., Ltd. (Shanxi, China). Ascorbic
acid, anhydrous ethanol, and other reagents used in this study
were of analytical grade. The Prussian Blue Stain Kit and
hematoxylin-eosin/HE staining kit were obtained from Solarbio
Technology Co., Ltd. (Beijing, China).

Preparation and characterization of
PSCP-Fe

Preparation of PSCP-Fe

Collagen was extracted from pig skin according to the
method described by He et al. (15). After being defatted
by petroleum ether, collagen was added to deionized water
to obtain a concentration of 10% (weight/volume, w/v). The
mixture was subjected to continuous enzymatic hydrolysis with
pepsin (1.0% of the substrate, pH 1.5, 2 h) and trypsin (1.0% of
the substrate, pH 8.0, 3 h) at 40°C. Finally, the enzyme solution
was soaked in boiling water for 15 min to inactivate the enzymes.
Samples were then centrifuged at 4,000 rpm for 10 min, and
the supernatant was subjected to ultrafiltration using a 3 kDa
cut-off membrane (Millipore Corporation, Bedford, MA, USA).
The filtrate solution was lyophilized (—80°C, 48 h) to obtain
the PSCP powder.

The PSCP-Fe was prepared following the procedure
described by Ma et al. with minor adjustments (16). The
PSCP (5%) were suspended in distilled water (20 mL, pH
7.0), mixed with 300 wL of FeCl, (0.01%, w/v) and 75 wL of
ascorbic acid (0.01%, w/v) at pH 5.0. The mixture was stirred
at 40°C for 40 min, and anhydrous ethanol (6 of the solution)
was added to remove unnecessary peptides. The mixture was
centrifuged at 4,000 rpm for 10 min, and the precipitate,
referred to as PSCP-Fe, was lyophilized (—80°C, 48 h). After the
binding treatment, ferrous content in PSCP-Fe was measured
by inductively coupled plasma atomic emission spectroscopy
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(ICP-AES, Perkin Elmer, Waltham, MA, USA) according to the
method of Li et al. (17).

Structural characterization of PSCP-Fe

The occurrence of chelation reactions often alters the
apparent structure of the peptide. Hence, the scanning electron
microscopy (Phenom XL, Phenom-World BV, Eindhoven,
Holland) was used to distinguish PSCP-Fe and PSCP by
applying 10 mA current and 5 kV voltage. The chelating ability
of peptides and Fe?T is closely associated with the types of
amino acid residues present. The amino acid composition of
PSCP-Fe was characterized by a known method (16) with
minor modifications. 100 mg of PSCP-Fe was hydrolyzed
with 6 M HCI at 110°C for 24 h. The mixture was then
analyzed using a Sykam amino acid analyzer (S-433D, Sykam
Corporation, Munich, Germany). The chelation sites on PSCP
and ferrous could be more easily diagnosed using a Fourier
transform infrared spectroscopy (FTIR), whose experimental
design was as follows: 5.0 mg each of PSCP and PSCP-Fe mixed
with potassium bromide were flaked and then analyzed using
an FTIR spectrometer (Shimadzu IRTracer-100, JPN) in the
wavelength range of 4,000-400 cm ™! at 30°C.

Evaluation of the effect of PSCP-Fe in
the IDA rat model

Animals, diets, and experimental design

Forty-eight male Sprague-Dawley (SD) rats (SPF weighing
110 £ 10 g) were purchased from Jinan Pengyue Laboratory
Animal Breeding Co., Ltd. (Shandong, China, SYXK (RU) 2019-
0003). All rats were housed at room temperature (24 £ 2°C)
with humidity (50 £ 5%) and 12 h light/12 h dark cycle. The
animal usage protocol was approved by the Institutional Animal
Care and Use Committee at Bin Zhou Medical University
(approval certificate number: 2020-090). The animal facilities
and protocols complied with the Guide for the Care and
Use of Laboratory Animals [USA National Research Council,
1996 (18)].

Deionized water was provided continuously to all rats. After
7 days, all rats were randomly divided into control group
(Control, 8 rats) and IDA groups (40 rats) based on body weights
(BW). Rats in the control group were fed normal rodent chow
(45 mg Fe kg_1 of diet, Pengyue, Shandong, China), and those
in the IDA groups were fed a low-Fe?* diet (4.93 mg Fe kg~ ! of
diet, Beijing Keao Xieli Animal Feed Co., Ltd., Beijing, China)
for 5 weeks (6, 16). The health of the IDA model rats was
assessed by hemoglobin (HGB), BW, and mental state of rats
compare with those in the control group. Rats in the IDA groups
were again allocated into five groups: the model group (Model,
n = 8), the FeSO4 group (FeSOy, 1.62 mg Fe/100 g BW, n = 8),
the low dose PSCP-Fe group (LPSCP-Fe, 0.81 mg Fe/100 g BW,
n = 8), the medium dose PSCP-Fe group (MPSCP-Fe, 1.62 mg
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Fe/100 g BW, n = 8) and the high dose PSCP-Fe group (HPSCP-
Fe, 3.24 mg Fe/100 g BW, n = 8). PSCP-Fe solutions were
freshly prepared in distilled deionized water and intragastric
administration was performed once per day for 3 weeks.

Biological sample collection and preservation

At the end of the experimental period, fresh feces of all
rats were collected in sterile plastic tubes and then stored at
—80°C until further analysis. The rats were fasted for 12 h before
being anesthetized with 10% chloral hydrate. Blood samples
from the abdominal aorta were collected and divided into two
components. A component was used to analyze blood-related
parameters associated with IDA, and another component was
centrifuged at 4,500 rpm/min for 10 min at 4°C. Liver and
colon tissues were stored in a 4% paraformaldehyde solution for
histological analysis.

Determination of hematology-related indexes
in IDA rats

The levels of red blood cells (RBC), HGB, hematocrit
(HCT), mean corpuscular volume (MCV), mean corpuscular
hemoglobin (MCH), and mean corpuscular hemoglobin
concentrate (MCHC) were determined using an automated
hematology analyzer (BC-3000, Tokyo Mairui Co., Tokyo,
Japan). Serum ferritin (SF), serum hepcidin (HEPC), and TFR
were measured using enzyme-linked immunosorbent assay
(ELISA) kits (Shanghai Enzyme-linked Biotechnology Co., Ltd.,
Shanghai, China).

Evaluation of liver and colon damage

A long-term iron-deficient diet causes the imbalance of liver
function and iron loss. In this research, hepatic tissues fixed
in 4% paraformaldehyde solution were dehydrated, embedded
in paraffin, and cross-sectioned into 4-pm thick slices. The
slices were then treated with HCl (5%) to release ferric
ions, followed by treatment with 5% potassium ferrocyanide
(Sigma, MO, USA) to produce insoluble ferric ferrocyanide and
counterstained with the neutral red (18, 19). In addition, the
H&E staining of colon tissue was carried out according to the
previous method (20). Briefly, colon tissues were cut into 5 pm-
thick sections and stained with the H&E kit (Solarbio Science
and Technology, Beijing, China). All the stained samples were
observed under the microscope (DM1000, Leica Microsystems,
Wetzlar, Germany).

Gut bacteria analysis by 16S rRNA
gene-based amplicon sequencing

Fecal DNA extraction and PCR amplification
The total bacterial DNA was isolated from fecal samples

using the cetyltrimethylammonium bromide (CTAB) method.

The specific experimental protocol was as follows: DNA
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concentration in all samples was detected byl% agarose gel.
DNA was diluted to 1 ng/pL using sterile water. Extracted DNA
from each sample was then used as a template to amplify the V3-
V4 region of 16S rRNA genes using PCR (21). All PCRs were
performed as 30 pL reactions containing 15 pL of Phusion®
High-Fidelity PCR Master Mix with GC Buffer (New England
Biolabs), 0.2 uM of forward and reverse primers each, and 10
ng of template DNA. The purity of PCR products was examined
using electrophoresis (2% agarose gel).

16S rRNA gene-based amplicon sequencing
and bioinformatics analysis

The sequencing libraries were generated using TruSeq®
DNA PCR-Free Sample Preparation Kit (Illumina, USA)
according to the manufacturer’s recommendations. Index codes
were also added. The library quality was assessed on the Qubit
@ 2.0 Fluorometer (Thermo Scientific). The library was then
sequenced on an Illumina NovaSeq platform.

Analytical methods were used to identify bacteria and
their abundances in the samples and among groups. The
alpha diversity index of samples was evaluated using Mothur
(Version 1.30) (22). Other related indexes, such as observed
operational taxonomic units (OTUs), Chaol richness estimator,
Shannon diversity index, and Faith’s phylogenetic distance, were
calculated to estimate microbial diversity within individual
samples. The observed OTUs and Chaol indexes reflect the
abundance of species, while the Shannon and Simpson indexes
represent the abundance and diversity of species constituting the
samples. The QIIME analysis was used to analyze beta diversity,
and the similarity in species diversity across the different
groups of samples was compared. The beta diversities were
visualized by PCoA (principal coordinate analysis) and NMDS
(Non-metric multidimensional scaling, NMDS) frameworks.
PCoA with Bray-Curtis distance was used to examine the
separation of species and metabolites in the different samples
(23). Differences in the relative abundance of the microbial
features were determined by linear discriminant analysis (LDA)
effect size (LEfSe) (24).

Spearman correlation analysis

The Spearman correlation coeflicient' was calculated to
determine the potential correlations between the intestinal
flora and different biochemical indicators. The correlations
determined between the variables were displayed using heat
maps. Finally, a network revealing the gut microbiota, associated
markers, and disease relationships was drawn to evaluate the
beneficial effects of PSCP-Fe against IDA.

Statistical analysis
All results were analyzed using the Statistical Product and
Service Solutions (SPSS) 23.0 software (SPSS Inc., Chicago,

1 https://www.bioincloud.tech/
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IL, USA), and were presented as Mean + standard deviation
(SD). One-way ANOVA and Students t-test were used to
assess statistical significance for multiple comparisons among
the different groups. P < 0.05 and p < 0.01 were defined
as statistically significant. Data visualization of results was
performed using GraphPad Prism 8.0.2 software (San Diego,
CA, USA).

Results

Structural characterization of PSCP-Fe

As shown in Figures 1A, B, the microstructure of PSCP-
Fe was significantly different from that of PSCP. The PSCP
surface was relatively flat, smooth, and voluminous. A few
cracks were seen, which could have been carved by drying PSCP
in the electron microscope. Conversely, the surface of PSCP-
Fe was irregular and rough. The significant difference in the
surface structures of PSCP and PSCP-Fe suggested the success
of the chelation reaction. Amino acid composition analysis
showed that PSCP and PSCP-Fe contained 17 amino acids,
illustrating the integrity of amino acids during the chelation
reaction (Supplementary Table 1). The contents of some amino
acids, including aspartic acid (Asp), arginine (Arg), histidine
(His), glutamic acid (Glu), cystine (Cys), and lysine (Lys), were
increased in PSCP-Fe as compared to PSCP (Figure 1C). It has
been reported that the composition and sequence of amino acids
in peptides determine their ferrous-binding capacities (25).
Thus, our results suggested that peptides containing the above
amino acids may exhibit higher ferrous-chelating capacities
(25-30).

FTIR spectroscopy was applied to reveal the chelation sites
on PSCP for Fe?*+. PSCP could generate several infrared-active
vibrational modes: —NH (—3,300 cm™!), —OH (—3,100 cm™ 1),
C-O (—1,400 cm™!), and C = O (—1,500 cm™1) (31).
As shown in Figure 1D, the FTIR spectrum of PSCP-Fe
presented interesting features as compared to the spectrum
of PSCP. Firstly, the C-O and C = O bands at 1393.92 and
1521.18 cm ™! in the PSCP spectrum were shifted to 1331.62 and
1535.59 cm~! after binding with Fe?T, which might be caused
by the combination of —COO and Fe?*. The amide (—NH)
band at 3272.64 cm~! in PCSP was shifted to 3306.69 cm™!
in PSCP-Fe, indicating that —NH was also involved in the
chelation reaction. The Amide I peak was observed at 1,600
1,700 cm~!, which was the absorption band of C = O
stretching. In this study, the band of amide I was shifted from
1633.71 to 1647.51 cm~! after Fe?T chelation. Moreover, the
broad absorption bands at 900, 922, and 1,020 cm~ 1, which
were generated by the benzene ring of tyrosine, remained
consistent in PSCP and PSCP-Fe, excluding the possibility
of tyrosine being coordinated to Fe?T. As the above results,
Asp, Arg, His, Glu, Cys, and Lys in PSCP should be more
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easily chelated with Fe?T through functional groups of —NH
and —COO.

PSCP-Fe attenuates Low-Fe2+
diet-induced dysplasia and promotes
iron absorption in IDA rats

Iron deficiency usually affects the growth and development
of the body. In this study, rats that were given a low-Fe?* diet
indeed presented many undesirable morphological features as
compared to the control rats. For instance, the BWs of IDA rats
were significantly decreased (p < 0.05), this was accompanied
by negative symptoms, such as dullness, unresponsiveness, and
roughness of skin. These results suggested that the low-Fe?*
diet adversely affected the growth of rats. After 21 days of iron
supplementation, the BWs in all PSCP-Fe treatment groups
were significantly increased (p < 0.05), while the untreated IDA
model and the FeSOy4 treatment group, showed no significant
difference (p > 0.05). In addition, there were no significant
differences in BW among the three PSCP-Fe treatments (low,
medium, and high), indicating that PSCP-Fe had a positive effect
on the growth of IDA rats (Figure 2A).

The serum indicators in the rat groups are shown in
Figure 2B. The levels of RBC and HGB, MCHC, MCH, HCT,
and MCV were significantly lower in the model group compared
to the control group (p < 0.001). After iron supplementation,
these serum indicators were significantly raised (p < 0.05).
The RBC and HGB, MCHC, HCT, and MCV were significantly
increased by 1.058, 1.026, 1.028, 1.010, and 1.004% in the
MPSCP-Fe group compared to the FeSO4 group (p < 0.05).
In addition, RBC, HGB, MCHC, MCH, HCT, and MCV were
also increased by 1.075, 1.061, 1.028, 1.002, 1.050, and 1.015% in
the HPSCP-Fe group compared to the FeSO4 group (p < 0.05).
Therefore, PSCP-Fe can effectively improve anemia symptoms.

Simultaneously, the SE, HEPC, and TFR levels were also
determined. The contents of SF and HEPC in the Model
group were significantly decreased, while TFR was up-regulated
compared to the control group (p < 0.001). However, all
iron supplement significantly reversed the above situations
(p < 0.05). Additionally, SF and HEPC levels were increased
significantly (by 1.021 and 1.335%), while TFR levels were
decreased (by 1.098%) in the MPSCP-Fe group compared with
FeSOy4 group. These results showed the effective effect of PSCP-
Fe resist IDA.

PSCP-Fe can alleviate Fe2™ loss in the
liver and colon damage

The iron deposition and pathological changes in liver
tissues in each group of rats were assessed via Prussian blue
staining assay. The rats in the IDA model group exhibited a
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FIGURE 1

spectroscopy of PSCP and PSCP-Fe (D).
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series of adverse symptoms, including hepatocyte apoptosis and
necrosis, nucleus pyknosis, hepatocyte edema, and ballooning
degeneration. These pathological injuries were clearly alleviated
upon supplementation with Fe?T, especially in MPSCP-Fe
and HPSCP-Fe groups. Simultaneously, Fe?* was scarcely
observed in IDA rats, indicating a low-Fe? T diet restricted the
accumulation of Fe?T in the liver. After treatment, all Fe?*
supplements reversed the above problem. PSCP-Fe revealed
better enrichment effects of iron than FeSOy4 at all doses. In
addition, the reversal effect of HPSCP-Fe was better than that of
LPSCP-Fe and MPSCP-Fe (Figure 2C), suggesting that PSCP-Fe
could effectively promote the transportation and enrichment of
Fe? ™ to some extent.

The colon is critical for the transportation of Fe?™ from
the intestine into the circulatory system (32). Fe2* deficient
diet caused colon damage, accelerating the process of IDA. In
this study, IDA rats induced by a low-Fe?* diet developed
diarrhea, suggesting the occurrence of colon injury (33). HE
staining was used to analyze the histology of the colon. Colon
damage in the supplementary ferrous groups was much less
than that observed in the IDA model group. Furthermore,
colon morphology in the PSCP-Fe groups was the same as that
observed in the control group, whereas colon morphology in the
FeSO4 group was not the same as that observed in the control
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group (Figure 2D). These observations suggested that PSCP-
Fe administration was beneficial to the colon or caused less
irritation to the intestinal tract.

The PSCP-Fe treatment restored
dysbiosis in the gut microbiota in IDA
rats

In this study, 24 fecal samples from the Control,
Model, HPSCP-Fe, and LPSCP-Fe groups were used to
evaluate the ameliorative effect of PSCP-Fe against IDA. The
composition and diversity of the bacterial communities were
assessed through 16S rRNA gene sequencing. After quality
filtering and trimming, 1,355,946 high-quality sequences were
obtained with an average of 56,497 reads per sample. The
Pan/Core and rarefaction curves showed the presence of clear
asymptotes, confirming the completeness of the sampling
(Supplementary Figure 1).

Nlumina MiSeq 16S rRNA amplicon sequencing was
conducted to determine the effects of PSCP-Fe treatment on gut
microbiota. As shown in Figures 3A-C, the Sobs Chao index
and Ace revealed that the alpha diversity in the model rats was
significantly lower than that in the other groups (p < 0.05).
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FIGURE 2

histopathology changes of the rats colon tissues by H&E staining (D).

Effects of PSCP-Fe on body weight (A) and blood routine parameters (B) in IDA rats. The data in the columns are expressed as the mean + SD
(n = 8). Different marks (¥, *) indicate differences at the p < 0.05 level. ###p < 0.001: Control vs. Model; *p < 0.05, **p < 0.01, and
***p < 0.001: Treatments vs. Model. Liver iron staining evaluation by Prussian blue staining method (C), x 400 magnification. Evaluate the

However, PSCP-Fe recovered the alpha diversity relative to the
IDA rats. The Venn plots showed the structural similarity and
overlap of species in different groups. 728 OTUs were identified
in the Control group, while only 517 OTUs were in Model
group, indicating that the low-Fe?™ diet directly affected the
composition of the intestinal flora (Figure 3D). With PSCP-Fe
treatment, the numbers of OTUs were increased to 739 and 711
in HPSCP-Fe and LPSCP-Fe, respectively. Overall, the model,
control, LPSCP-Fe, and HPSCP-Fe groups shared 299 OTUs
with the following percentages: 41.07, 57.83, 40.46, and 42.05,
indicating that the gut microbiota of the IDA model group
changed significantly compare with the control group, while
PSCP-Fe administration ameliorated this issue.

The beta diversity was described by PCoA analysis and
NMDS, it showed that there were different clusters among the
four groups, with significant differences among the clusters
(Figures 3E, F). The low-Fe?* diet led to a decrease in the
number of OTUs in IDA rats, but the situation could be reversed
with PSCP-Fe intervention. Taken together, the results suggested
that PSCP-Fe treatment could modulate the IDA-induced
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dysbiosis of intestinal flora and restored a microbial community
similar to that in the control.

Comparison of gut microbiome at
phylum and genus levels

At the phylum level (Figure 3G), Firmicutes and
Bacteroidota were the two most dominant phylum with a
relative abundance of 97.1% in the control group, 81.4%
in the model group, 97.1% in the HPSCP-Fe group, and
98.4% in the LPSCP-Fe group. The differently abundant
taxa among the experimental samples were identified using
LEfSe performed at the taxonomic levels from phylum
to genus, the above results is shown at Figure 3I. In
addition, the low-Fe?* diet could decrease the relative
abundances of Firmicutes and Bacteroidota, yet PSCP-
Fe fixed this deficiency. At the same time, microbiota
composition at the genus levels were also identified
(Figure 3H). For genus analysis, the composition of gut
microbiota (greater than 0.1% abundance) is presented and
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summarized in Figure 4. 20 gut bacteria, such as Lactobacillus,
norank_f_Muribaculaceae, Blautia,
unclassified_f Lachnospiraceae, NK4A214_group, Fournierella,
Prevotellaceae_UCG-003, Akkermansia, and Coprococcus,
were significantly altered (p < 0.05). The Kruskal Wallis
test for the significance of difference was performed on

genus-level OTUs and genera (p < 0.05). The 13 bacteria

Subdoligranulum,

in IDA rats were significantly reduced as compared to the
control (p < 0.05), and 7 bacteria had increased (p < 0.05).
Lactobacillus, Alloprevotella, unclassified_of_Oscillospiraceae,
NK4A214_group, Prevotellaceae_UCG-003, Colidextribacter,
Coriobacteriaceae_ UCG-005, Enterorhabdus,
Christensenellaceae_R-7_group were reduced in IDA rats

and

upon PSCP-Fe treatment. However, two simultaneous doses
of PSCP-Fe significantly increased the relative abundances
of 5 out of 9 bacteria (p < 0.05). In addition, LPSCP-Fe
and HPSCP-Fe could downgrade the relative abundances of
Subdoligranulum and Coriobacteriaceae_UCG-002 (p < 0.05).
Lactobacillus, Alloprevotella, unclassified_of Oscillospiraceae,
NK4A214_group, Prevotellaceae_UCG-003, Colidextribacter,
Coriobacteriaceae_ UCG-005, Enterorhabdus,
Christensenellaceae_R-7_group might benefit the action of

and

PSCP-Fe in the treatment of IDA. However, Subdoligranulum
and Coriobacteriaceae_UCG-002 contribute to the occurrence
of IDA.

The correlation between
hematological indicators and intestinal
microbiota

To determine the regulatory mechanisms of different
microbiota, the Spearman’s correlation analysis was used.
The of
correlated with hematology-related indicators as shown in

relative abundances specific microflora were
Figure 5A. Eighteen bacterial genus showed correlations
with cytokines at
bacteria correlated positively with TFR (p < 0.05). Based

on the correlation coefficients, correlations with TFR of

different levels, among which five

different species were in the order of Subdoligranulum (p~
0.003) > Faecalibaculum (p~ 0.009) > Coriobacteriaceae_UCG-
002 (p~ 0.027) > Lachnoclostridium (p~ 0.046) > Adlercreutzia
(p~ 0.047). In addition, these gut bacteria presented
negative correlations with RBC, HGB, HEPC, and SF.
However, only Subdoligranulum was significantly negatively
correlated with all four factors (p < 0.05), where the
correlation coefficients were 0.009 (RBC), 0.002 (HGB),
0.01 (HEPC), and 0.002 (SF), showing that Subdoligranulum
strongly promoted the occurrence of IDA. In addition,
Coriobacteriaceae_ UCG-002, Adlercreutzia,
Lachnoclostridium

Faecalibaculum,

and showed significantly negative
correlations with RBC. These five gut bacteria might be

regarded as inhibitors of RBC recovery in IDA rats.
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For the next analysis, 13 gut bacteria showed negative
correlations with TFR and positive correlations with RBC, HGB,
SE and HEPC. Among these, Christensenellaceae_R-7_group,
unclassified_f{ Oscillospiraceae, Prevotellaceae_UCG-003, and
Colidextribacter presented significantly negative correlations
(0.0001 < p < 0.001) compared to the other 9 bacteria,
indicating that these microbes seemed to be closely related
to the inhibition of TFR expression. Nevertheless, 8 of
the 13 bacteria, including Christensenellaceae_R-7_group,
norank_f_Oscillospiraceae,
Prevotellaceae_UCG-003, Colidextribacter,
Ruminococcus, and  Alloprevotella, showed significantly
positive correlations with RBC, HGB, HEPC, and SF
(p < 0.05). The above bacteria might offer incredible
functions for the recovery of active factors. Based on these

unclassified_f_Oscillospiraceae,
Roseburia,

correlation data, we found that different bacteria might play
different roles in regulating cytokines. For cytokines, the
correlations between HGB and Christensenellaceae_R-7_group,
norank_f Oscillospiraceae, unclassified_f{ Oscillospiraceae,
and Prevotellaceae_UCG-003 (0.0001 < p < 0.001) were
10 times stronger than the correlations with other bacteria
(0.001 < p < 0.01). Moreover, norank_f Oscillospiraceae
and unclassified_{ Oscillospiraceae (0.0001 < p < 0.001)
were more focused on restoring the RBC levels than the
other 5 bacterial phyla (0.001 < p < 0.05). However, for
SE
intensive correlation (p < 0.01) than the other bacteria. Next,

only unclassified_f Oscillospiraceae showed a more
Christensenellaceae_R-7_group, unclassified_f_Oscillospiraceae,
Roseburia, and Ruminococcus were found to have obviously
correlations with HEPC (0.001 < p < 0.01).

Putting aside the above phenomenon, we found that
the same bacteria revealed differential correlations with
different cytokines. The negative correlation parameters of
Subdoligranulum and SF, RBC, and HGB (0.001 < p < 0.01)
were significantly higher than the correlation with HEPC
(001 < p < 0.05). Thus, this bacterium was able to
inhibit the expression of SE RBC, and HGB, while inhibiting
the expression of HEPC. In addition, Christensenellaceae_R-
7_group could reverse HGB levels more (0.0001 < p < 0.001)
than the levels of SE, RBC, and HEPC (0.001 < p < 0.05).
Norank_f Oscillospiraceae also exhibited the same property
(0.0001 < p < 0.001). Both unclassified_f Oscillospiraceae
and Prevotellaceae_UCG-003, restored the levels of HGB and
RBC (0.0001 < p < 0.001), rather than the levels of SF and
HEPC (p < 0.01). The correlation gradation of Roseburia and
cytokines was RBC (p~ 0.004) > HEPC (p~ 0.005) > HGB (p~
0.007) > SF (p~ 0.02), illustrating that these genera might be of
importance in increasing the levels of RBC, HEPC, and HGB.
However, Ruminococcus seemed to be more associated with the
regulation of HEPC (0.001 < p < 0.01). Alloprevotella did not
offer significant correlations with any of the four factors.

In addition to the above-mentioned microbiota, some
probiotics were found to be associated with sporadic cytokines.
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Lactobacillus showed a positive correlation between RBC and
HGB (0.001 < p < 0.05), and its ability to regulate RBC might
be more prominent than HGB. Coriobacteriaceae_UCG-005, a
Gram-negative bacterium, was significantly positively correlated
with HGB and SF (p < 0.05). Coincidentally, two bacteria
were negatively correlated with TFR (p < 0.05). These results
suggested that Coriobacteriaceae_UCG-005 and Lactobacillus
should alleviate IDA by inhibiting the expression of TFR and
increasing the levels of HGB, RBC, and SF.

The distance-based redundancy analysis (db-RDA) was
performed to determine whether the cytokines correlated with
microbiota (Figures 5B, C). The levels of SE HGB, RBC,
and HEPC were positively associated with each other, and
negatively correlated with TFR. In addition, Subdoligranulum
and Christensenellaceae_R-7_group (p < 0.05) were closely
associated with cytokines (p < 0.05) than the other microbiota.
Thus, the Subdoligranulum and Christensenellaceae_R-7_group
should be potential microbial markers for PSCP-Fe action in the
treatment of IDA.

Discussion

The active peptides from natural sources, such as wheat,
egg white, and soy, often carry trace elements with incredible

Frontiers in Nutrition

10

p < 0.001: control vs. model; *p < 0.05, **p < 0.01, ***p < 0.001: treatment vs. model.

functions (4, 34). In this study, we chose pig skin as the chelating
agent of Fe?* to obtain PSCP-Fe. A range of analytical methods
was then used to determine the chelating property of PSCP
and Fe?*. It was found that the surface structure of PSCP-
Fe was significantly different from that of PSCP. Pore traces
of PCSP-Fe were likely to be left by the chelation reaction of
PSCP with Fe?T, which has been reported in previous literature
(35). Peptides containing Asp, Arg, His, Glu, Cys, and Lys
residues exhibit higher iron-chelating capacity. Among these,
Asp and Glu are acidic amino acids that can contribute more
—COO to achieve chelation with Fe>* compared to neutral
amino acids. These chelating abilities have been confirmed in
Fe?*-binding peptides in whey protein hydrolysates and soy
protein (34, 36). Similarly, Arg, His, and Lys are basic amino
acids that can provide —NH groups to combine with Fe?* (37).
These results are similar to the observation of Greve et al. (27),
Johnson et al. (29), and De la Hoz et al. (30). Interestingly,
Cys has been recognized as an important amino acid that
has excellent ferrous binding capacity because of its functional
groups (—NH, —COOQO, and —SH), especially when it is derived
from digested meat protein (38, 39). FTIR analysis confirmed
that the functional groups of these amino acids were involved
in chelation with Fe?*. The absorption bands of —NH and
—COO were changed significantly, showing the authenticity of
the functional groups involved in the chelation reaction.
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An early meta-analysis revealed that 42.7% of women
in developing countries experience anemia during pregnancy,
which is associated with a significantly higher risk of low birth
weight in infants (40). Underweight and malnourished infants
and toddlers are more susceptible to IDA. In this experiment,
4-week-old SD rats (weighing 110 g) were equivalent to a 4-
6-years-old human child,? and thus, were used to evaluate the
effect of PSCP-Fe against IDA. The levels of RBC, HGB, HCT,
MCYV, and MCH in the blood can provide diagnostic evidence
of IDA. We found that the low-Fe?>* diet could indeed cause
significant changes in the above parameters (p < 0.05), while
PSCP-Fe could reverse their deficiencies (p < 0.05). These
results indicated that PSCP-Fe may treat IDA by interfering with
the production of HGB and RBCs.

In addition, the levels of the secreted factors, including
HEPC, TFR, and SE were determined. HEPC is an antimicrobial
peptide found in blood and urine. It is predominantly expressed

2 https://www.taletn.com/rats/age/

Frontiers in Nutrition

in the liver and is regulated based on the hepatic iron stores
(41). TFR is a liver-derived protein that can bind up to
two iron atoms. Iron-laden transferrin delivers the metal to
most cells upon binding to TFR (42). TFR mediates cellular
iron uptake through clathrin-dependent endocytosis of iron-
loaded transferrin, thus playing a key role in iron homeostasis.
Moreover, SF is synthesized by the liver and can transport iron
to all tissues through an affinity reaction, while transporting
excess iron to the liver for storage. SF level is also widely
measured as an indicator of iron status (43). The present study
showed that PSCP-Fe could significantly increase the levels of
HEPC and SE, while downgrading the levels of TFR (p < 0.05)
compared to untreated IDA rats; its effect was thus better
than FeSO4. These results were similar to the observations of
Mantadakis et al. (3) and Xiao et al. (44). Certainly, the colonic
damage caused by additive should not be ignored. The free
Fe?t can cause side effects, such as colon and liver damage
and inflammation. Compared with the free Fe?T, the chelate
of peptide and Fe?* shows miraculous stability in a series of
biomimetic experiments, and this chelate can only be degraded
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reluctantly in the duodenum. This suggests that the destruction
of colon and intestine by chelate of Fe?* and peptide is
negligible (45, 46). In this research, we found that PSCP-Fe was
beneficial to the colon or caused less irritation to the intestinal
tract, and the reversal was much better than FeSOy, which was
recommended by pharmacopeias and food additive regulations
in many countries. These results indicated the security of PSCP-
Fe. Surprisingly, in histopathology experiments, more Fe?*
was noted to be transported to the liver after supplementation
by PSCP-Fe, confirming the therapeutic effect on IDA. Two
possible mechanisms for the enhancement effect of peptides in
the non-heme Fe?* bioavailability have been reported, on the
one hand, the peptide can intercept the incorporation between
Fe?t and non-nutritional factors in diet, such as phatic acid,
oxalate or tannin. On the other hand, peptide can increase
Fe?* absorption by maintaining the morphology of Fe?* and
enhancing chelating capacity with Fe2* (47). However, the role
of PSCP in Fe?* absorption was ambiguous in this study. In
addition, whether the gut microbiota is related to the absorption
of PSCP-Fe was not discussed in this study. These problems will
be deeply dissected in our next work.

10.3389/fnut.2022.1055725

Neurological analysis suggested that the key role of iron
absorption should be the intestinal solubility of oral iron (48).
Gut microbiota is critical for maintaining iron homeostasis
in the Salmonella,
and Vibrio cholerae have reported the ability to lock iron by

intestine. Escherichia, Faecalibaculum,
generating siderophores, therefore, iron from daily diets cannot
be transported into the circulatory system, leading to IDA (49).
In addition, the imbalance in iron content caused by intestinal
flora may increase the levels of fecal calprotectin, which is
released by neutrophils and phagocytes, causing inflammation
of the intestine (50). Specific bacterial genera that mediate the
development of intestinal inflammation, such as Adlercreutzia,
Coriobacteriaceae, Faecalibaculum, and Clostridium, can release
many harmful metabolites (e.g., secondary bile salts, hydrogen
sulfide, and indoles), accelerating inflammation and cancer-
induction in intestinal tissue (51). These pathological conditions
may also reduce the expression of the duodenal cytochrome B
(DcytB) and divalent metal transporter 1 (DMT1) by disrupting
the intestinal mechanical barrier, and their coupled action
is required for Fe?’* absorption. It must be noted that the
above bacteria are able to restrain the conversion of Fe’*
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to Fe’™ by mediating intestinal pH, indirectly causing Fe?*
deficiency in vivo. In addition, the zonula occludens-1 (ZO-1)
and occludin, which reflect the integrity of the intestinal
mechanical barrier, can also be destroyed due to long-term
erosion by harmful bacteria and their metabolites. In this
case, lipopolysaccharide (LPS) entering the body can lead
to tissue inflammation by increasing inflammatory factors,
such as interleukin 6 (IL-6), interleukin 10 (IL-10), and tumor
necrosis factor a (TNF-a). The latter activates the TLR/NF-kB
pathway and inhibits the differentiation of immune cells,
such as Thr17 and NK (52). Figure 6 shows the intervention
mechanism of PSCP-Fe on IDA rats. In this study, we found
that a low-Fe?* diet altered the structure of gut microbiota
and increased the relative abundances of Lachnoclostridium,
Adlercreutzia, Faecalibaculum, Coriobacteriaceae_ UCG-
002, and Subdoligranulum, which is consistent with the
literature (53). Some beneficial bacteria were also recovered
by administering PSCP-Fe. Probiotics can alleviate IDA
by making use of compound pathways that promote Fe?*
absorption. For instance, bacteria that produce (SCFAs) and
lactic acid derivatives can restore the pH of the intestinal
lumen, thereby promoting the conversion of Fe*t to Fe?t,
and they can also repair intestinal tissue and up-regulate the
expression of related receptors to increase Fe?* absorption.
Surprisingly, SCFAs can inhibit the spread of LPS, and
thus, eliminate inflammation. Here, PSCP-Fe increased the
relative abundances of Blautia, Alloprevotella, Ruminococcus,
Prevotellaceae_UCG-003,
norank_f Ruminococcaceae,

Oscillospiraceae, Roseburia,

and Christensenellaceae_R-
7_group, which are producers of SCFAs, including butyric
acid, propionic acid, and acetic acid. A previous report has
indicated that Lactobacillus, which is the main probiotic found
in human microbiota, exhibits a remarkable Fe3+—reducing
activity due to its metabolite, P-hydroxyphenyllactic acid, and
increases Fe?* absorption through DMTI1. Coincidentally,
PSCP-Fe increased the relative abundance of Lactobacillus
in IDA rats. Liver histopathology should reveal liver damage
caused by harmful bacteria and their metabolites, along with
injury to intestinal tissue. After PSCP-Fe treatment, the relative
abundances of beneficial bacteria were positively correlated
with iron enrichment and tissue repair. The fortification of
iron also contributes to the reduction in beneficial bacteria and
is directly associated with intestinal inflammation. However,
beneficial bacteria did not decrease upon intervention with
PSCP-Fe, demonstrating the safety of PSCP-Fe and the potential
activities of PSCP.

Red blood cells, HGB, and SF are important indicators of
iron in the body. HEPC and TFR are critical parameters for
iron homeostasis and immune response in vivo. The Spearman
correlation analysis was utilized to determine whether the
five factors were associated with differential microflora. Five
gut bacteria were positively correlated with TFR, and 13
gut bacteria showed positive correlations in RBC, HGB, SE,
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and HEPC. Subdoligranulum and Christensenellaceae_R-
7_group were more closely related to the above five factors.
Subdoligranulum is a butyric acid-producing bacteria, which
plays an important role in alleviating obesity and Type-2
diabetes (54). However, we found that this bacterium did
not increase iron content in the body by producing butyric
acid; instead, it promoted iron release based on the positive
correlation with TFR, highlighting its indistinct function
in  Subdoligranulum. Conversely, Christensenellaceae_R-
7_group, which is known as special probiotics, has also been
related to a healthy status in the context of different diseases,
including obesity and inflammation. In a study on intestinal
_R-7_group
depleted in individuals with Crohn’s disease (CD) and ulcerative

inflammation,  Christensenellaceae remained
colitis (UC), which are two major subtypes of inflammatory
bowel disease (IBD) (55). Therefore, Christensenellaceae _R-
7_group may increase Fe?* absorption by repairing intestinal
mucosa and upregulating receptor expression. These changes
would in turn alleviate the low levels of HGB, RBC, and SF
caused by IDA. This group can also up-regulate the expression
of certain factors and increase HEPC levels. However, the
mechanisms behind these changes have not yet been revealed,
and the correlation between Christensenellaceae _R-7_group,
PSCP and Fe?™ has been also hidden. Therefore, the relevant
problems should be studied in follow-up experiments.
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