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Abstract

Background: Anemia is recognized by the World Health Organization as a global con-
cern of public health and a common comorbidity of many chronic diseases. Iron fortification
is one of the most cost-effective approaches to combat iron deficiency anemia. It can improve
the iron status of people with iron deficiency or at the risk of iron deficiency. However, it is
challenging to achieve high iron bioavailability. Thus, we conducted preclinical and clinical
systematic reviews with meta-analysis and two in wvitro studies to upgrade previous iron
formulations for the prevention and treatment of iron deficiency anemia.

Objective: To identify, evaluate, and summarize the evidence regarding the efficacy of
common iron fortifications in preclinical studies and clinical trials. To assess the bioavail-
ability of common iron fortifications in in vitro INFOGEST digestion/Caco-2 cell model.

Methods: In two systemic reviews, final included articles were collected after initial
articles were scanned and sorted. The characteristics of included studies were summarized
for the systematic review. The data was extracted for meta-analysis.

In two cell-culture studies, 20 rice or corn flour samples fortified with NaFeEDTA, ferrous
fumarate, FeSO,4, FePP, or FePO, were digested with INFOGEST method. Subsequently,
Caco-2 cells were treated with the iron digesta or iron supernatant in dual-chamber systems
(dialysis membrane or insert membrane) or triple-chamber system (dialysis membrane and
insert membrane) for 2 hours. The cell lysates were collected and iron bioavailability was
examined by measuring ferritin concentrations.

Main Results: 42 studies were included in preclinical systemic review. The data from
17 rat experiments including 52 comparisons was analyzed with pairwise meta-analysis. The
results of meta-analysis showed that the overall Hb effect of NaFeEDTA was superior to that
of positive control (FeSOy,). Ferrous fumarate was equivalent to FeSO,. FePP and FePO,

were inferior to FeSO;,.



145 studies were included in clinical systemic review. 46 studies including 88 comparisons
and 24107 participants (under 18 years old) contributed to the network meta-analysis in Hb.
FeSO,4, NaFeEDTA, fumarate, and FePP were more effective than placebo. The rank order
of Hb effect was NaFeEDTA > ferrous fumarate> FePP> FeSO,>electrolytic iron> placebo.

In the first Caco-2 cell study (corn flour samples), the ferritin concentrations of NaFeEDTA,
ferrous fumarate, and FeSOy in the classic dual-chamber system (dialysis membrane) were
higher than those of NaFeEDTA, ferrous fumarate, and FeSO, in the alternative dual-
chamber system (insert membrane) and the triple-chamber system. The ferritin concen-
trations of NaFeEDTA digesta and ferrous fumarate digesta were higher than those of
NaFeEDTA supernatant and ferrous fumarate supernatant in classic dual-chamber system.
NaFeEDTA had higher ferritin concentration than FeSO,. The combination of NaFeEDTA
and FeSO, at low weight ratio (2:11) had higher ferritin response than the combination of
NaFeEDTA and FeSO, at high weight ratio (4:9) and the combinations of NaFeEDTA and
fumarate.

In the second Caco-2 cell study (rice flour samples), the ferritin concentrations of high
ratio FePP, FePOy, and puFePP were significantly higher than those of low/zero ratio FePP,
FePQOy, and puFePP.

Conclusions: The findings of systematic reviews and in vitro studies found that NaFeEDTA
had higher bioavailability than FeSO,. The dual-chamber system with dialysis membrane
and digesta was a reliable iron bioassay. The combination of NaFeEDTA and FeSO, at
low weight ratio had the highest bioavailability among the combination samples. The iron
bioavailability of FePP and FePO, was improved with high molar ratio (1:0.3:5.5) citric acid
and trisodium citrate. The results of our secondary studies and primary studies on iron

bioavailability were consistent.
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Abstract

Background: Anemia is recognized by the World Health Organization as a global con-
cern of public health and a common comorbidity of many chronic diseases. Iron fortification
is one of the most cost-effective approaches to combat iron deficiency anemia. It can improve
the iron status of people with iron deficiency or at the risk of iron deficiency. However, it is
challenging to achieve high iron bioavailability. Thus, we conducted preclinical and clinical
systematic reviews with meta-analysis and two in wvitro studies to upgrade previous iron
formulations for the prevention and treatment of iron deficiency anemia.

Objective: To identify, evaluate, and summarize the evidence regarding the efficacy of
common iron fortifications in preclinical studies and clinical trials. To assess the bioavail-
ability of common iron fortifications in in vitro INFOGEST digestion/Caco-2 cell model.

Methods: In two systemic reviews, final included articles were collected after initial
articles were scanned and sorted. The characteristics of included studies were summarized
for the systematic review. The data was extracted for meta-analysis.

In two cell-culture studies, 20 rice or corn flour samples fortified with NaFeEDTA, ferrous
fumarate, FeSO,4, FePP, or FePO, were digested with INFOGEST method. Subsequently,
Caco-2 cells were treated with the iron digesta or iron supernatant in dual-chamber systems
(dialysis membrane or insert membrane) or triple-chamber system (dialysis membrane and
insert membrane) for 2 hours. The cell lysates were collected and iron bioavailability was
examined by measuring ferritin concentrations.

Main Results: 42 studies were included in preclinical systemic review. The data from
17 rat experiments including 52 comparisons was analyzed with pairwise meta-analysis. The
results of meta-analysis showed that the overall Hb effect of NaFeEDTA was superior to that
of positive control (FeSOy,). Ferrous fumarate was equivalent to FeSO,. FePP and FePO,

were inferior to FeSO;,.



145 studies were included in clinical systemic review. 46 studies including 88 comparisons
and 24107 participants (under 18 years old) contributed to the network meta-analysis in Hb.
FeSO,4, NaFeEDTA, fumarate, and FePP were more effective than placebo. The rank order
of Hb effect was NaFeEDTA > ferrous fumarate> FePP> FeSO,>electrolytic iron> placebo.

In the first Caco-2 cell study (corn flour samples), the ferritin concentrations of NaFeEDTA,
ferrous fumarate, and FeSOy in the classic dual-chamber system (dialysis membrane) were
higher than those of NaFeEDTA, ferrous fumarate, and FeSO, in the alternative dual-
chamber system (insert membrane) and the triple-chamber system. The ferritin concen-
trations of NaFeEDTA digesta and ferrous fumarate digesta were higher than those of
NaFeEDTA supernatant and ferrous fumarate supernatant in classic dual-chamber system.
NaFeEDTA had higher ferritin concentration than FeSO,. The combination of NaFeEDTA
and FeSO, at low weight ratio (2:11) had higher ferritin response than the combination of
NaFeEDTA and FeSO, at high weight ratio (4:9) and the combinations of NaFeEDTA and
fumarate.

In the second Caco-2 cell study (rice flour samples), the ferritin concentrations of high
ratio FePP, FePOy, and puFePP were significantly higher than those of low/zero ratio FePP,
FePQOy, and puFePP.

Conclusions: The findings of systematic reviews and in vitro studies found that NaFeEDTA
had higher bioavailability than FeSO,. The dual-chamber system with dialysis membrane
and digesta was a reliable iron bioassay. The combination of NaFeEDTA and FeSO, at
low weight ratio had the highest bioavailability among the combination samples. The iron
bioavailability of FePP and FePO, was improved with high molar ratio (1:0.3:5.5) citric acid
and trisodium citrate. The results of our secondary studies and primary studies on iron

bioavailability were consistent.
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Chapter 1

Nutritional Iron Deficiency Anemia
and Iron Fortification: Progress and

Challenge

1.1 Anemia and iron deficiency anemia

Anemia is a hematological system disease due to the decreased production or shortened sur-
vival of erythrocyte. Based on the number and morphology of red blood cells (RBCs), it
can be classified into megaloblastic anemia, aplastic anemia, hemolytic anemia, hereditary
anemia, and iron deficiency anemia (IDA). The largest proportion of anemia worldwide is
IDA, which is caused by inadequate iron for hemoglobin synthesis. The etiology of iron
deficiency anemia includes low iron intake (e.g., vegetarian, etc.), low iron absorption, blood
loss, increased physiologic demand of iron (e.g., growth, pregnancy, etc.), disease (e.g., in-
flammation, infection, malaria, Crohn’s diseases, etc.), surgery (e.g., gastreclomy, etc.) and
special medicine and therapy (e.g., Hy receptor blockers, erythropoietin therapy, etc.).'™?

IDA develops slowly. Usually, the gradual depletion of the iron in human body goes

through 5 phases: normal, early negative iron balance (decreased iron store), iron depletion

(severe decreased iron store), iron deficient erythropoiesis (decreased circulating iron and



erythron iron), and IDA (severe decreased circulating iron and erythron iron). Pre-IDA and
early IDA may be present without any signs or symptoms, so they are often unrecognized. If
signs and symptoms are present, patients may have pallor, fatigability, shortness of breath,
dizziness, light-headedness, poor appetite, cold sensitivity, increased thirst, and decreased
ability to concentrate. In severe cases, tachycardia, faintness, palpitations, tachypnea, glos-
sitis, angular cheilitis, koilonychia (spoon-shaped and brittle nails), dysphagia (Plummer-
Vinson syndrome), periorbital hyperpigmentation, and pica (pagophagia) can occur.'™?
The diagnosis of pre-IDA and IDA can be confirmed by blood tests. The major patho-
genetic sign is the impaired hemoglobin (Hb) synthesis. The WHO criteria of Hb for IDA
are as follows: hemoglobin<110 g/L (6 months old-4 years old), <115 g/L (5-11 years old),
<120 g/L (males ages 12-14 years old, females over 12 years old), and <135 g/L (males over
15 years old). Other important criteria for iron status evaluation are serum iron (unbound
iron) <10 pmol/L, serum ferritin (iron storage) <25 ug/L, hematocrit (volume percentage of
RBC)< 37% (women) and <40% (men), transferrin saturation (cellular iron bind to trans-
port protein) <16%, mean corpuscular volume (the size of RBCs)<80 fl, mean corpuscular
hemoglobin (hemoglobin/RBC) <27 pg, and total iron binding capacity (ability to bind more
iron)>70 pmol/L. When serum ferritin and transferrin saturation fall, the supply of iron in
the bone marrow is unable to meet the requirement of hemoglobin production. Abnormal
iron metabolism occurs along with increased total iron binding capacity and decreased hep-
cidin. The number of reticulocytes is low. The concentrations of Hb and hematocrit drop.
Erythropoiesis is suppressed and immature erythroid cells are generated. The RBCs are

microcytic and hypochromic. ™!

1.2 Epidemiology of anemia and iron deficiency anemia

In 2011, the World Health Organization (WHO) reported that 43% (273 million) children
aged 6-59 months old, 38% (32 million) pregnant women and 29% (496 million) non-pregnant

women had anemia worldwide. The global prevalence of severe anemia was 0.9-1.5% (9-19

million). Meanwhile, in Arica, 62% (85 million) children aged 6-59 months old, 46% (9



million) pregnant women and 38% (70 million) non-pregnant women had anemia. The
prevalence of severe anemia was 1.5-3.6% (0.3-4.9 million). In America, 22% (17 million)
children aged 6-59 months old, 25% (2.4 million) pregnant women and 17% (38 million)
non-pregnant women had anemia. The prevalence of severe anemia was 0.2-0.5% (0.18-
1.3 million). In Asia, 54% (97 million) children aged 6-59 months old, 49% (12 million)
pregnant women and 42% (191 million) non-pregnant women had anemia. The prevalence
of severe anemia was 1.1-1.9% (0.3-8.6 million). In Europe, 23% (48 million) children aged
6-59 months old, 26% (1.8 million) pregnant women and 29% (496 million) non-pregnant
women had anemia. The prevalence of severe anemia was 0.3-0.6% (0.2-1.3 million).

Children and women of childbearing age are particularly susceptible to IDA. Park et al.
reported the national IDA prevalence of all age groups in Korea using Korean National Health
and Nutrition Examination Survey (NHANES) and Korean National Health Information
Database from 2002 to 2013. Approximate 1 million Korean were involved every year.
The overall IDA prevalence was 3.81-4.73%. The IDA prevalence (10-18.2%) was highest
in women aged 30-49 years old. The total expenditures of IDA treatment were $210,203 in
2002 and $596,256 in 2013.' In 2016, 12,403 Chinese pregnant women were investigated, and
19.8% pregnant women were diagnosed with anemia. 70% of these anemia pregnant women
suffered from IDA. In a systematic review on IDA prevalence in Nigeria (2013-2018), 32-
45% pregnant women had IDA.'® Habid et al. analyzed the 2018 data of Pakistani National
Nutrition Survey and identified the IDA prevalences were 28.9% in children under 5 years
old (n=17,814) and 18.4% in women aged 15-49 years old (n=22,114).'® In most recent
studies, Weyand et al. also evaluated the IDA prevalence among 12-21 years old females
using the 2003-2020 data of USA NHANES database. 3,490 individuals were included. The
IDA prevalence was 6.3% using a cutoff value of 120 mg/L hemoglobin, and was 27.1% using
a cutoff value of 25 ug/L ferritin.!”



1.3 Nutritional iron deficiency anemia and food forti-

fication

Anemia can also be classified into nutritional anemia and non-nutritional anemia based on
whether it is associated with nutritional deficiencies or disorders. Nutritional IDA means
that anemia caused by physiological iron requirements cannot be met from food.!® Taking
supplementation is a good way to combat nutritional IDA. Oral iron supplementations are
usually available over-the-counter. However, they have some gastrointestinal side effects in-
cluding nausea, diarrhea, flatulence, constipation, and epigastric pain. Additionally, many
patients feel uncomfortable with metallic taste, staining of the teeth, and the color of stool
getting darker. Therefore, the tolerability of oral iron supplementations is often questioned,
especially for children and pregnant women.!® Food fortifications can alleviate these gas-
trointestinal side effects and discomfort.

Iron food fortification is defined as the practice of mixing iron with food. It is a safe,
proven, and cost-effective diet strategy for the management of iron deficiency. In the 1920s,
salt was firstly iodized in North American and European countries.?’ In the 1940s, bread
started to be fortified with iron in USA and Britain.?! Nowadays, iron fortification has
been widely applied in cereal products, infant complementary food, formula, milk, drink,
and condiments. While iron is one of the most difficult micronutrients to be fortified with
food due to their interaction. The bioavailability of iron is reduced by the inhibitors (e.g.,
polyphenols, tannins, phytic acid, etc.) of iron absorption in food matrixes. Besides, the

unacceptable change in sensory property is another challenge.

1.4 Food processing and extrusion

Many food processing methods such as coating, spraying, sonication, dusting, germination,
parboiling, and extrusion can partially address these issues on iron bioavailability and sensory
property. As one of the most commercial food processing methods, extrusion is an effective

and sustainable food processing strategy to refine starchy material by pressure, temperature,
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and mechanical shear force.?? The initial extruded rice analogue was patented by Gorozpe
in 1959.2% With the development of extrusion technique in several decades, extruded rice
has been widely used as an ideal food vehicle to deliver deficient micronutrients to human
body. The ideal extruded rice fortification can improve the micronutrient retention and
bioavailability, lower the post-processing loss, increase storage stability, and minimize sensory
changes. Rice is the staple food for half of the world’s people. Cooked rice containing
29% carbohydrate, 2% protein and 0.4% fiber can provide 130 calories of energy, while
some antinutritional components pose the challenge to the micronutrient bioavailability.?*
Phytic acid and tannic acid can bind to the iron ions to form insoluble iron complexes,
thus preventing iron absorption in the gastrointestinal tract. 200-300 mg of phytic acid
and 3,000 mg of tannic acid were detected in 100 g of rice-base meal.?® Extrusion can
deactivate these antinutritional components by kneading and melting. In Albarracin’s study,
the concentration of phytic acid concentration could be reduced from 740.1 mg/100g raw
rice to 163.5 mg/100g extruded rice, and iron bioavailability could be increased from 11.2%
in raw rice to 14.5% in extruded rice.?® Moreover, extrusion can ameliorate the sensory
characteristics of iron fortifications. The results of multiple sensory observations indicated no
significant difference between FePP-fortified extruded rice and unfortified natural rice.?” 2
It implied that their appearances were similar and the organoleptic properties of extruded

rice fortified with FePP were acceptable.

1.5 Enhancers of iron absorption

Iron absorption can be defined as the transportation of dietary iron from the gastrointestinal
lumen through the brush border membrane to be absorbed by enterocytes. Adding enhancers
of iron absorption is another good approach to improve iron bioavailability. Foods, dietary
compounds, endogenous components, and additives known as iron enhancers include sugar
(e.g., fructose), meat, seafood, mucin, and organic acids (e.g., ascorbic acid, citric acid, lactic
acid, etc.). In terms of food fortification, organic acids can reduce more insoluble Fe?* to

soluble Fe?* in the gastrointestinal tract. They can also complex iron ions as chelators to



bind nonheme iron (ligands) with carboxyl and hydroxyl groups, thereby desorbing them
from inhibitors in the stomach. Most iron-chelate complexes can remain soluble status due
to the loose binding of iron, these iron ions can be released in the duodenum and absorbed
by enterocyte. Other iron ions are tightly bonded to chelate, and these insoluble iron-chelate
complex can be excreted. 3032

The type of organic acids also plays an important role in the improvement of iron ab-
sorption. In a Mexican clinical trial, the mean of iron absorption was significantly increased
from 6.6% to 22.9% after a *Fe (2.7 mg)-ascorbic acid (25 mg) treatment.*? Gillooly et al.,
conducted a human study in India. They tested the absorption of *Fe/*Fe with multiple
organic acids at a weight ratio of 3:1000, and found that citric acid, tartaric acid, and malic
acid could significantly improve the iron absorption.** In a Caco-2 cell experiment on a va-
riety of organic acids, tartaric acid had the highest iron uptake, which was increased by 43.1
folds than that without tartaric acid. Succinic acid was at the second place (increased by
17.8 folds). Citric acid, malic acid, oxalic acid, fumaric acid, and lactic acid also showed high
iron uptake (increased by 3.2-5.7 folds).?® Porres et al. reported that iron dialyzability could
be increased by 12 folds when citric acid (6.25 mg/g wheat flour) was added to Fe(NOj);
(279 mg Fe/g wheat flour) fortification. If phytase (0.285 PU/g wheat flour) and ascorbic
acid (4.4 mg/ g wheat flour) were added to this Fe-citric acid fortified wheat flour, the iron
dialyzability could be risen by 24 folds.3® Moreover, the dose-response of chelation was found
and might cause a change in iron metabolism. Cook et al. found a linear relationship be-
tween iron absorption and the molar ratio of ascorbic acid (25-1000 mg) and *Fe/*Fe (4.1
mg) in human study. When the molar ratio was less than 7.5, the slope was larger, and vice
versa. 37

Naturally, organic acids in fruits are 4g tartaric acid per kg of grapes, 11g malic acid per
kg of plums, and 29g citric acid per kg of currants, and lower in vegetables ranging from
1 to 8 g per kg of vegetable.?® Boato et al. purchased juice products of apples, prunes,
pears, oranges, white grapes, red grapes, and grapefruits from supermarkets. These juices

were mixed with FeCls additive (34.2 pg/ml juice) or Fe-fortified commercial infant cereal

(540 ng/g cereal). The ferritin response of Caco-2 cells implied that the organic acids in



the juices of pears, apples, oranges, and white grapes could significantly improve the iron
bioavailability of both FeCls samples and infant cereal samples.’ Hallberg et al. added 50
mg of ascorbic acid or 125 g of boiled cauliflower containing 65 mg of ascorbic acid to the
5Fe/%Fe fortified basal meal for 20 females. The iron absorption was significantly increased
from 0.05 mg to 0.12 mg and from 0.18 mg to 0.58 mg, respectively.*’ These results suggested
that consuming fruits or vegetables rich in organic acids was a healthy manner to enhance

the nonheme iron absorption in human body.

1.6 Preclinical and clinical studies on iron bioavailabil-
ity

In terms of iron bioavailability, it usually refers to the proportion of dietary iron used by hu-
man body. Its prerequisite is absorption. Although many large-scale intervention projects on
iron fortification have been implemented in the world, nutritional iron deficiency anemia still
remains one of the most serious public health issues due to the unsatisfactory iron bioavail-
ability. Thus, increasing number of preclinical and clinical studies are being conducted.
Static digestion methods and cell-culture models are commonly employed in in vitro stud-
ies. Take INFOGEST digestion method and dual-chamber Caco-2 cell model as paradigms.
Since 2014, an international academic association name INFOGEST refined and validated
a static digestion method, which could mimic the oral and gastrointestinal digestion con-
dition with the adjustments of pH value, transit time, enzyme activity, mechanical force,
temperature, electrolyte composition, bile concentration, etc. It has been used to assess
the digestibility and bioavailability of macronutrients and micronutrients in foods. Muleya
et al., assessed the Fe®” bioavailability in cereals and legumes with modified INFOGEST
method, in which pancreatin and bile concentrations were reduced. They thought that the
iron bioavailability was food matrix-dependent.*! Rebellato’s team and Castro’ team used
INFOGEST method to measure the solubility of endogenous iron in meats and cruciferous

vegetables, respectively. The results were 4.3 to 14 mg soluble iron per kg of meats and



6.3-16.7 mg soluble iron per kg of vegetables. %43

Caco-2 cell model is a high-throughput in vitro platform for screening iron fortification
candidates. Caco-2 cells can spontaneously differentiate and polarize to form tight junctions
with apical and basolateral domes. This tight junction is called monolayer, which is very
similar to enterocytes in morphology and function. Caco-2 cell monolayer has brush border
enzymes and transport proteins. It is a catenary structure rather than a “single barrier”.
Digestion methods have usually been incorporated with Caco-2 cell model to evaluate iron
uptake, iron permeability, iron transport mechanism, etc. As an enhancement of the dialysis
tube, the dual-chamber system has been built for the iron bioavailability assessment. A
silicon O ring is used to hold a piece of dialysis membrane covering the bottom of insert
frame without insert membrane. Iron digesta is added to the upper chamber so that the
low molecular weight iron can gradually and steadily transfer to the Caco-2 cells growing
in the lower chamber.*%* In Puyfoulhoux’s study, the iron bioavailability of spirulina was
measured using digestion/Caco-2 cell model. It had a 6.5-fold ferritin level higher than
meat. Spirulina was suggested as a good iron resource.® Stefos et al. used the INFOGEST
digestion/Caco-2 cell model to assess the iron bioavailability in milk and yogurt acid whey.
There was no significant difference in iron bioavailability between milk and yogurt, while
3-10 kDa yogurt fraction was superior to 0-3 kDa yogurt fraction in iron bioavailability.*”

The use of in vivo small animal models, such as rat, piglet, chicken, rabbit, and mouse,
has enabled scientists to access the new knowledge and applications about iron bioavailabil-
ity. The implementation of clinical trials necessitates the interpretated results of in wvitro
cell experiments and in vivo animal experiments. Animal models are often classified into
the depletion-repletion model and the preventative-prophylactic model. In the depletion-
repletion model, animals are first fed the low iron diet to deplete iron stores and then fed
with the intervention diets during the iron repletion period, which examines the efficacy
of intervention for disease treatment. In the preventative-prophylactic model, animals are
immediately fed with the targeted diets after weaning, which focuses on the disease preven-
tion. 4849 Malika et al. conducted a prophylactic-preventative rat experiment to assess the

iron bioavailability of NaFeEDTA and FeSO4. The results showed that the rats fed with



NaFeEDTA had the higher levels of iron, Hb, and total iron binding capacity.”® In Her-
nandez’s animal study, rats were fed with iron depleted diet for 10 days, and then fed with
ferrous fumarate, ferric citrate, reduced iron or FeSO, fortified diets for 14 days. The ranking
of iron bioavailability was FeSOy,, ferrous fumarate, ferric citrate, and reduced iron.!
Clinical trial is prospective biomedical study on human participants’ response to the
specific interventions such as supplement, food fortification and medical device. In general,
double-blind randomized control clinical trials are carried out in one or multiple research
centers to generate data on efficacy, dosage, duration, and safety for warranted scientific
validity and reproducibility. Tchum et al. conducted a double-blind, cluster-randomized
clinical trial in Ghanaian children aged from 6 to 35 months old. They reported that the
Hb level, serum ferritin concentration, and anemia status could be significantly improved
after a 5-month intervention of ferrous fumarate fortified meals.%? In another double-blind
randomized clinical trial, Zimmermann et al. recruited 330 Thai women aged from 18 to
50 years old. After 35-week treatment of wheat-based food fortified with electrolytic iron,
hydrogen-reduced iron, or FeSOy, the level of serum ferritin was increased, and the number
of individuals with iron deficiency anemia was decreased.® From a methodological view,
stable isotope iron technique is a particular assessment method of iron bioavailability. The
rapid iron absorption is the main advantage. The duration of daily iron diet is usually
4-6 months, while the duration of isotope iron treatment is only 14 days. Over the past
few decades, this technique has been used to study the iron absorption in a wide range of
population groups and settings as a predictor or screening tool. Henare et al. conducted a
randomized cross-over trial in 22 Zelanian young healthy women to evaluate the efficacy of
iron—casein complex. They found that the iron bioavailability of iron—casein compound and
FeSO4 was equivalent after the isotope iron treatment. Iron—casein complex was considered

as a promising fortificant.®*



Chapter 2

Preclinical Perspectives of Common
Iron Fortificants on Iron
Bioavailability: A Systematic Review

and Pairwise Meta-analysis

Abstract

Background: Systematic review with meta-analysis is an evidence-based approach that
addresses specific research questions by evaluating all relevant and available literatures. In
recent decades, preclinical studies on improving iron bioavailability to combat iron deficiency
anemia have increased sharply, while no preclinical systemic reviews with pairwise meta-
analysis on iron bioavailability have been published yet. Thus, this review is the first study
in this field. It is pivotal to have a better knowledge of existing preclinical studies on iron
bioavailability to guide our upcoming preclinical research.

Objective: To review and summarize the evidence regarding the effect of common iron
fortifications in in wvitro and in vivo animal studies and the relevant mechanisms on the
regulations of iron absorption.

Methods: Final included articles were collected after initial articles were scanned and
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sorted. The data was extracted for pairwise meta-analysis and relevant mechanisms were
reviewed.

Main Results: 42 studies were included in this systemic review. The data from 17
rat experiments including 52 comparisons was analyzed with pairwise meta-analysis. The
results of meta-analysis showed that the overall Hb effect of NaFeEDTA was superior to
that of FeSO,4. Ferrous fumarate was equivalent to FeSO,. FePP and FePO, were inferior
to FeSO,.

Conclusions: The meta-analysis results suggested that NaFeEDTA and ferrous fu-
marate could improve iron-deficient status. Iron absorption might be bidirectionally reg-
ulated by the iron regulatory protein (IRP)-iron responsive element (IRE) system and
Hepcidin-Ferroportin interaction. However, the evidence level of meta-analysis results should
be prudently applied as conditional recommendations due to the moderate and high hetero-
geneities, unsolvable biases, limited information, and insufficient data.

Keywords: Iron bioavailability, Iron fortification, Preclinical study, Meta-analysis, Iron

regulation, IRE-IRP system, Hepcidin-ferroportin interaction

2.1 Background

2.1.1 Description of the condition

Anemia is recognized by the WHO as a major global concern of public health and a
common comorbidity of many chronic diseases. Approximately 1.2 billion population world-
wide is suffering from iron deficiency anemia, particularly among growing children, pregnant

5757 Food fortification is one of the most cost-effective ways to

women, and the elderly.
combat this disease. Iron deficiency in most people can be prevented and treated by iron
fortification of staple food such as rice, wheat, corn, and maize, or drinks such as water,
milk, and beverages, or condiments such as curry powder, soy sauce and salt. Especially, for
infants and children, formulas and complementary foods can be fortified with iron. However,

it is challenging to achieve high iron bioavailability and good organoleptic properties.

2.1.2 Description of the intervention
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In theory, the more solubilized iron, the more iron can be absorbed and utilized.®® The
most common iron additives can be divided into three divisions in accordance with their
water solubility and diluted-acid solubility: (1) Water-soluble iron compounds such as fer-
rous sulfate (FeSO,) and sodium iron ethylene diamine tetraacetic acid (NaFeEDTA, Figure
1b); (2) Water-insoluble but diluted-acid-soluble iron compounds such as ferrous fumarate
(FeC4H50); (3) Water-insoluble and diluted-acid-insoluble iron compounds such as ferric
orthophosphate (FePO,) and ferric pyrophosphate (FePP) (Figure 2.1).%9% FeSOy is often
used as an optimal positive control or a gold standard, since FeSO4 can be dissolved in wa-
ter to supply relatively high levels of bioavailable iron, but it has substandard organoleptic
qualities by interacting with food.®* NaFeEDTA is a chelate. It has a special structure,
an octahedral complex with ferric iron in the center. It is formed when EDTA chelates
ferric iron through six coordinate covalent bonds. It has high iron bioavailability without
undesirable colors or flavors, but it is expensive. Ferrous fumarate is moderately soluble in
hydrolysis, while the sensorial characteristics are also altered during catalyzes oxidations. As
for FePO4 and FePP, although they do not affect the sensorial properties of the food matrix,
they have a low solubility and bioavailability.?® % The ideal products of iron fortifications
should possess high iron bioavailability without altering the sensorial properties.

2.1.3 How the intervention might work

The intervention of iron fortificant refers to the addition of iron to food matrix. It aims
to improve the nutritional iron status of people with iron deficiency or at the risk of iron
deficiency by increasing the bioavailability of dietary iron intake. The efficacy of iron for-
tification in human body depend on multiple influencing factors such as iron varieties, iron
concentrations, food matrixes, enhancers (e.g., citric acid, ascorbic acid, etc.), inhibitors
(e.g., polyphenols, tannins, phytic acid, etc.), food processing approaches (e.g., precooking,
extrusion, etc.), sensory properties, and physiological and pathological conditions.® Thus,
there are diverse strategies to fortify food products to achieve high iron bioavailability. Se-
lecting several cost-effective strategies based on existing studies as trade-off interventions
among the above-mentioned influencing factors can address this subtitle question. In our

systematic review, in vitro and in vivo animal studies were centered. Experimental partic-
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ipants (P) were animals and cells. Interventions (I) were 4 common iron fortificants, FePP,
FePOy,, ferrous fumarate, and NaFeEDTA. Comparisons (C) were positive controls (e.g.
FeSO4) or blank control. The primary outcomes (O) were hemoglobin and ferritin. This
systematic review can assist scientists and health professionals to develop the nutritional
interventions of common iron fortificants for the iron deficiency prevention and treatment.

2.1.4 Overview of iron metabolism

Iron comes in two natural forms of iron, heme (animal-based food) iron and nonheme
(plant-based food) iron. Hemoglobin in animal-based food can be hydrolyzed by protease in
gastrointestinal tract to heme iron and globin. Heme iron is a ring structure, which contain
iron binding to the protoporphyrin. It is soluble and readily absorbed. Heme iron can be
transported by heme responsive gene-1 protein (HRG-1P) and heme carrier protein (HCP1)
across the brush border membrane. In the enterocyte, heme iron can be further hydrolyzed
to ferrous iron and protoporphyrin by heme oxygenase.%" "

The common iron fortifications provide nonheme iron. Nonheme iron binding the com-
ponents of food enter in gastrointestinal tract and then it is hydrolyzed by gastric acids,
proteases, and other enzymes to free insoluble ferric iron and soluble ferrous iron. Some
ferric iron can be reduced to ferrous iron by the catalyzation of reductases, mainly duodenal
cytochrome b (DCYTB). Some ferric iron can generate ferric hydroxide and others remain
ferric form. Subsequently, divalent metal transporter 1 (DMT1) can carry ferrous iron across
the brush border membrane into the enterocyte through endocytosis.®" "2

In addition, there is a cellular iron recycling pathway. The diferric-transferrin (Tf) com-
plexes bind to the transferrin receptors (TfRs) on the cell membranes (e.g., intestinal or
liver cells). The diferric-Tf-TfR complex is internalized by endocytosis, forming an endo-
some (vesicle). Protons are pumped into the endosome to reduce the pH value. In an acidic
environment, the diferric-T{-TfR complexs release ferric iron, which is reduced to ferrous
iron by six-transmembrane epithelial antigen of the prostate 3 (STEAP 3). Similarly, fer-
rous iron can be carried by DTM1 to cross the endosomal membrane into enterocyte. The
67-72

apotransferrin returns to the blood and the TfR returns to the cell membrane.

Cytosolic ferrous iron binds to poly (rC)-binding protein 2 (PCBP2) and other substances
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to play three main roles, the functional use in enterocyte, short-term storage as ferritin, and
transportation into blood. Ferroportin transports ferrous iron with its oxidation to ferric iron
by ferroxidases (hephaestin or ceruloplasmin) across the basolateral membrane so that ferric
iron attaches to apotransferrin to form monoferric or diferric transferrin complex, which then
can be transported in the blood for further tissue use or cellular iron recycle (Figure 2.2).67 72

2.1.5 Why it is important to do this review

Since some persistent doubts and barriers remain as how the iron fortifications have suf-
ficient bioavailable forms without adverse sensory changes of food vehicle, many in wvitro
and n vwo animal studies have been conducted in recent decades to upgrade the products
of iron fortification and verify some of the underlying regulatory mechanisms. In general,
iron absorption is regulated by the conditions of cellular iron and body iron. Currently,
IRP-IRE interactions in the cellular iron regulatory system and hepcidin-ferroportin com-
plexes in the body iron regulatory system are two promising targets for the treatment of
refractory iron disorders.®” Exploring their molecular mechanisms with cell models and an-
imal models can promote the development of iron treatments. In addition, there are no
published preclinical systematic reviews with pairwise meta-analysis on iron bioavailability.
Thus, this review is the first study in this field. This preclinical systematic review on both
in wvitro cell-culture studies and n vivo animal studies has been registered on the INPLASY
(INPLASY?202440031). The INPLASY has fewer restrictions than other systematic review
registration platforms such as PROSPERO, which limits the preclinical systematic review

in animal field only.

2.2 Objectives

The research and PICO questions posted in this systemic review were as follows: (1) In an-
imal model, does iron fortification compared with control prevent or improve iron-deficient
status and /or anemia status? (2) In cell model, does iron fortification compared with control
improve the cellular iron absorption? (3) What are the relevant mechanisms on the regu-

lations of iron absorption and how do they work? In this review, we identified, evaluated,
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and summarized the findings of all relevant preclinical studies on common iron fortifications
(FePP, FeSQy, ferrous fumarate, and NaFeEDTA) and the understandings of two targeted
iron regulatory mechanisms to provide evidence-based suggestions for further clinical trials.

The process was schematically shown in Figure 2.3.

2.3 Methods

2.3.1 Criteria for considering studies (inclusion and exclusion criteria)

They must be preclinical studies involving in vitro studies or in vivo animal studies. The
studies must be the primary research. Iron treatments must be given in the food matrix. At
least one targeted iron fortificant with identified iron type and quantity was used. At least one
desired outcome was reported. The manuscript must be peer-reviewed and in English. The
clinical trials, observational studies, case reports, reviews, protocols, and secondary research
were excluded. Theses, dissertations, book sections, meeting abstracts and proceedings were
not included in this systemic review.

2.3.2 Types of outcomes

In animal experiments, Hb was the primary outcome in the assessment of iron deficient
anemia status. In cell-culture experiments, ferritin was the primary outcome in the assess-
ment cellular iron storage status. Secondary outcomes included but were not limited to
plasma/serum iron, hematocrit, transferrin saturation, total iron binding capacity, iron sol-
ubility, hepatic iron, and bone marrow iron, which were the indicators in the assessment of
early negative iron storage status and iron depletion status.”

2.3.3 Search strategy

We carried out the search strategy in 4 scientific databases (Pubmed, Web of Sciences
Core Collection, Scopus, and EBSCO Agricola) on July 29, 2023. Snowball and citation
search were used to extend the search strategy for additional articles using other academic
search engines (e.g., Kansas state university libraries, Google Scholar, etc.).™ In this search
strategy, a special syntax was employed. The words in the quotation marks could not be

separated. The asterisk indicated word variations. The search strategy followed the user
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guides of the databases and was classified into 5 categories. Each category contained a series
of search items.

(1) Category #1 contained 5 search items: “ferric pyrophosphate”, ”ferric orthophos-
phate”, NaFeEDTA, "ferrous sulfate” and ”ferrous fumarate”, to ensure that the testing
diet must be fortified with one targeted iron additive. (2) Category #2 contained 18 search
items, which enabled iron status must be investigated. They were ”iron status”, "iron defi-
ciency”, "iron deficient”, ”iron depleted”, "iron depletion”, "iron stores”, anaemia, anemia,
anemic, anaemic, microcyt®, hypochrom™®, ”iron state”, ”iron balance”, prophylactic, pre-
ventative, repleted, and repletion. (3) Category #3 including 13 search items: hemoglobin,
haemoglobin, hematocrit, haematocrit, ferritin, “total iron binding capacity”, ”transferrin
saturation”, ”serum iron”, ” plasma iron”, solub*, ”hepatic iron”, ”bone marrow iron” showed
that at least one desired outcome was reported. (4) 5 search items, forti*, enrich*, food, diet,
"micronutrient powder” in Category #4 indicated that iron additives must be presented in
food. (5) Category #5 had only one search item (trial) to ensure that the included study
must not be a clinical trial.

All relevant literatures were identified in “all fields or topic” using advanced search builder
and Boolean operators (AND, OR, and NOT). All search items under one category were
typed into one query search box with “OR” to get a query search result. All of query
searches were combined with “AND” and “NOT” (#1 query AND #2 query AND #3 query
AND #4 query NOT #5 query) into the final search box to obtain the initial articles. The
filters were applied to specify publication types in peer-reviewed article and language in
English.

2.3.4 Data managements, data extractions and quality assessments

Initial articles from 4 databases were imported into an online data manager, Zotero. After
automatic duplicate/triplicate/quadruplicate merging, title- and abstract-reviewed articles
were manually scanned. The remaining articles were thoroughly reviewed and further sorted
to obtain the final included articles. The data and characteristics of included studies were
extracted using Excel: author, year of publication, iron type, iron concentration, enhancer,

animal type (species, gender) or cell line (strain), intervention duration, sample size, model
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type (prophylactic—preventive method or depletion-repletion method), and outcome.

The quality assessments of the included studies were performed according to the modi-
fied checklist provided by previous researchers, Collaborative Approach to Meta-analysis and
Review of Animal Data from Experimental Studies (CAMARADES) checklist, Systematic
Review Center for Laboratory Animal Experimentation (SYRCLE), and the “Risk of bias”
tools in the Cochrane Handbook adapted for in wvitro studies and in vivo animal studies.
The quality assessments were evaluated with three grades (high risk, unclear, and low risk)
and further expressed with the total number of grade items.” ™ The checklist comprised
of 9 items: (1) Were there clear research purposes? (2) Was there relevant background in-
formation? (3) Were randomized allocation methods employed? (4) Were the investigators
blinded? (5) Were dosage-response relationships investigated or the accepted fortification
levels (e.g., licensed dosages) explained? (6) Did researchers explain the attritions (incom-
plete outcomes) and negative results? (7) Was the data clearly related to methodological
design? (8) Did the conclusions and discussions match up with the findings? (9) Did the
findings contribute to the current theories or future research/practices? >

2.3.5 Statistical analyses

Group-level data for pairwise meta-analysis was performed in ReviewManager (version
5.4, Cochrane’s bespoke software) and STATA (version 18.0, USA) with the significance at
p-value<0.05. In meta-analysis, the weighted mean difference (MD) and 95% confidence
intervals (Cls) were used to assess the overall effect of the continuous outcome. Stan-
dard deviation (SD) could be calculated using the following formula: SD = SEM*sqrt (n),
where n was the number of animals, if only the standard error of the mean (SEM) was re-
ported.™ Heterogeneity among studies was calculated with the I-squared, Chi-squared, and
Tau-squared tests. The rough guides of I? are as follows: 0-40% I? suggested unimportant
heterogeneity; 30-60% I? suggested moderate heterogeneity; 50-90% 12 might delineated sub-
stantial heterogeneity; 75-100% 12 delineated considerable heterogeneity. If the study had a
high heterogeneity, a random-effect model would be used for pooling data. Otherwise, the
random-effect model would be replaced by a fixed-effect model. In accordance with charac-

teristics factors, sensitivity analysis, meta-regression, and subgroup analysis were conducted
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to detect the source of high heterogeneity. Publication bias was assessed using the Egger’s
test and displayed in the funnel plot. A symmetrical funnel plot suggested the less possi-
bility of publication bias, and vice versa. %88 The t test was used to compare the means
between two groups. The certainty of evidence was assessed using the Grading of Recommen-
dations Assessment, Development and Evaluation (GRADE) and GRADEProGDT online

tool (https://www.gradepro.org/). 08086

2.4 Results

2.4.1 Description of search results

Our search yielded 1050 initial articles. 3 additional articles were added. After merging
394 iterations and screening 659 titles or abstracts, 541 articles were excluded. The full texts
of 118 remaining articles were reviewed. 76 studies were further excluded. The number of
final included articles was 42. The included studies were listed in Appendix A (page 191).
The sorting and screening process was shown in Figure 2.4. The final included studies con-
sisted of 34 animal studies and 8 cell-culture studies. In included studies, 17 rat experiments
including 52 comparisons and 859 rats could be analyzed with pairwise meta-analysis. The
rest of animal studies could not be involved in the meta-analysis due to the lack of outcome
data at baseline or endline, different animal species, or the fact of not using FeSO, as a
positive control. All included studies could contribute to the summary of data and charac-
teristics. Although the excluded studies did not contribute to current secondary analysis,
they could still be used to provide useful information and serve as examples in discussion
section for better understanding. There were no sufficient experiments of other species for
pairwise meta-analysis.

2.4.2 Characteristics and quality assessments of included studies

The characteristics of 42 studies with 121 comparisons were summarized in Table 2.1-2.6.
Among these 42 studies, the food matrix of 30 studies was grain-based diets (71.4%), and
others (n=12, 28.6%) were cheese, fruit juice, yogurt, milk, curry powder and cocoa powder.

The predominant particle size of iron fortificants was regular size (20-30 pm, n=33, 78.6%).
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7 micronized (0.3-3 um, 16.7%) and 2 nano-particle (1-100nm, 4.8%) iron fortifications were
investigated. The majority of animal studies (n=34) was performed on rats (n=32, 94.1%), in
which the predominant species was male weaning Sprague-Dawley (SD) rats (n=12, 35.3%).
24 studies (70.1%) employed depletion (5-39 days)-repletion (10-90 days) models, and 11
studies (32.4%) employed prophylactic-preventative (21-60 days) models. One study con-
ducted both depletion-repletion model and prophylactic-preventative model. Iron concentra-
tion (iron fortification level) of animal (n=34) and Caco-2 cell (n=8) studies ranged 10-250
mg Fe/kg food and 50 pmol Fe/L liquid-25 mg Fe/kg food, respectively.

The outcome effects of iron fortifications were summarized in Table 2.7-2.12. In cell-
culture models, the percentages of non-inferiority effects between FePP and FeSOy, ferrous
fumarate and FeSO,, NaFeEDTA and FeSO, were 55.6%, 85.7%, 80%, respectively. In
animal models, the percentages of non-inferiority effects between FePO, and FeSO,, FePP
and FeSOy, ferrous fumarate and FeSO,4, NaFeEDTA and FeSO, were 59.5%, 69.2%, 85.7%,
92.3%, respectively. In all studies, the percentages of non-inferiority effects between FePOy,
and FeSO,, FePP and FeSOy, ferrous fumarate and FeSO,, NaFeEDTA and FeSO, were
59.5%, 65.7%, 85.7%, 88.9%, respectively (Table 2.13).

As shown in the table of quality assessments (Table 2.14), 20 studies did not report
randomization. No studies reported blinding method. 15 studies did not investigate the
dosage-response effects or explain the fortification levels. 5 studies did not and 4 studies
might not interpret the attritions or the negative results. All studies presented clear research
purposes, relevant background, methodological design, as well as good matching between
conclusions, discussions, findings, current theories, and future practices.

2.4.3 Pairwise meta-analysis results

2.4.3.1 NaFeEDTA fortification versus FeSQO, fortification

5 studies including 9 comparisons and 108 rats assessed final Hb value (g/L). Compared
with rats receiving FeSO, fortification, rats receiving NaFeEDTA fortification had higher
Hb levels (MD=9.23; 95%CI=0.41 to 18.06; p-value=0.04) (Figure 2.5) with moderate het-
erogeneity (I?’=55%) (Figure 2.5). The pooled MD and CI were not significantly changed

after individual studies were successively swept in sensitivity analysis (Figure 2.6). No sig-
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nificant publication bias was investigated by the Egger’ test and the symmetrical funnel plot
(Figure 2.7).

2.4.3.2 Ferrous fumarate fortification versus FeSO, fortification

3 studies including 4 comparisons and 56 rats assessed final Hb value (g/L). Compared
with rats treated by FeSO, fortification, no significant difference in the overall effect was
found among rats treated by ferrous fumarate fortification (MD=-0.25; 95%CI=-9.41 to 8.91;
p-value=0.96) (Figure 2.8). A high heterogeneity was found (I*=78%) (Figure 2.8). The
pooled MD and CI were not significantly changed after individual studies were successively
swept in sensitivity analysis (Figure 2.9). No significant publication bias was investigated
by the Egger’ test and the symmetrical funnel plot (Figure 2.10).

2.4.3.3 FePP fortification versus FeSO, fortification

5 studies including 16 comparisons and 248 rats assessed Hb gain (g/dL). Compared
with rats consuming FeSO, fortification, rats consuming FePP fortification had lower Hb
gain (MD=-0.92; 95%CI =-1.31 to -0.54; p-value<0.001) with a high heterogeneity (1>=96%)
(Figure 2.11). The pooled MD and CI were not significantly changed after individual studies
were successively swept in sensitivity analysis (Figure 2.12). Three characteristic factors,
particle size (regular or micronized), iron concentration (10-29 or 30-49 mg Fe/kg food),
and intervention model (depletion-repletion model or prophylactic-preventative model) were
analyzed with meta-regression. No influencing covariate of high heterogeneity source were
found. There is no significant difference in the subtotal Hb effect between micronize FePP
and FeSOy, high iron concentration of FePP (30-49 mg Fe/kg food) and FeSO,, and FePP and
FeSO, in prophylactic-preventative model. The rest of subgroup analysis results showed that
the subtotal Hb effects of FePP were significantly lower than those of FeSO4. All subgroups
had high heterogeneities (Figure 2.13, Figure 2.14, Figure 2.15). No significant publication
bias was investigated by the Egger’ test and the symmetrical funnel plot (Figure 2.16).

2.4.3.4 FePO, fortification versus FeSO, fortification

6 studies including 23 comparisons and 447 rats assessed Hb gain (g/dL). Compared
with rats receiving FeSO, fortification, rats receiving FePO, fortification had lower Hb gain

(MD=-1.85; 95% CI =-2.61 to -1.1; p-value<0.001) with a high heterogeneity (I*’=98%) (Fig-
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ure 2.17). The pooled MD and CI were not significantly changed after individual studies were
successively swept in sensitivity analysis (Figure 2.18). Three characteristic factors, particle
size (regular or nano-particle), iron concentration (10-19, 20-29 or 30-39 mg Fe/kg food),
and intervention model (depletion-repletion model or prophylactic-preventative model) were
analyzed with meta-regression. Intervention model was an important covariate, while parti-
cle size and iron concentration were not important covariate. All subgroup analyses showed
that the subtotal Hb effects of FePO, were lower than those of FeSO,, while having high
heterogeneities (Figure 2.19, Figure 2.20, Figure 2.21). The significant publication bias was
investigated by the Egger’ test and the asymmetrical funnel plot (Figure 2.22).

2.4.4 Certainty of evidence

The certainties of the NaFeEDTA, ferrous fumarate, and FePP meta-analysis evidence
on Hb were evaluated as moderate level by the GRADE tool due to moderate or high
heterogeneity. However, the certainty of FePP meta-analysis evidence on Hb was downgraded

to low level due to high heterogeneity and significant publication bias (Table 2.15).

2.5 Discussion

2.5.1 Characteristics and quality assessments of included studies

The grain-based diets are usually chosen as the major food matrix of iron fortification.
Their health benefits are partially ascribed to high levels of nature or fortified bio-actives.
Although the high concentrations of inhibitors in grains such as polyphenols and phytic acid
can reduce Fe bioavailability, the inhibitors can be almost degraded by some mature food
processing technologies such as extrusion and precooking. Thus, grain-based food products
with better nutritional profiles are commercially used not only as human staple food, but
also as animal feed.%" 8

Meanwhile, the significant influence on the absorption of iron fortificants has been demon-
strated with the use of small particle size iron fortificants such as micronize-size and nano-
size. It is because they have a larger surface area which can assist the iron fortificants to be

more easily hydrolyzed in gastrointestinal tract. However, the toxicity of small-sized parti-
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cles is a serious concern. For example, nano size can be readily translocated into body tissue,
leading to excessive nonhematological iron uptake, agglomeration, and oxidative stress. 92

In animals, SD rats are used as common animal subjects because of its calm temperament,
low incidence of spontaneous tumors, and easy handling. Two animal models are often
used: depletion-repletion model for disease treatment and preventative-prophylactic model
for disease prevention.**%° In the present systemic review, the depletion-repletion rat model
was chosen by a great number of laboratory technicians, implying that it had more appealing
features for their research. Iron bioavailability studies using normal mouse models are rarely
conducted because they are poor iron absorbers, while genetically modified mouse model is
sometimes used to study iron disorder.?® No large animal or non-human primate models on
targeted iron fortificants were found.

In quality assessment table, blinding method was not used in preclinical studies. Probably
because relatively small teams are often involved, one operator is usually responsible for
intervention allocations, outcome assessments and data analyses. It might be the source
of performance and detection biases. More than one third of the studies did not report
two methods of reducing bias, dose-response relationship investigation or explanation of iron
fortification levels, and randomized design. The former might prevent the proper application
of research findings. The later led to selection biases, which might reduce the reproducibility
and effectiveness of animal experiments. The attritions and the negative results might not
be interpreted in a small number of studies. That was a cause of the publication bias and
the reporting bias. %49 In addition, the sample sizes of some rat studies were too small.
This increased the possibilities of statistical error and decreased the extrapolated value of
results. No large-size studies were found.

2.5.2 Effects of iron fortifications, pairwise meta-analysis results, and Cer-
tainty of evidence

As illustrated in the table of iron fortification effects (Table 2.13), it was noted that
NaFeEDTA had the largest amount of non-inferiority effect, while FePO, had the least
amount. The results of the pairwise meta-analysis were consistent with the above findings.

Although the equivalent effect occupied a dominant position in NaFeEDTA studies, the
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overall effect (cumulative effect) of NaFeEDTA was superior to that of FeSO,. The overall
effect of ferrous fumarate was equivalent to that of FeSO,. In addition, the overall effects of
FePP and FePO, were inferior to that of FeSO,. The indirect evidence of effect between these
iron fortificants could not be estimated by the network meta-analysis due to the limitations
in the number of studies.

Due to its excellent iron absorbability, NaFeEDTA, an iron-EDTA chelate is reviewed
by the Joint WHO Expert Committee on Food Additives for government-recommended iron
fortification strategies. EDTA chelates with ferric iron to form an iron-EDTA complex with
the ferric ion located in the center by coordinate covalent bonds. EDTA can serve as a carrier
to protect iron from the ligands of inhibitors in the stomach, thus allowing iron to be better
released and absorbed in the duodenum.%%%:%7 In a SD rat experiment, the bioavailability
of NaFeEDTA in bread was tested. NaFeEDTA was significantly more effective in Hb than
FeSO,.%

Ferrous fumarate is a ferrous complex. It benefits in the acid surroundings of the stomach
and then can be absorbed in the more alkaline environment of the duodenum. Thus, it has a
good solubility and absorbability. Moreover, it was found that the encapsulation technology
could enhance the iron absorption of ferrous fumarate in gastrointestinal tract.%1% In the
Caco-2 cell experiment conducted by Wortley et al., encapsulated ferrous fumarate in wheat-
cereal vehicle had the higher ferritin response than FeSO,. %!

Although FePP and FePOy, as two types of water-insoluble iron compounds discussed in
this systemic review, did not have good effect in iron absorption, the nano-particle techniques
including wet chemical methods, dry physical methods, and microbiological processes might
improve iron bioavailability. Rohner et al. reported that the specific surface area of the
regular size FePOy, larger nano size FePO, (30.5 nm), and small nano size FePO, (10.7
nm) were 32.6, 68.6, 194.7 m?/g, respectively. Their solubilities were 73%, 79%, and 85%
of FeSQy,, respectively. The relative bioavailability value in rats were 61%, 70%, and 96% of
FeSQy, respectively. No toxicity was found in rats. 92

However, as shown in the pairwise meta-analysis plots, high heterogeneities dominated

in the inter-study variations. Similarly, in a clinical systemic review by Sabitova et al., all I?
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of their meta-analysis exceeded 95%.'% High heterogeneity is therefore a common method-
ological limitation that posed interpretive challenges. Sensitivity analysis can determine
whether the overall effect of included comparisons is robust based on the characteristics
of studies, when the decisions are made to include them.™ In this review, no comparisons
showed that their inclusion and exclusion would significantly influence the overall effect.
FeSO, meta-regression revealed that the intervention model was an influencing covariate for
heterogeneity. However, even if the only one comparison using preventative-prophylactic
model was separated from the rest of 23 comparisons using depletion-repletion model in
further subgroup analysis, the heterogeneity and subtotal Hb effect of 23 depletion-repletion
comparisons were not significantly changed. Thus, there was a weak association between in-
tervention model and heterogeneity derived from this FePO, meta-regression, since too few
preventative-prophylactic comparison was involved in.'%41% Similarly, although FePP sub-
group analyses suggested that FePP was equivalence to FeSO, in 2 prophylactic-preventative
models and lower than FeSO4 in 14 depletion-repletion models, it was also an underpow-
ered correlation due to the small number of prophylactic-preventative comparisons.!'%® In
addition, FePP subgroup analysis also demonstrated that micronize FePP and high FePP
concentration (30-49 mg Fe/kg food) were equivalent to FePOy in subtotal Hb effect. It
implied that they had good iron bioavailability in rat studies.

The significant publication bias found in the results of pairwise meta-analysis indicated
that the studies with positive findings were more likely to be published than the studies with
negative findings. Additionally, the funnel plots had some outliers that were perhaps sources
for the high heterogeneity as well. In our systemic review, the moderate and high hetero-
geneities might be primarily due to study design, including differences in animal strains, food
matrix, particle size, doses of interventions, food processing strategies, randomizations, in-
tervention durations, measurement methods, instruments, statistical covariate adjustments,
etc. Thus, based on the results of GRADE assessments, we had moderate confidence in the
overall effects of NaFeEDTA, ferrous fumarate, and FePP meta-analysis. However, there was
a limited confidence in the overall effect of FePO, meta-analysis. Thus, conditional recom-

mendations on the preclinical and clinical applications could be provided.!°” New preclinical
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studies will be included to update the meta-analysis results on common iron fortifications
every 3-5 years.

2.5.3 Relevant Mechanisms

2.5.3.1 Molecular basis of iron digestion and absorption

The gastrointestinal tract is the main locus of iron homeostatic regulation, which is
accomplished by a plenty of well-unknown and unknown molecular mechanisms in response to
alterations of cellular iron absorption and storage. Micheletto et al. stated that the intestinal
absorption and ferritin expression of Ferro Fosfosoma (composed of FePP, phospholipid and
modified starch) were higher than those of conventional FePP in both the Caco-2 model

108 Perfecto et al. operated

and the human follicle-associated intestinal epithelium model.
a well-designed mRNA-knockdown of DMT1 in Hutu-80 and Caco-2 cells. In both DMT1-
knockdown cell lines treated with digested ferric ammonium citrate and nano-particle FePOy,
the reduced ferritin levels were discovered.!'% Laparra et al. examined the gene expressions
of DMT1, DCYTB, and ferritin levels in a Caco-2/HT-29 co-culture cell model. Cells were
treated with ferric fortificant and ascorbic acid at 50 pmol/L for 24 hours (sufficient iron
uptake). The iron treatment significantly improved the gene expressions of DMT1, DCYTB
and ferritin levels.''® However, in another Caco-2 cell model, cells were treated by ferric
nitrilotriacetic acid at 200 pmol/L for 72 hours (excessive iron uptake), the gene expressions
of DMT1 and TfR were significantly decreased.!!! These observations were consistent with
the fact that the iron regulatory genes and proteins played a crucial role in iron homeostasis.
This regulation can not only ameliorate the decreased efficiency of iron absorption in the
gastrointestinal track, but also protect the enterocyte from iron overload and toxicity.
2.5.3.2 Cellular iron regulation (IRE-IRP system)

Currently, two important themes on the iron regulation have been identified as the
promising small-molecule medicine that may cure refractory iron deficiency anemia. The
first is cellular iron regulation. The main regulator is iron regulatory proteins (IRPs). It
can be divided into two isoforms, IRP 4Fe-S and IRP 3Fe-S. The former can be used for
tricarboxylic acid (TCA) cycle. The later can bind to iron response elements (IREs), which

are multiple stem-loop structures (30 nucleotides) located in specific untranslated mRNA re-
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gions of proteins, including ferritin, transferrin receptors, DCYTB, ferroportin, and DMT1.
IRE-IRP complex can alter the transcriptions of proteins. For example, when the level of
cellular iron is low, ferritin can be increased by IRP 3Fe-S binding to IRE of ferritin gene.
When the cellular iron is overloaded, IRP 3Fe-S binds to IRE of TfR gene, thus, preventing
diferric-transferrin complexes from entering cell (Figure 2.23).57 7

The cellular high-iron conditions can repress the DMT1 transcriptions, while facilitating
the ferroportin transcriptions, which is achieved by IRPs binding to the IRE motifs within
the specific regions of DMT1 and ferritin mRNAs. Some preclinical studies probed into
the correlation between DMT1, ferroportin and IRP-IRE system. For example, in a IRPs-
deficient mice study, mice with low IRP expression had low iron uptake capacity since the
DMT1 expression was down-regulated.? Similarly, the iron perturbations caused by DMT1
and ferroportin expressions were assessed in Caco-2 cells treated with desferrioxamine. Both
DMTT1 and ferroportin mRNA expressions were improved. However, the opposite also worked
after iron treatment.!''® Thus,intracellular iron availability can be regulated by the IRP-IRE
system, affecting the transcriptions of DMT1 and ferroportin, acting as a feed-back loop
between cellular iron conditions and transmembrane iron transportations.

2.5.3.3 Body iron regulation (Hepcidin-Ferroportin interaction)

The second is body iron regulation. The main regulator of iron homeostasis at sys-
temic level is hepcidin, a 25 amino acids peptide hormone produced by the liver in response
to the high content of plasma iron. Hepcidin can restrict the iron delivery by interacting
with ferroportin on the cell membrane, inducing its degradations and internalizations, so
that ferrous iron cannot be transported from cell to blood. Hepcidin synthesis is regulated
through TfR2/MAPK and SMAD/BMP pathways. When the iron is replete in the body,
transferrin-2Fe®* binds to TfR1. The hemochromatosis protein (HFE) released from TfR1
can attach to TfR2. HFE-TfR2 complex can activate the mitogen-activated protein kinase
(MAPK) signaling pathway. Meanwhile, bone morphogenic protein (BMP) 6 secreted from
liver cells binds to hemojuvelin (HJV). The BMP6-HJV complex can trigger the phospho-
rylation of small mothers against decapentaplegic (SMAD) proteins, and activate SMAD
signal pathway. Intracellular MAPK and SMAD signaling cascades enhance hepcidin tran-
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scriptions by interacting with response elements in the promoter region of hepcidin mRNA.
In contrast, within low plasma iron condition, TfR1 remains binding to HFE and prevents
it from attaching to TfR2. In the meantime, less BMPG6 is released from the liver. Then, the
MAPK and SMAD signaling pathways are inactive and hepcidin transcription is inhibited
(Figure 2.23).677

Han conducted a SD rat experiment to investigate the effect of rich iron diet and the
hepcidin mRNA expression. They found that the levels of serum ferritin, transferrin sat-
uration, serum iron, and hepcidin mRNA expression were increased, while the ferroprotin
mRNA expression in duodenum was decreased.''* Yeh et al. also examined the mRNA
expressions of hepcidin and ferroportin in rat model. Rats were treated by Lipopolysaccha-
ride (an iron chelator) or His-tagged recombinant hepcidin. Both treatments induced the
increased hepcidin mRNA expressions and the decreased ferroportin mRNA expressions. !9
In a mice study, upstream stimulation factor 2 knockout reduced the hepcidin expression
and iron overload level,1'® while over-expression of hepcidin mRNA in another mice model
leaded to iron deficiency anemia.!'” Similarly, in normal mouse and rat models, iron over-
load increased hepcidin expression and iron deficiency decreased it. Also, poor dietary iron
intake resulted in decreased hepcidin expression and increased ferroportin expression.''® 129

Taken together, there was a causal relationship between the hepcidin mRNA expressions,

ferroportin mRNA expression and plasma iron level.

2.6 Conclusion

Based on the meta-analysis results, the evidence suggested that the overall effect of NaFeEDTA
was superior that of FeSO4. Ferrous fumarate was equivalent to FeSOy4, and FePP and
FePO, were inferior to FeSO,4. The research questions raised in this systemic review could
be partially answered. In the rat models, NaFeEDTA and ferrous fumarate could ameliorate
iron-deficient anemia. In the cell models, we could put forward a reliable hypothesis that
NaFeEDTA and ferrous fumarate might improve the cellular capacity of iron absorption. Iron

absorption was bidirectionally regulated by the IRP-IRE system and Hepcidin-Ferroportin
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interaction. However, the evidence of meta-analysis results should be prudently applied
as conditional recommendations due to the moderate and high heterogeneities, unsolvable
biases, limited information, and insufficient data. Nevertheless, this preclinical systemic re-
view remains an important cornerstone of the iron fortification research. More high-quality
preclinical studies and clinical trials are needed to elevate the evidence level of the meta-
analysis results, optimize the existing conclusions, examine the safety and efficacy of iron
fortifications, develop the theories pragmatically, explore new areas of the iron bioavailability
mechanisms, and open innovative applications in the prevention, diagnosis, and therapy on

iron disorder.
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» Formulate the systematic review questions.

I Identify the key influencing factors in the nutrition academic fields to determine inclusion and exclusion criteria.

* Design and carry out the search strategy with combinations of keywords, phrases, and limiters in an organized way.

* Scan and sort mitial articles from multiple databases to obtain final included studies.

* Manage and extract data, summarize the characteristics of included studies, and assess the qualities of included studies.

+ Perform the pairwise meta-analysis and the GRADE assessment.

+ Interpret the results of study characteristics, quality assessments, pairwise meta-analysis, and GRADE assessment.

* Explore relevant mechanisms-regulation of iron absorption (cellular iron regulation and body iron regulation)

Step 9

* Draw conclusions and recommendations

Figure 2.3: Flow diagram of steps in the preclinical systematic review process
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Web of Science (n=238) Scopus (n=472) Agricola (n=116) PubMed (n=224)
Initial Articles from Database Searches (n=1050)

Duplicates/triplicates/quadruplicates (n=394)

All combined articles(n=656)

Additional Articles Identified (n=3)

Title- and Abstract-Reviewed Articles (n=659)

Reviews, protocols, observational studies,
not primary research (n=32)
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Non-English language (n=2)
Clinical trial (n=272)
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Full-Reviewed Articles (n=118)

Reviews, protocols, observational studies,
not primary research (n=19)

Not related iron fortification (n=53)
No related outcome (n=4)

Final Articles included (n=42)

Figure 2.4: Flow diagram of scanning and sorting studies
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Figure 2.6: NaFeEDTA versus FeSO, sensitivity analysis plot
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Figure 2.8: Ferrous fumarate versus FeSO, forest plot
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'
Overall (l-squared = 95.6%, p = 0.000} <:> -0.92 (-1.31,-0.54) 100.00
NOTE: Weights are from random effects analysis i
T T

-4.13

(=]

413

Figure 2.13: FePP versus FeSO, subgroup (particle size) forest plot

Study
D WMD (95% Cl) Weight %
Subgroup 1 (10-29 mg Fe/kg food) :
28 —_— : -2.49 (-3.09,-1.89) 704
29 —— -1.79(-2.30,-1.28) 737
30 —— | -3.46 (-4.13,-279) 674
31 | — 027 (-0.78,0.24) 737
32 - -1.06 (-1.20,-092) 8.38
33 + -1.00 (-1.15, -0.85) 8.36
34 = -1.56 (-1.70,-1.42) 8.38
35 . B -0.27 (-0.40, -0.14) 838
36 —%—0—— 063 (-2562,126) 279
37 : — 1.91(0.64, 3.18) 4.40
38 —:—0— -0.20 (-1.84,1.44) 3.35
39 : 0.20(222,182) 254
Subiotal (l-squared = 96.3%) O} -1.11 (-1.54, -0.68) 7509
Subgroup 2 (30-49 mg Fe/kg food) 3
24 Y 0.58 (-1.08, 2.24) 3.28
25 : - 0.32 (-0.14, 0.78) 7.55
26 — 0.19(-0.81,043) 694
27 —— | -1.67 (-2.24,-1.10) 714
Subfotal (I-squared = 90.1%) -<:} -0.32(-1.38,0.74) 249

I
Overall (I-squared = 95.6%, p = 0.000) <> -0.92 (-1.31,-0.54) 100.00
NOTE: Weights are from random effects analysis 3

T T

-413 [} 413

Figure 2.14: FePP versus FeSO, subgroup (iron concentration) forest plot
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Study
ID WMD (95% CI) Weight %

i
Subgroup 1 (depletion-repletion model) :

24 — 058(-108,224) 328
25 ! — 0.32(-0.14,078) 755
26 —— -0.19 (-0.81,0.43) 6.94
27 — .67 (-2.24,-1.10) 7.14
28 —_— . -2.49 (-3.09, -1.80) 7.04
29 — 179(-2.30,-128) 7.37
30 —_— ! 346 (-413,-279) 674
| | — 027 (-078,024) 737
32 - -1.06 (-1.20, 0.92) 8.38
33 - -1.00 (-1.15, 0.85) 8.36
34 - -1.56 (-1.70, -1.42) 8.38
35 - -0.27 (-0.40, -0.14) 8.38
38 — 020(-184,144) 335
39 - 020(222,182) 254
Subtotal (l-squared = 96 0%) <:Ib 107 (146, -067) 9281

Subgroup 2 (prophylactic-preventative model)

36 -0.63 (-2.52,1.26) 279
37 — 1.91 (0.64, 3.18) 4.40
Sublotal (-squared = 79.1%) T 0.74(-174,322) 719
|
- 1
Overall (l-squared = 95 6%, p = 0.000) <> -0.02 (-1.31,-0.54) 100.00
1
NOTE: Weights are from random effects analysis :
T T
-4.13 Q 4.13

Figure 2.15: FePP versus FeSO, subgroup (intervention model) forest plot
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Figure 2.16: FePP versus FeSO, funnel plot
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FePP FeS04 Mean Difference Mean Difference

Study or Subgroup  Mean SD Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% Cl
Cornparison 24 826 162 i TET 13 fi 33%  0A8[1.08 224 1T
Comparison 26 .66 044 B 633 037 B TE%  032[014,078] i
Comparison 26 6.85 064 6 7.04 044 6 B9% -019[081,043) h
Cornparison 27 537 0AR i 7.04 044 i T1% -16T[224,-1.10] =
Cornparison 28 216 076 8 464 04 g T0% -249[-309 1849 -
Comparison 24 285 062 g 464 04 g T4%  -179[230,-1.28] =
Comparizon 30 1.18 0488 g 464 04 8 B7% -246[4.13,-279 -
Cornparison 31 437 0A2 8 464 04 8 74% -027[078 024 b
Comparison 32 041 014 g 147 014 8 B4% -1.06[1.20,-092] -
Comparison 33 047 016 g 147 014 g 04%  -1.00[1.15,-0.85] -
Comparison 34 -0.08 014 g 147 014 8 04%  -1.86[1.70,-1.42] ‘
Cornparizon 35 12 013 g 147 014 8 B4% -027[-0.40,-014] 1
Comparison 36 1734 231 10 236 198 10 28% -063[2521.26 -T
Comparison 37 230 17 10 04115 10 44% 1.91[0.64, 3.18] -
Comparison 38 47 14 g 48 14 8 33%  -020[1.84,1.44] -
Cornparison 39 q 27 g 82 11 8 28%  -020[222187) -
Total (95% CI) 124 124 100.0% -0.92[-1.31,-0.54] |

Heterogeneity, Taw® = 0.46; Chi*= 342.08, df = 15 (F < 0.00001); = 86% !

Il Il
T T U
Testfor averall effect £= 4.69 (F < 0.00001) - Fq-\:r.L-J-g[F:SOtl] DFT\!’DLII'S ;FniPP] B

Figure 2.17: FePO, versus FeSOy forest plot

| Lower CI Limit < Estimate | Upper CI Limit
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Figure 2.18: FePO, versus FeSO, sensitivity analysis plot
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Study

D WMD (95% Cl)  Weight3%
Subgroup 1 (Nano size) i

| -1.03 (-1.56, -0.50) 4.47
2 - 1.16 (-1.66, -0.66) 4.48
3 e -0.76 (-1.31, -0.21) 4.46
4 — -1.78 (-264, 0.92)4.31
5 — 2.31 (-2.99, -1.63) 4.40
6 —:*— -1.57 (-2.36, -0.78) 4.35
21 [ e 0.71(-099,241) 371
22 —.— 031 (-1.77, 1.15) 3.90
23 —— -1.73 (-2.49, -0.97) 4.36
Subtotal (-squared = 66.0%) e 157 (-1.70, -0.84) 38.43

1
Subgroup 2 (Regular size) |
7 [ 060 (-1.38, 0.18) 4.36
g —:"— -1.60 (-2.35, -0.85) 4.37
9 — -2.30 (-3.08, -1.52) 4.36
10 e 130 (-2.11, -0.49) 4.34
11 —.—: -2.50 (-3.25, -1.75)4.37
12 ! — 0.90 (0.12,1.68) 4.36
13 [em—— _0.40 (-1.18, 0.38) 4.36
14 —.":— -2.20 (-3.08, -1.32)4.30
15 | —r -0.40 (-1.15, 0.35) 4.37
16 —L 240 (-3.18, 1.62) 4.36
17 - : -6.90 (-7.34, 6.46) 4.50
18 — ! -7.00 (-7.55, -6.45) 4.46
19 *! 230 (261, -1.99) 453
20 - -2.85 (-3.00, -2.70) 4.56
Subtotal (l-squared = 98.4%) '<> -2.29 (-3.33, -1.25) 61.57

1
Overall (-squared = 97.7%, p = 0.000) <¢> _1.85 (-2.61, -1.10) 100.00
NOTE: Weights are from‘random effects ana‘y$\5 ‘

-7.55 0 7.55

Figure 2.19: FePO, versus FeSO, subgroup (particle size) forest plot

Study
D WMD (85% CI)  Weight%

Subgroup 1 (10-19 mg Fe/kg food)
1 —- -1.03 (156, -0.50) 447
—— -1.16 (-1.66, -0.66) 4.48
—— -0.76 (-131,-021) 446
—— -0.60 (-1.38,0.18) 4.36
—— -1.60 (-2.35, -0.85) 437
9 s -230(-3.08,-1.52) 436
10 L -1.30 (-2.11,-0.49) 4.34
11 —— 250 (-3.25,-1.75) 437

F RN XY

19 - 230 (-261,-1.99) 453
21 | ——— 071(0.99,241) 3.71
Subtotal (-squared = 84.6%) > -1.39(-1.90, -0.88) 43.43
; I

Subgroup 2 (20-29 mg Fe/kg food) ]

4 —— 178 (264, -0.92) 431
5 — -2.31(-2.99,-1.63) 4.40
6 —— 157 (236, -0.78) 435
12 7 —— 0.90(0.12,1.68) 4.36
13 | — -0.40 (-118,038) 436
14 —_— 220 (-3.08,-132) 430
15 Lo -0.40 (-1.15,0.35) 4.37
16 —r 240 (-318,-162) 436
22 I——— -0.31(-1.77,1.15) 3.90
Subtotal (--squared = 87 7%) -t -1.18 (-1.96, -0.40) 3870

1
Subgroup 3 (30-39 mg Fe/kg food) :
: -6.90 (-7.34, -6.46) 4.50
1
1
L

17 -
18 - 7.00 (7.5, -6.45) 4.4
20 . 2.85(3.00, 2.70) 456
23 —— 173(:2.49, -097) 4.36

1 A G ]
Subtotal (I-squared = 98 4%) — A e S R
& 1
Overall (-squared = 97.7%, p = 0.000) <> 185261, -1.10) 100.00

MNOTE: Weights are from random effects analysis i
T

-7.55 0 7.55
Figure 2.20: FePO, versus FeSO, subgroup (iron concentration) forest plot

39



Study
D

Subgroup 1 (depletion-repletion model)

@ o~ o e R =

g
10

"
12
13
14
15
16
17
19
20
21
22
23
Subtotal (lsquared = 97.0%)

Subgroup 2 (prophylactic-preventative model)
——

<

12
Sublotal (-squared = %)

Overall (-sguared = 87.7%, p = 0.000)

NOTE: Weights are from random effects anal

lysis

WD (95% CI) Weight %
i
| —— 03156, -050) 447
= 1B (156, 0.86) 448
L 076131, 021) 445
— A78(264,092) 431
— 2310299, 163) 440
—— A57(236,078) 435
| —e] 060(-138,018) 436
e 60 (-235,-085) 437
—— 230(306,-152) 436
—— A30(211,-049) 434
— 250(325,-175) 437
! —— 080012, 168) 436
| — 040(118,038) 435
— 220(308,132) 430
| —e 040(115,035) 437
—.r 2400318, -162) 436
! 590 (734, 648) 450
+ 230(261,-199) 453
s | 285(300,270) 456
o 071(099,241) 371
— 031177, 195 390
—— A73(:249,007) 436
4;} -1.62(-2.30,-0.94) 9554
i
|
i 7.00 (755, 645) 446
i 700755, 645 445
1
<> 85(261,-1.10)  100.00
i
1

-1.58

Figure 2.21: FePO, versus FeSO, subgroup (intervention model) forest plot
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Figure 2.22: FePOy4 versus FeSO4 funnel plot
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Figure 2.23: Regulation mechanisms of iron absorption
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Table 2.1: Characteristics of FePO, rat studies included in meta-analysis

Study Author, Species Sam- Interv- Interv- Food Iron Particle Iron

ID publi- ple ention ention matrix type size conce-
cation size Model dura- ntration
year tion (Fe mg/

(day) kg food)
1 Rohner Male SD 9  Depletion- Depletion: AIN-  FePO, Nanoparticle 10
2006 rats repletion  Unknown 93G (64 nm)
Repletion:
15
FePO4 Nanoparticle 10
(31 nm)
FePO4 Nanoparticle 10
(11 nm)
FePO,4 Nanoparticle 20
(64 nm)
FePO4 Nanoparticle 20
(31 nm)
FePO,4 Nanoparticle 20
(11 nm)
2 Dickmann Male SD 10 Depletion- Depletion: AIN- FePO,4 Regular 12
2016 rats repletion 15 T6A (Source

Repletion: No.1)

21
FePO, Regular 12
(Source
No.2)
FePO, Regular 12
(Source
No.3)
FePO,4 Regular 12
(Source
No.4)
FePO,4 Regular 12
(Source
No.5)
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Table 2.1: Characteristics of FePOy rat studies included in meta-analysis(continued)

Study Author, Species Sam- Interv- Interv- Food Iron Particle Iron
ID publi- ple ention ention matrix type size conce-
cation size Model dura- ntration
year tion (Fe mg/
(day) kg food)
FePO4 Regular 24
(Source
No.1)
FePO4 Regular 24
(Source
No.2)
FePO4 Regular 24
(Source
No.3)
FePO,4 Regular 24
(Source
No.4)
FePO, Regular 24
(Source
No.5)
3 Whittaker Male SD 10 Depletion- Depletion: AIN-  FePO4 Regular 35
1989 rats repletion 7 T6A
Repletion:
10
FePO4 Regular 35
~+ascor-
bic acid
4 Lysinek  Female 10 Prophyla- Interven- Petit- FePO,4 Regular 15
2001a SD rats ctic-preve- tion: 23  Suisse
ntative Cheese
5 Benito Male 10 Depletion- Depletion: AIN-  FePO, Regular 35
1997 Wistar repletion 13 T6A
rats Repletion:
11
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Table 2.1: Characteristics of FePOy rat studies included in meta-analysis(continued)

Study Author, Species Sam- Interv- Interv- Food Iron Particle Iron
ID publi- ple ention ention matrix type size conce-
cation size Model dura- ntration
year tion (Fe mg/
(day) kg food)
6 Srinivasu Rat 8  Depletion- Depletion: AIN- FePO, Nanopart- 10
2015 repletion 30 93G icle
Repletion:
15
FePO4, Nanopart- 20
icle
FePO4 Nanopart- 30
icle

Table 2.2: Characteristics of FePP rat studies included in meta-analysis

Study Author, Species Sam- Interv- Interv- Food Iron Particle Iron
ID publi- ple ention ention matrix type size conce-
cation size Model dura- ntration
year tion (Fe mg/
(day) kg food)
7 Vicente Male SD 6 Depletion- Depletion: Fruit FePP Micronized 46
2008 rats repletion 28 juice
Repletion:
21
Fruit FePP+ Micronized 46
juice  ascorbic
acid
8 Sakaguchi Male SD 6  Depletion- Depletion: Corn FePP Micronized 35
2003 rats repletion 28 starch
Repletion:
14
FePP Regular 35
9 WegmullerMale SD 8 Depletion- Depletion: AIN-  FePP Regular 20
2004 rats repletion 24 93G
Repletion:
14
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Table 2.2: Characteristics of FePP rat studies included in meta-analysis(continued)

Study Author, Species Sam- Interv- Interv- Food Iron Particle Iron
ID publi- ple ention ention matrix type size conce-
cation size Model dura- ntration
year tion (Fe mg/
(day) kg food)
AIN- FePP Micronized 20
93G
AIN- FePP Micronized 20
93G  (En-
capsu-
lated)
AIN-  FePP Small 20
93G micronized
(0.5um)
AIN- FePP Regular 10
93G
AIN- FePP Micronized 10
94G
AIN- FePP Micronized 10
95G (En-
capsu-
lated)
AIN-  FePP Small 10
96G micronized
(0.5um)
10 Salgueiro Male SD 10 Prophyla- Interven- AIN- FePP Regular 16.25
2008 rats ctic-preve- tion:21 93G
ntative
Yogurt FePP Regular 154
11 Lucia Male 8  Depletion- Depletion: AIN- FePP Micronized 12
2013 Wistar repletion 21 93G
rats Repletion:
14
Yancon FePP Micronized 12

flour
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Table 2.3: Characteristics of NaFeEDTA rat studies included in meta-analysis

Study Author, Species Sam- Interv- Interv- Food Iron Particle Iron

ID publi- ple ention ention matrix type size conce-
cation size Model dura- ntration
year tion (Fe mg/

(day) kg food)

12 Zhu Male SD 6  Depletion- Depletion: AIN- NaFe- Regular 35

2006 rats repletion 7 93G EDTA
Repletion:
12

13 Malika SD rats 3 Prophyla- Interven- Wheat NaFe- Regular 15
2022 ctic-preve- tion: 60 flour EDTA

ntative

NaFe- Regular 25

EDTA
NaFe- Regular 35
EDTA
NaFe- Regular 40
EDTA
14 Ologunde Male SD 10 Depletion- Depletion: AIN- NaFe- Regular 35
1992 rats repletion 7 T6A EDTA
Repletion:
14
3 Whittaker Male SD 10 Depletion- Depletion: AIN-  NaFe- Regular 30
1989 rats repletion 7 93G EDTA
Repletion:
10
Bread NaFe- Regular 30
EDTA
15 Olivira  Male 6 Prophyla- Interven- Basal NaFe- Regular 20
1995 Wistar ctic-preve- tion: 35  diet EDTA

rats ntative
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Table 2.4: Characteristics of ferrous fumarate rat studies included in meta-analysis

Study Author, Species Sam- Interv- Interv- Food Iron Particle Iron

ID publi- ple ention ention matrix type size conce-
cation size Model dura- ntration
year tion (Fe mg/

(day) kg food)
16 HernandezMale 6  Depletion- Depletion: Wheat Ferrous Regular 56
2003 and repletion 10 flour fumara-
female Repletion: te
SD rats 14
Corn  Ferrous Regular 59

flour fumara-

te
14 Ologunde Male SD 10 Depletion- Depletion: AIN-  Ferrous Regular 35
1992 rats repletion 7 T6A fumara-
Repletion: te
14
17 Suva, Wistar 6  Depletion- Depletion: Com- Ferrous Regular 35
2022 rats repletion 5 merci- fumara-

Repletion: aldiet te
15
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Table 2.5: Characteristics of animal studies that were not included in meta-analysis

Study Author, Species Sam- Interv- Interv- Food Iron Particle Iron

ID publi- ple ention ention matrix type size conce-
cation size Model dura- ntration
year tion (Fe mg/

(day) kg food)

18 Lysionek Male SD 9  Prophyla- Interven- Basal NaFe- Regular 20
2001b rats ctic-preve- tion: 28  diet EDTA

ntative

19 Mazgaj  Pregn- 5 Prophyla- Interven- Stan- FePP Regular 80
2020 ancy ctic-preve- tion: 45 dard

piglets ntative fodder

20 Valcarcel Male 6 Prophyla- Interven- Basal FePP Micronized 120
2018 newborn ctic-preve- tion: 28  diet

piglets ntative
Ferro- Regular 120
us fu-
marate

21 Anderson Male 8 Prophyla- Interven- Creal- FePP Regular 15
1972 Carwor- ctic-preve- tion: 28 milk

th rats ntative

22 Carretero Half 8 Prophyla- Interven- Cocoa FePP Regular 35
2006 male ctic-preve- tion: 28 powder

and half ntative
female

Wistar

rats

Ferro- Regular 35

us fu-
marate
23 Sachdeva Male 8 Prophyla- Interven- Milk FePP Regular 25
2015 Wistar ctic-preve- tion: 28
rats ntative

FePP Regular
+vita-
min A
+acet-

ate
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Table 2.5: Characteristics of animal studies that were not included in meta-analysis

(continued)
Study Author, Species Sam- Interv- Interv- Food Iron Particle Iron
ID publi- ple ention ention matrix type size conce-
cation size Model dura- ntration
year tion (Fe mg/
(day) kg food)
8  Depletion- Depletion: FePP Regular
repletion 7
Repletion:
21
FePP Regular
+vita-
min A
+acet-
ate
24 Ahmad  Female Unk- Depletion- Depletion: Basal NaFe- Regular 10
2021 SD rats nown repletion 14 diet EDTA
Repletion: +inulin
90 (722
mg/kg)
NaFe- Regular 20
EDTA
Basal NaFe- Regular 10
diet EDTA
+inulin
(963
mg/kg)
NaFe- Regular 20
EDTA
25 Douglas Male SD Unk- Depletion- Depletion: Milk  FePO,4 Regular 40
1981 rats nown repletion 28 +whey
Repletion: protein
10
Unk- FePO4 Regular 20
nown
Unk- FePO4 Regular 10
nown
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Table 2.5: Characteristics of animal studies that were not included in meta-analysis

(continued)
Study Author, Species Sam- Interv- Interv- Food Iron Particle Iron
ID publi- ple ention ention matrix type size conce-
cation size Model dura- ntration
year tion (Fe mg/
(day) kg food)
Milk  FePP Regular 40
FePP Regular 20
FePP Regular 10
26 Theuer  Male Unk- Depletion- Depletion: Soy FePP Regular 7
1971 rats nown repletion 32 For-
Repletion: mula
28
27 Theuer  Male Unk- Depletion- Depletion: Milk  FePP Regular 7
1973 rats nown repletion 39 For-
Repletion: mula
28
28 Sudargo Female 9 Depletion- Depletion: Soyb- NaFe- Regular 6
2015 Wistar repletion 10 ean EDTA
rats Repletion:
17
Regular 12
Regular 24
29 Fritz Male >8 Depletion- Depletion: Basal FePO4 Regular 24
1975 albino repletion 28 diet
rats Repletion:
14
30 Carretero Half 8 Prophyla- Interven- AIN- FePP Regular 15
2014 male ctic-prev- tion: 28  93G
and half entative diet
female
Wistar
rats
31 Li 2009 Rats 8  Depletion- Depletion: Salt FePP Micronized 250
repletion 14
Repletion:
14
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Table 2.5: Characteristics of animal studies that were not included in meta-analysis

(continued)
Study Author, Species Sam- Interv- Interv- Food Iron Particle Iron
ID publi- ple ention ention matrix type size conce-
cation size Model dura- ntration
year tion (Fe mg/
(day) kg food)
Ferro- Microenca- 250
us fu- psulated
marate
FePP Micronized 500
Ferro- Microenca- 500
us fu- psulated
marate
32 Kosonen Male 6 Depletion- Depletion: Basal FePO,4 Regular 6
1991 Wistar repletion 28 diet
rats Repletion: (Flour)
16
FePO,4 Regular 12
FePO, Regular 24
33 Yeung Male SD 10 Prophyla- Interven- AIN- NaFe- Regular 35
2005 rats ctic-prev- tion: 39 93G  EDTA
entative diet (isot-
ope)
AIN- NaFe- 35
93G  EDTA
diet (isot-
+tea  ope)
34 Amine Female 6 Depletion- Depletion: Farina FePO4 Regular 10
1974 SD rats repletion 28
Repletion:
10
Farina FePO, Regular 20
Farina FePO, Regular 30
Farina FePO4 Regular )
+baked
apple
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Table 2.5: Characteristics of animal studies that were not included in meta-analysis

(continued)
Study Author, Species Sam- Interv- Interv- Food Iron Particle Iron
ID publi- ple ention ention matrix type size conce-
cation size Model dura- ntration
year tion (Fe mg/
(day) kg food)
Farina FePO,4 Regular 10
+baked
apple
Farina FePO4 Regular 15
+baked
apple
Farina FePO, Regular 5
+maple
sugar
Farina FePO, Regular 10
+maple
sugar
Farina FePO, Regular 15
+maple
sugar
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Table 2.6: Characteristics of cell-culture studies

Study Awuthor, Species Food matrix Iron type Particle Iron
ID publica- size concentration
tion year
35 Zhu Caco-2 Nonfat dry Soluble FePP  Regular ~ 100umol/L
2009 milk
NaFeEDTA Regular ~ 100umol/L
Rice powder  Soluble FePP  Regular  50umol/L
Soluble FePP  Regular ~ 50pmol/L
+ascorbic acid
36 Yeung 2002 Caco-2 Bread flour NaFeEDTA Regular 37 mg/kg
Ferrous Regular 37 mg/kg
fumarate
Nonfat dry NaFeEDTA Regular ~ 50umol/L
milk
Ferrous Regular ~ 50pmol/L
fumarate
Ferrous Regular ~ 50pmol/L
fumarate
(encapsulated)
37 Wortley Caco-2 Wheat-cereal Ferrous Regular 30 mg
2005 fumarate Fe/100g food
(encapsulated
65%)
Ferrous Regular 30 mg
fumarate Fe/100g food
(encapsulated
85%)
FePP Regular 30 mg
(encapsulated) Fe/100g food
NaFeEDTA Regular 30 mg
Fe/100g food
38 Sabatier Caco-2 Milk FePP Regular  2.8-2.9 mg
2020 Fe/100g food
FePP+ascorbic Regular  2.8-2.9 mg
acid (1:2) Fe/100g food
FePP+ascorbic Regular  2.8-2.9 mg
acid (1:4) Fe/100g food

53



Table 2.6: Characteristics of cell-culture studies(continued)

Study Awuthor, Species Food Iron type Particle Iron
ID publica- matrix size concentration
tion year
39 Karn Caco-2 Curry powder Ferrous Regular 38 mg
2011 fumarate Fe/100g food
NaFeEDTA Regular 90 mg
Fe/100g food
40 Cercamondi Caco-2 Bouillon cube FePP Regular  62.5 mg
2016 Fe/100g food
FePP+tetra Regular  62.5 mg
sodium Fe/100g food
pyrophosphate
41 Valcarcel — Caco-2 Infant cereal  FePP Micronized 7.5 mg
2022 Fe/100g food
Ferrous Regular 7.5 mg
fumarate Fe/100g food
42 Micheletto Caco-2 Starch FePP+ Regular 30 mg
2022 phospholipid Fe/sample
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Table 2.7: Characteristics of outcome effects in FePOy rat studies

Study Comparison

Primary out-

Other primary and secondary outcomes

ID No come (Hb)

1 1 FePO4<FeSO, In vitro iron solubility (pH = 1, time = 15
mins, 0.IN HCL): FePO4 (11 nm)>FePO, (31
nm)>FePO, (64 nm). In vitro iron solubility (pH
= 1, time = 30 mins, 0.1N HCl): FePO,4 (11 nm) =
FePOy4 (31 nm) (No significant difference), FePOy
(31 nm)=FePOy4 (64 nm) (No significant difference),
FePOy4 (11 nm)>FePOy4 (64 nm).

2 FePO4<FeSO4
3 FePO4<FeSO4
4 FePO4<FeSOy4
5 FePO4<FeSO4
6 FePO4<FeSOy4
2 7 No significant In vitro iron solubility (pH = 1.2, time = 30 mins,
difference 0.02N HCI, 0.056N HCI, 0.1N HCI, respectively):
Source No.1>Source No.4>Source No.2>Source
No.3=Source No.5 (No significant difference)
8 FePO4<FeSO4
9 FePO4<FeSO4
10 FePO4<FeSOy
11 FePO4<FeSO4
12 No significant
difference
13 No significant
difference
14 FePO4<FeSOy4
15 No significant
difference
16 FePO4<FeSO4
3 17 FePO4<FeSO, Hepatic iron (ug): FePO4<FeSOy.
18 FePO4<FeSOy4
19 FePO4<FeSO, Hepatic iron (mg): No significant difference.
20 FePO4<FeSO, Hepatic iron (ug/g): FePO4<FeSOy.
21 No significant Not reported

difference
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Table 2.7: Characteristics of outcome effects in FePOy rat studies(continued)

Study Comparison

Primary out-

Other primary and secondary outcomes

ID No come (Hb)
22 No significant
difference
23 FePO,<FeSOy,
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Table 2.8: Characteristics of outcome effects in FePP rat studies

Study Comparison Primary out- Other primary and secondary outcomes

ID No come (Hb)
7 24 No significant Hepatic iron (mg/g): FePP<FeSOy.
difference
25 No significant Hepatic iron (mg/g): No significant difference.
difference
8 26 No significant Not reported
difference
27 FePP<FeSOy
9 28 No significant Not reported
difference
29 No significant
difference
30 FePP<FeSO,
31 No significant
difference
32 FePP<FeSO,
33 FePP<FeSO,
34 FePP<FeSO,
35 FePP<FeSO,
10 36 No significant Not reported
difference
37 FePP>FeSO4
11 38 No significant
difference
39 No significant
difference
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Table 2.9: Characteristics of outcome effects in NaFeEDTA rat studies

Study Comparison

Primary out-

Other primary and secondary outcomes

ID No come (Hb)
12 40 No significant Hepatic iron (ug/g): NaFeEDTA<FeSO4. Bone
difference iron (ug/g): No significant difference.
13 41 No significant Total iron binding capacity (ug/dL): No significant
difference difference.
42 No significant ~ Serum iron (ug/dL): NaFeEDTA=FeSO,. Hepatic
difference iron (ug): NaFeEDTA>FeSOy.
43 No significant
difference
44 No significant
difference
14 45 No significant
difference
3 46 NaFeEDTA Hepatic iron (ug): No significant difference
>FeSOy4
47 NaFeEDTA
>FeSOy
15 48 No significant ~ Hematocrit (%): No significant difference. Trans-

difference

ferrin saturation (%): No significant difference.

Hepatic iron (ug/g): No significant difference
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Table 2.10: Characteristics of outcome effects in ferrous fumarate rat studies

Study Comparison

Primary out- Other primary and secondary outcomes

ID No come (Hb)
16 49 No significant Not reported
difference
50 Ferrous
fumarate<FeSOy4
14 51 No significant Total iron binding capacity (ug/dL): No signif-
difference icant difference. Serum iron (ug/dL): No sig-
nificant difference. Hepatic iron (ug): Ferrous
fumarate>FeSO,
17 52 No significant ~ Hematocrit (%): No significant difference

difference
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Table 2.11: Characteristics of outcome effects in animal studies that were not involved in
meta-analysis

Study Comparison Primary out- Other primary and secondary outcomes

ID No come (HDb)

18 53 Hb gain (g/dL): Not reported
NaFeEDTA <
FeSO4

19 54 Hb value (g/dL): Plasma/serum iron (pmol/L): No significant differ-
No significant ~ ence. Plasma/serum ferritin (ng/mL): No signifi-
difference cant difference. Hepatic iron (nM): No significant

difference.
20 55 Hb value (g/dL): Plasma iron (ug/dL): Ferrous fumarate vs FeSOy:

FePP<FeSO, No significant difference. FePP<FeSO4. Total iron
binding capacity (ug/dL): No significant difference.
Transferrin saturation (%): Ferrous fumarate vs

FeSO4: No significant difference. FePP<FeSOy.

56 Hb value (g/dL):
Ferrous fumar-
ate>FeSOy
21 57 Hb value (g/dL): Hematocrit gain (%): FePP<FeSO4. Hepatic iron
FePP<FeSOy (ng/g): FePP<FeSO,
58 Hb value (g/dL): Total iron binding capacity (ug/dL): FePP>Blank

FePP< Blank control, Ferrous fumarate vs Blank control: No
control significant  difference. Hepatic iron (ug/g):
FePP<Blank control, Ferrous fumarate vs Blank
control: No significant difference.
59 Hb value (g/dL):

No significant

difference

23 60 Hb gain (%): Plasma ferritin gain (%): No significant difference.
FePP>Blank Plasma transferrin gain (%): No significant differ-
control; ence. Hepatic iron (ppm): No significant difference.
FePP+vitamin
A-+acetate>

Blank control
61
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Table 2.11: Characteristics of outcome effectsin animal studies that were not involved in
meta-analysis(continued)

Study Comparison

Primary out-

Other primary and secondary outcomes

ID No come (HDb)
62 Hb gain (%):
FePP> Blank
control;
FePP+vitamin
A-+acetate>
Blank control
24 64 No Hb outcome Serum ferritin gain (ng/mL): All NaFeEDTA<
reported. FeSO4. Serum transferrin gain (mg/dL): NaFeED-
TA (722mg inulin/kg)<FeSO4, NaFeEDTA (963mg
inulin/kg)>FeSO,. Total iron binding capacity
(ng/dL): NaFeEDTA (722mg inulin/kg)<FeSOy,
NaFeEDTA (963mg inulin/kg)>FeSOy,.
65
66
67
25 68 Hb value (g/dL): Not reported
No significant
difference
69
70
71 Hb value (g/dL):
No significant
difference
26 74 Hb value (g/dL): Hematocrit gain (%): FePP<FeSOy.
No significant
difference
27 75 Hb value (g/dL): Not reported
No significant
difference
28 76 No Hb outcome Serum iron gain (ug/L): No significant difference.
reported. Serum ferritin (mg/dL): NaFeEDTA>FeSO,.
7 Serum iron gain (ug/L): NaFeEDTA>FeSO,.

Serum ferritin (mg/dL): NaFeEDTA<FeSOy.
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Table 2.11: Characteristics of outcome effectsin animal studies that were not involved in

meta-analysis(continued)

Study Comparison

Primary out- Other primary and secondary outcomes

ID No come (HDb)
78 Serum iron gain (ug/L) and serum ferritin (mg/dL):
No significant difference.
29 79 Hb value (g/dL): Not reported
No significant
difference
30 80 No Hb outcome Hepatic iron (mg): No significant difference.
reported.
31 81 Hb gain (g/dL): Not reported
No significant
difference
82
83
84
32 85 Hb-Fe (mg, iron Not reported
incorporated into
hemoglobin): No
significant
difference
86
87
33 88 No Hb outcome Hepatic iron (umol/g): NaFeEDTA<FeSO4. He-
reported. matocrit (%): No significant difference.
89
34 90 Hb value (g/dL):
No significant
difference
91
92
93
94
95
96
97
98
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Table 2.12: Characteristics of outcome effects in cell-culture studies

Study Comparison

Primary out-

Other primary and secondary outcomes

ID No come (Hb)
35 99 No significant Not reported
difference
100 NaFeEDTA
<FeSO4
101 No significant
difference
102 No significant
difference
36 103 No significant Not reported
difference
104 No significant
difference
105 No significant
difference
106 No significant
difference
107 No significant
difference
37 108 Ferrous Not reported
fumarate>FeSO4
109 Ferrous
fumarate>FeSO4
110 FePP>FeSOy,
111 NaFeEDTA >
FeSO4
38 112 No significant In vitro iron solubility (pH = 2, time=30,60,90
difference mins, 0.02mol/L HCL): all FePP<FeSOy.
113 FePP<FeSO,
114 FePP<FeSOy,
39 115 No significant Not reported
difference
116 No significant
difference
40 117 No significant Not reported

difference
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Table 2.12: Characteristics of outcome effects in cell-culture studies(continued)

Study Comparison

Primary out- Other primary and secondary outcomes

ID No come (Hb)
118 FePP<FeSOy4
41 119 FePP<FeSOy In vitro iron solubility (pH = 2, time=30,60,90
mins, Diluted HCL): Ferrous fumarate<FePP<
FeSOy.
120 Ferrous
fumarate<FeSO4
42 121 FePP(phosho-  Not reported

lipid)=2.54-fold
of FePP

Table 2.13: Summary of primary study effect

The iron effect of

comparison

Cell-culture Rat studies Animal studies Total
studies (Hb-involved (Hb-not invol- number
(Ferritin-not  in meta-anal- ved in meta-

involved in ysis) analysis)

meta-analysis)

NaFeEDTA < FeSOy4
NaFeEDTA > FeSOy4
NaFeEDTA = FeSOy4

(No significant difference)

Ferrous fumarate < FeSOy4
Ferrous fumarate > FeSO,4

Ferrous fumarate = FeSOy4

(No significant difference)

FePP < FeSOy4
FePP > FeSOy4
FePP = FeSOy4

(No significant difference)

FePO4 < FeSO4
FePO4 > FeSO4
FePO4 = FeSOy4

(No significant difference)

Total number

1

1

3 7 3 13

1 1 0

2 0 1

4 3 2

4 6 12

1 1 2

4 9 21

17 0 17

0 0
19 25

21 52 36 109

Note: Number represented the number of comparison.
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Table 2.14: Quality assessments of included studies

ID Authors, 1 2 3 4 5 6 7 8 9
year of publication
1 Vicente 2008 L L H H H L L L L
2 Sakaguchi 2003 L L L H L U L L L
3 Wegmuller 2004 L L L H L L L L L
4 Salgueiro 2008 L L L H L L L L L
5 Lucia 2013 L L H H H U L L L
6 Rohner 2006 L L L H L H L L L
7 Dickmann 2016 L L L H L L L L L
8 Whittaker 1989 L L L H H L L L L
9 Lysionek 2001a L L H H H L L L L
10 Benito 1997 L L L H L L L L L
11 Srinivasu 2015 L L L H L L L L L
12 Zhu 2006 L L L H H L L L L
13 Malika 2022 L L H H L L L L L
14 Ologunde 1992 L L H H H U L L L
15 Olivira 1995 L L L H H U L L L
16 Hernandez 2003 L L H H H L L L L
17 Suva 2022 L L L H H L L L L
18 Lysionek 2001b L L L H H L L L L
19 Mazgaj 2020 L L L H L L L L L
20 Valcarcel 2018 L L L H L L L L L
21 Anderson 1972 L L L H L L L L L
22 Carretero 2006 L L L H L L L L L
23 Sachdeva 2015 L L L H L L L L L
24 Ahmad 2022 L L H H L L L L L
25 Douglas 1981 L L H H H L L L L
26 Theuer 1971 L L H H L L L L L
27 Theuer 1973 L L H H L L L L L
28 Sudargo 2015 L L H H L L L L L
29 Fritz 1975 L L H H L H L L L
30 Carretero 2014 L L L H L L L L L
31 Li 2009 L L H H H L L L L
32 Kosonen 1991 L L H H L H L L L
33 Yeung 2005 L L H H H L L L L
34 Amine 1974 L L H H L H L L L
35 Zhu 2009 L L L H H L L L L




Table 2.14: Quality assessments of included studies(continued)

ID Authors, 1 2 3 4 5 6 7 8 9
year of publication
36 Yeung 2002 L L H H L L L L L
37 Wortley 2005 L L L H L L L L L
38 Sabatier 2020 L L H H L L L L L
39 Karn 2011 L L L H L L L L L
40 Cercamondi 2016 L L L H L L L L L
41 Valcarcel 2022 L L H H L L L L L
42 Micheletto 2022 L L H H H H L L L

Note: ”1” represented ”There were clear research purposes”. ”2” represented ”Relevant back-
ground information was presented”. ”3” represented ” Randomized allocation methods were em-
ployed”. ”4” represented ”The investigators were blinded”. ”5” represented ”Dosage-response
relationships were investigated or the fortification levels were explained”. ”6” represented

”The attritions or negative results were explained”. ”7” represented ”The data was related to

methodological design”. ”8” represented “The conclusions and discussions matched up with
the findings”. “9” represented “The findings contributed to the current theories or future
research /practice”. “L” represented low risk. “H” represented high risk. “U” represented
unclear.

Table 2.15: GRADE assessments on Hb of included studies involved in meta-analysis

Iron type Number Risk of Incons- Indire- Impreci Other Certainty
of stud- bias istency ctness sion consid-
ies erations
NaFeEDTA 5 Not Serious Not Not Dose response @ @ ®0)
serious serious serious gradient Moderate
Ferrous 3 Not Serious Not Not Dose response & & @)
fumarate serious serious serious gradient Moderate
FePP ) Not Serious Not Not Dose response @ @ @)
serious serious serious gradient Moderate
FePOy4 6 Not Serious Not Not Dose response @ @ OO
serious serious serious gradient; Pub- Low

lication bias s-
trongly suspe-
cted
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Chapter 3

Comparative Efficacy of Iron
Fortificants in Populations: A Clinical
Systematic Review and Network

Meta-analysis

Abstract

Background: It is well known that the prevalence of iron deficiency anemia can be down-
regulated by the applications of food aid. Many clinical questions on iron bioavailability have
been raised based on the rational addition of iron frotificants to foods to correct a dietary
iron insufficiency. However, the lack of sufficient and robust evidence on overall clinical effect
limits the development of iron fortification. Clinical systematic review and network meta-
analysis can partially answer these clinical questions by combining the results of all relevant
clinical trials, computing the direct and indirect effects of the included studies, and ranking
the treatments from the best to the worst within a network. At present, no clinical systemic
reviews with network meta-analysis on iron bioavailability have been published yet. Thus,
this review is the first study in this field. It can provide references about direct and indirect
effects of iron fortifications for better clinical applications.

Objective: To identified, evaluated, and summarized the evidence regarding the efficacy

of iron fortifications in clinical trials.

67



Methods: The search strategy was employed to obtain initial articles. After scanning
and sorting, final included articles were collected. The characteristics of included studies was
summarized for the systematic review. The data was extracted for network meta-analysis.

Main Results: 145 studies were included in this systemic review. 46 studies including
88 comparisons, 5 iron fortificants (FeSOy, electrolytic iron, NaFeEDTA | ferrous fumarate,
and FePP), and 24107 participants (under 18 years old) contributed to the network meta-
analysis in Hb. FeSO4, NaFeEDTA, ferrous fumarate, and FePP were more effective than
placebo, and NaFeEDTA was more effective than FeSO,4. The rank order of Hb effect was
NaFeEDTA >ferrous fumarate>FePP>FeSO,>electrolytic iron>placebo.

Conclusions: The findings of this systematic review showed that NaFeEDTA, ferrous
fumarate, FePP and FeSO, fortifiactions were effective treatments in Hb. NaFeEDTA was
suggested to be the most effective iron fortificant, followed by ferrous fumarate, FePP and
FeSOy in population under-18-year-old. The findings of network meta-analysis are supposed
to be applied with caution as conditional recommendations.

Keywords: Iron bioavailability, Iron fortification, Iron deficiency, Clinical trial, Network

meta-analysis

3.1 Background

3.1.1 Description of the condition

Anemia is recognized by the WHO as a major global concern of public health and a
common comorbidity of many chronic diseases. In 2011, approximately 270 million children,
550 million women including 30 million pregnant women had anemia in the world. Although
there is a downward trend in anemia incidence over the pass few decades, the prevention and
treatment of anemia remains a huge socioeconomic burden worldwide every year, especially
in low-income regions. The World Bank estimates that an investment of one US dollar in
anemia yields an economic return of twelve US dollar. The largest proportion of anemia
worldwide is iron deficiency anemia. Iron insufficiency uptake and low iron absorption rate
are considered to be the main etiological factors of iron deficiency anemia.?>>7121124
3.1.2 Description of intervention

Iron fortification has been recommended as one of the most cost-effective ways to eradicate

iron deficiency anemia. It can improve the iron status of people with iron deficiency or at
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the risk of iron deficiency. There are diverse strategies to fortify food products with iron.
The common food vehicles are staple food (e.g., rice, wheat, corn, maize, etc.), drinks (e.g.,
water, milk, beverages, etc.), and condiments (e.g., curry powder, soy sauce, salt, etc.). Some
food processing approaches such as precooking and extrusion are usually used to lessen the
inhibitors of iron absorption such as polyphenols, tannic, and phytic acid. However, it is still
challenging to achieve high iron bioavailability. Therefore, the WHO drafted a new-round
resolution to accelerate efforts for the micronutrient deficiency prevention and treatment
with effective food fortification in 2023. It can help upgrade the current food fortifications
to the planning clinical care and the public health intervention for all people throughout the
whole life cycle. 1217123

3.1.3 Why it is important to do this review

Although the prevalence of iron deficiency anemia can be down-regulated by the appli-
cations of food aid, iron deficiency anemia is still a severe public health issue.!?!'23 The
lack of sufficient and robust evidence on overall clinical effect limits the development of iron
fortification. Currently, there are no published clinical systematic reviews on the efficacy of
iron fortifications across the life course using network meta-analysis. Thus, this systematic
review can complement the direct comparison results of other systematic reviews in specify
populations and fill the gap in the field of indirect comparison on clinical iron bioavailability
for all populations. This clinical systematic review has been registered on the PROSPERO
(CRD42023461043).

3.2 Objectives

In this systematic review, participants (P) were all populations including male or female
infants, children, adult, and the aged. Interventions (I) were iron fortificants. Comparisons
(C) were positive control or blank controls. The primary outcomes (O) were Hb. The PICO
questions were as follows: (1) In high-risk people (P), does iron fortification (I) compared
with blank or positive control (C) prevent iron-deficient anemia (O)? (2) In people with
iron deficient anemia (P), does iron fortification (I) compared with blank or positive control
(C) improve anemia status (O)? We identified, evaluated, and summarized the findings
of all relevant clinical trials to provide evidence-based suggestions for the better human

applications in food aid. The process was schematically shown in Figure 3.1.
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3.3 Methods

3.3.1 Criteria for considering studies (inclusion and exclusion criteria)

They must be randomized control clinical trials and primary research. Iron treatments
must be given in the food vehicle. Iron supplementation studies and special food studies (e.g.,
testing foods were naturally high in iron) were not included. At least one iron fortificant with
identified iron type and quantity was used. The health condition of participants was healthy,
compromised iron status, iron deficient status or iron deficient anemia. Participants with
acute and sever conditions were not included. At least one desired outcome was reported.
The minimum of intervention duration was 2 weeks. The manuscript must be peer-reviewed
and in English. Theses, dissertations, book sections, meeting abstracts and proceedings
were not included in this systemic review. The preclinical trials, observational studies, case
reports, reviews, protocols, and secondary research were excluded. Non-randomized or non-
control clinical trials were excluded.

3.3.2 Types of outcomes

Hb was the primary outcome in the assessment of iron deficient anemia status. Secondary
outcomes included but were not limited to ferritin, transferrin saturation, transferrin, plasma
iron, serum iron, total iron binding capacity, and hematocrit, which were the indicators in the
assessment of early negative iron storage and iron depletion status.™ They were continuous
outcomes. No dichotomous outcomes were collected.

3.3.3 Search strategy

We carried out the search strategy in 4 scientific databases (Pubmed, Web of Sciences
Core Collection, Scopus, and EBSCO Agricola) on January 18, 2023. Snowball and citation
search were used to extend the search strategy for additional articles using other academic
search engines (e.g., Kansas state university libraries, Google Scholar, etc.). In this search
strategy, a special syntax was employed. The words in the quotation marks could not be
separated. The asterisk indicated word variations. The search strategy followed the user
guides of the databases and was classified into 5 categories. Each Category contained a
series of search items.

(1) Category #1 contained 5 search items: ferric, ferrous, NaFeEDTA, ”reduced iron”
and ”elemental iron”, to ensure that the testing diet must be fortified with an iron foritificant.
(2) Category #2 contained 14 search items, which enabled iron status must be investigated.

» N » o

They were ”iron status”, "iron deficiency”, ”iron deficient”, ”iron depleted”, ”iron depletion”,
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”iron stores”, anaemia, anemia, anemic, anaemic, microcyt™, hypochrom®, ”iron state”, ”iron
balance”. (3) Category #3 including 9 search items: hemoglobin, haemoglobin, hematocrit,
haematocrit, "total iron binding capacity”, "plasma iron”, ferritin, ”transferrin saturation”,
and ”serum iron” showed that at least one desired outcome was reported. (4) 4 search items,
forti*, enrich*, food, ”micronutrient powder” in Category #4 indicated that iron additives
must be presented in food. (5) Category #5 had 8 search items, clinical, trial, intervention,
controlled, cross-over, randomized, randomized, human, so that the included study must be
a clinical randomized control trial.

All relevant literatures were identified in “all fields or topic” using advanced search builder
and Boolean operators (AND and OR). All search items under one category were typed into
one query search box with “OR” to get a query search result. All query searches were
combined with “AND” (#1 query AND #2 query AND #3 query AND #4 query AND #5
query) into the final search box to obtain the initial articles. The filters were applied to
specify publication types in peer-reviewed article and language in English.

3.3.4 Data managements, data extractions and quality assessments

Initial articles from 4 databases were imported into an online data manager, Zotero.
After automatic duplicate/triplicate/quadruplicate merging, title- and abstract-reviewed ar-
ticles were manually scanned. The remaining articles were thoroughly reviewed and further
sorted to obtain the final included articles. The data and characteristics of included studies
were extracted using Excel: author, year of publication, age, setting, number of enrolled
participants, number of completed participants, study type, iron type, iron concentration,
food vehicle, control type, number of arms, intervention duration, calculation of sample size,
blinding, randomization, allocation, ethic approval and outcome.

The quality assessments of the included studies were conducted in accordance with modi-
fied “Risk of bias” tools in the Cochrane Handbook. The quality assessments were evaluated
with three grades (high risk, unclear, and low risk) and further expressed with the total
number of grade items.”™ The checklist comprised of 6 items: (1) Were randomized methods
employed? (2) Was the allocation concealed? (3) Were the participants and researchers
blinded from group assignment? (4) Were there similarities in baseline characteristics? (5)
Did researchers interpret the attritions (incomplete outcomes)? (6) Did researchers interpret
the negative results?® In the network plot of risk of bias percentage and the bar diagram
of risk of bias percentage, red represented the percentage of high risk of bias. Yellow repre-

sented the percentage of moderate risk of bias. Green represented the percentage of low risk

71



of bias.

3.3.5 Statistical analyses

Hb data for network meta-analysis was performed in R (version 4.3.2) and STATA (ver-
sion 18.0, USA) with the significance at p-value<0.05. SD could be calculated using the fol-
lowing formulas: SD=SEM xsqrt (n) or SD=y/n*(upper limit value-lower limit value)/3.92,
where n was the number of participants, if only the SEM or 95% CI was reported. !
The study effects were evaluated with Bayesian network meta-analysis model, which could
be employed to get a posterior probability distribution of study effects. The weighted MD,
CIs, normal likelihood, and random-effect model were used to assess the overall effect of
the continuous outcome. In the network plot, the node represented the treatment type.
The size of node represented the number of participants. Width of the lines represented
the number of comparisons. The size of circle represented the sample size of trials. The
heterogeneity was quantified by I? , Chi? and Tau? indexes to examine the intra-study and
inter-study variability. "%126:127 Treatment effects were ranked according to estimated effects
on mean ranks using the surface under the cumulative ranking curve (SUCRA).7%12% The
transitivity was estimated by comparing the methodological variables. %129 The consistency
was assessed by loop-specific approach, and side-splitting approach, which could separate
direct evidence from indirect evidence. "%127130 Meta-regression was conducted to detect the
source of high heterogeneity. Publication bias was displayed in the funnel plot. A symmet-
rical funnel plot implied the less possibility of publication bias, and vice versa. %% %2 The
certainty of evidence was evaluated using the Confidence in Network Meta-Analysis (CIN-
eMA ) online tool (https://cinema.ispm.unibe.ch/) and the Grading of Recommendations
Assessment, Development and Evaluation (GRADE) method. 76:131:132

3.4 Results

3.4.1 Description of search results

Our search yielded 2749 initial articles. 4 additional articles were added. After merging
870 iterations and screening 1883 titles or abstracts, 1608 articles were excluded. The full
texts of 275 remaining articles were reviewed. 130 studies were further excluded. Thus, the
number of final included articles was 145. The included studies were listed in Appendix

A (page 191). The sorting and screening process was shown in Figure 3.2. All included
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studies contributed to the summary of data and characteristics. 46 grain-based studies
including 88 comparisons, 5 iron fortificants (FeSOy, ferrous fumarate, NaFeEDTA, FePP,
and electrolytic iron), and 24107 participants (under 18 years old) could be analyzed with
network meta-analysis.

3.4.2 Characteristics and quality assessments of included studies

The characteristics of 145 studies were summarized in Table 3.1 and Table 3.2. 14
types of iron fortificants were studied, which were FeSOy, ferrous fumarate, NaFeEDTA,
FePP, FePOy, electrolytic iron (EI), ferric ammonium citratecitrate, ferrous glycine sulfate,
ferrous gluconate, iron trisglycinate chelate, ferrous bisglycinated, ferrous glucie phosphate,
hydrogen reduced iron, ferrous chloride. The predominant particle size of iron fortificants
was regular size (20-30 pum, n=128, 88.3%). 17 micronized (0.3-3 um, 11.7%) size of iron
fortificants were investigated. Among these studies, the food matrix of 99 studies was grain-
based diets (68.2%), and others were milk or milk formular (n=17, 11.7%), drinking water
(n=5, 3.5%), beverage (n=5, 3.5%), condiment (n=17, 11.7%), and snack (n=2, 1.4%).
There were 13 dose-response studies (9.0 %), and 50 studies (34.5 %) explained the rationale
of iron fortification level such as using a licensed dosage, while 82 studies (56.6 %) did not
state it.

The included studies were divided into 5 groups according to age and gender, under
18 years old male and female populations (n=111, 76.6%), families (n=7, 4.8%), the aged
(n=1, 0.7%), women aged 12-55 years old (n=23, 15.8%), and pregnant women (n=3, 2.1%).
The distribution of study setting was in six continents, Africa (n=36, 24.8%), Asia (n=>59,
40.7%), Europe (n=12, 8.3%), North America (n=9, 6.2%), Oceania (n=3, 2.1%), and South
America (n=26, 18%). Considering anemia condition, 35 studies (24.1%) recruited only
healthy participants, and 5 studies (3.5%) recruited anemia participants. In the rest of 105
studies (72.4%), some of the participants were healthy and others had anemia. The drop
rate of 98 studies (67.6%) was less than or equal to 20%, others were larger than 20% (n=47,
32.4%). The duration of intervention lasted 0.5 to 36 months (<4 months, n=29, 20%; 4-6
months, n=80, 55.2%; >6 months, n=36, 24.8%). 87 studies (60%) utilized the completely
randomized control model and the rest chose the cluster randomized control model (n=>58,
40%). 81 studies clearly explained the method of sample size calculation (55.9%), while
others (n=64, 44.1%) did not mention it. 12 studies (8.3%) did not indicate that they had
the ethical approval.

In the direct Hb effects of 145 iron-fortification studies (Table 3.3 and Table 3.4), 18
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FeSOy, 12 ferrous fumarate, 11 NaFeEDTA, 7 FePP, 2 ferrous gluconate, 1 EI, 1 ferrous glucie
phosphate, 1 ferrous bisglycinate, 1 ferric ammonium citrate, 2 combinations of NaFeEDTA
and ferrous fumarate, and 1 combination of FeSO, and FePO, were significantly higher than
placebo, respectively.

As shown in the table of quality assessments (Table 3.5), 93 studies (64.1%) did not
clearly elucidate the generation of randomized sequence. 126 (86.7%) studies did not use the
allocation method. There were 85 double blinding studies (58.6%), and 14 single blinding
studies (8 studies masked participants, 6 studies masked operators) [9.7%], while 46 studies
(31.7%) did not utilize the blinding method. 3 studies (2.1%) had high risk of imbalance
baseline. 12 studies (8.2%) did not explain the incomplete data. 1 study (0.7%) did not
interpret the negative results. The overall risks of bias were suggested to be low in 16 trials
(11%), moderate in 78 trials (53.8%), and high in the remaining trials (n=51, 35.2%).

3.4.3 Network meta-analysis results and certainty of evidence

Figure 3.3 showed the Hb network meta-analysis of eligible comparisons in Hb. Except
that FeSO4- fumarate, EI-FePP, and NaFeEDTA-FePP did not have direct comparison,
the rest could be directly compared with another iron fortificants or placebo in the network.
The forest plot (Figure 3.4) of pairwise meta-analysis in Hb showed that FeSO,, NaFeEDTA,
fumarate, and FePP were more effective than placebo, and NaFeEDTA was more effective
than FeSO4 and EI, while El-placebo, EI-FeSO,, NaFeEDTA-FeSO,4, FePP-FeSO,, fumarate-
El, FePP-EI, fumarate-NaFeEDTA, FePP-NaFeEDTA, and FePP-fumarate were equivalent
to each other, respectively. As illustrated in SUCRA plot (Figure 3.5), the order of Hb effect
was NaFeEDTA >fumarate>FePP>FeSO,>EI>placebo.

In the side-split analysis, except that FeSOy-placebo, El-placebo, and EI-NaFeEDTA had
a significant inconsistency, there was no significant inconsistency in other comparisons. No
significant loop-specific inconsistency was found. Furthermore, the direct heterogeneity (pair-
wise heterogeneity) and indirect heterogeneity (network heterogeneity) were suggested to be
low in FePP-placebo, EI-FeSO4, FePP-FeSO,, fumarate-NaFeEDTA, and FePP-fumarate,
moderate in NaFeEDTA-FeSO,4 and fumarate-EI, and high in the remaining comparisons
(Figure 3.6). In terms of transitivity (Figure 3.7), most of the comparisons had similar du-
rations, while FePP-fumarate and fumarate-NaFeEDTA had relatively low duration means.
Meta regression of duration had no impact on the network estimation. No significant publi-
cation bias was found in the funnel plot (Figure 3.8).

As shown in Figure 3.9 and Figure 3.10, the percentage of high risk of bias for EI-
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FeSO,4, EI-NaFeEDTA, El-placebo, FeSO4-NaFeEDTA, FeSOy-placebo, and NaFeEDTA-
placebo were large. The percentage of high risk of bias for El-fumarate, FePP-FeSOy,
fumarate-NafeEDTA, EI-FePP, FePP-NaFeEDTA, and FeSO4-fumarate were moderate. The
percentage of high risk of bias for FePP-fumarate, FePP-placebo, and fumarate-placebo were
small. The certainty of network meta-analysis evidence was evaluated to be at very low level
in El-placebo, low in EI-FeSO,4, EI-NaFeEDTA, FeSO4-NaFeEDTA, and FeSO,4-Placebo, and

moderate in the remaining comparisons (Table 3.6).

3.5 Discussion

3.5.1 Characteristics and quality assessments of included studies

Based on 2749 initial articles, this systematic review included 145 clinical trials. The
WHO reported that children in Asian and African were most affected by anemia. In 2019,
186 million children in Asia and Africa suffered from anemia, so most of participants were

133 Since the major food matrix was

Asian and African populations under 18 years old.
the grain-based diet, the data of 46 grain-based studies including 24107 under-18 years old
participants treated with iron fortifications was extracted for the network meta-analysis. In
general, the average life span of red blood cells is around 4 months. Macrophages can clear
old red blood cells and perform iron recycle for new erythroblasts in the circulation. Thus,
4-6 months intervention duration was chosen by most researchers to meet the erythrocyte
iron turnover. 134135

Iron fortification is one of the preferred approaches to combat iron deficiency. The current
network meta-analysis focused on 5 common iron fortificants (FeSO,4, EI, NaFeEDTA, ferrous
fumarate, and FePP). Based on bioavailability, they could be divided into highly bioavailable
iron fortificants such as NaFeEDTA, ferrous fumarate, and FeSO,, and those with poor
bioavailability such as FePP and EIL '3%137 They had been strongly recommended with a
licensed dosage by WHO, United States Department of Agriculture (USDA), and United
States Agency for International Development Organization in multiple guidelines and Food
Aid Quality Review. 1387140

Sample size should be estimated in preparatory phase. It is based on previously reported

studies. This step was not considered in nearly half of studies. If the participants are more

than required, it might be a waste of research resources. If sample size is too small, the results
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of study might not be accurate. High dropout rate can reduce the generalizability of result.
Inadequate sample size or imbalance intergroup sample size might give rise to the weak
statistical powder. Ethical approval was not stated in some studies published from 1970s
t01980s. Probably, it was not a requirement of publication at that time. However, some
ethical paradoxes need to be further justified. For example, it needs to be verified whether
recruiting children from juvenile criminal school and orphanage violate ethical rules.'*! In
most of studies, healthy participants and anemia participants were involved. Considering
ethics, should some participants with anemia take iron supplementation rather than iron
fortifications? Therefore, some studies take anemia status as a cluster factor. Others clus-
ter factors such as age and gender were also employed, while many clinical trials chose a
completely randomized design to examine the efficacy of one major factors without taking
covariant factor into account.

Most clinical trials had a moderate or high-level risks of bias due to unknown randomized
sequence generation, unclear allocation method, and unblinded design. Specific randomiza-
tion and allocation methods such as “generating a random number table from Excel” and
“employing the sealed envelope system to assign the treatments” should be illustrated. The
unblinded method in clinical trials might taint the results due to the participant bias and
observer bias.

Moreover, the table of direct effect indicated that NaFeEDTA, ferrous fumarate, FeSQOy,
and FePP fortificants were significantly higher than placebo in Hb and serum ferritin. Based
on these individual direct comparisons, two hypotheses were proposed, namely, “Do these
iron fortificants have positive overall effects of outcomes?” and “What is the rank order of
iron fortificants in the effects of outcomes?”. Network meta-analysis was used to verify these
hypotheses with both direct and indirect comparisons. 4%143

3.5.2 Network meta-analysis results

46 grain-based clinical trials contributed the Hb data to this network meta-analysis.
These studies were combined and extended in a network plot to provide intuitive and visual
understandings on the direct and indirect associations of multiple iron-treatment effects.
The overall Hb effects of pairwise meta-analysis in the forest plot aligned the individual
effects in (Table 3.4). FeSO,4, NaFeEDTA, ferrous fumarate, and FePP were effective iron
treatments. In a recent Cochrane systemic review with pairwise meta-analysis conducted by
Deregil et al. 13 clinical trials and 5810 children were included. It showed that NaFeEDTA,

FeSO,, and ferrous fumarate working as point-of-use food fortifications could alleviate the
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risk of anemia prevalence.'#* Similarly, da Silva et al. summarized 75 systematic reviews
and reported that FeSO4, NaFeEDTA, ferrous fumarate, and FePP could increase Hb levels
and control anemia in infants, children, and women.'*® Controversially, in Garcia-Casa et
al.’s pairwise meta-analysis, the effects of maize flour fortified with FeSO,4, NaFeEDTA, and
ferrous fumarate were uncertain in over 2-year-old children and adults. 146

In population under 18 years old consuming grain-based fortification, NaFeEDTA was
suggested to be the most effective iron fortificant, followed by ferrous fumarate, FePP, FeSOy,
and EI based on the results of SUCRA analysis. NaFeEDTA had the superior iron bioavail-
ability due to its iron-EDTA chelate structure. The binding of ferric iron with EDTA
is favorable in human gastrointestinal tract. EDTA can protect the non-heme iron from
the iron inhibitors. The absorption of NaFeEDTA is usually 2 times higher than that of
FeSO,. 529297 Ferrous fumarate and FePP also showed good efficacy with the assistance of
encapsulation, micronize-sized technique, and iron enhancer (e.g., ascorbic acid). Encapsu-
lation could block the interactions between iron fortificants and food components, especially
iron inhibitors. Micronize-sized iron fortificants had a larger surface area, thus making iron

t.9991 Enhancers can work as a

fortificants easier to be hydrolyzed in gastrointestinal trac
reducing agent or a chelate to improve iron absorption. FeSO, could be dissolved in water
to supply highly bioavailable iron but it had poor sensory properties.

Except for the short intervention duration of the FePP-fumarate and fumarate-NaFeEDTA
(<2.5 months), the intervention duration of the other comparison was similar duration (3-6
months), so the transitivity in duration was balanced. Meanwhile, except for FeSO4-placebo,
El-placebo, and EI-NaFeEDTA comparisons, there is no direct and indirect conflict of sim-
ilarity in the remaining comparisons. However, more than half of the comparisons had the
moderate or high-level heterogeneities. The variation of intergroup and intragroup in effect
might not be the same across all comparisons.

3.5.3 Certainty of evidence and limitations

In the current systemic review, the moderate and high-level overall risk of bias, the
moderate and high heterogeneities, the concerns of imprecision and inconsistency, and other
limitations downgrade the evidence level of network meta-analysis. The predominant limi-
tation of this systemic review was the small number of included studies. Due to insufficient
data, sensitivity analysis, transitivity analysis and meta regression of other impact facts,
network meta-analyses of secondary outcomes, and the meta-analysis of subgroup data were

not conducted. Additionally, the Hb concentration of residents in plateau was physiologically
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higher than that of residents in flat areas. Thus, diagnosis criteria of anemia might need to
be adjusted in some studies according to elevation. New clinical trials will be included to

update this network meta-analysis every 3-5 years.

3.6 Conclusion

The results of this systematic review and network meta-analysis provided the comprehensive
evidence on the efficacy of iron fortificants. NaFeEDTA| ferrous fumarate, FePP and FeSO,
fortifiactions were effective treatments in Hb for people with iron deficiency or healthy people
with high risk of iron deficiency. In grain-based studies, NaFeEDTA was suggested to be the
most effective iron fortificant, followed by ferrous fumarate, FePP and FeSO, in population
under 18 years old. The certainty of network meta-analysis evidence was downgraded due to
significant inconsistency, unsolvable risk of biases, and moderate or high heterogeneities in
part of comparisons. Moreover, limited information and insufficient data reduced the quality
of network meta-analysis. Therefore, the results of network meta-analysis should be applied
with caution as conditional recommendations. Nevertheless, this clinical systemic review
with network meta-analysis is still a crucial footstone of the iron fortification clinical research.
More high-quality clinical trials are needed to elevate the evidence level of the network meta-
analysis results, explore innovative frameworks for the prevention, therapy, and management
on iron deficiency, and support the global implementations of the comprehensive frameworks

through multisectoral anemia action alliances.
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+ Formulate the systematic review questions.

+ Identify the key influencing factors in the nutrition academic fields to determine inclusion and exclusion criteria.

+ Design and carry out the search strategy with combinations of keywords, phrases, and limiters in an organized way.

+ Scan and sort initial articles from multiple databases to obtain final included studies.

+ Manage and extract data, summarize the characteristics of included studies, and assess the qualities of included studies.

+ Perform the network meta-analysis and the GRADE assessment.

« Interpret the results of study characteristics, quality assessments, network meta-analysis, and GRADE assessment.

+ Draw conclusions and recommendations

€ EECEEEEL

Figure 3.1: Flow diagram of steps in the clinical systematic review process
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Web of Science (n=978) Scopus (n=634) Agricola (n=560) PubMed (n=577) Initial
Articles from Database Searches (n=2749)

E Duplicates (n=870) I
I All combined articles(n=1879) Additional Articles Identified (n=4) I
=
| Title- and Abstract-Reviewed Articles (n=1883) |

Theses, discussions, books, conference paper,
proceedings (n=11)

Reviews, protocols, not primary research (n=305)
Observational studies (n=192)
Animal studies (n=221)
In vitro studies (n=92)
Not iron fortification intervention trial (n=121)

— Iron fortification was provided without
food/Supplement trial (n=368)

The duration of intervention < 2 weeks (n=193)
Severe or acute condition (n=65)
Non-English language (n=13)
Unavaiable full text/only abstracts (n=3)
Duplicates (n=23)

No control (n=4)

| Full-Reviewed Articles (n=275) |

Theses, discussions, books, conference paper,
proceedings (n=7)

Reviews, protocols, not primary research (n=9)
Observational studies (n=1)
Animal studies (n=2)

Iron fortification was provided without
food/Supplement trial (n=9)

The duration of intervention < 2 weeks (n=16)
Severe or acute condition (n=8)
Non-English language (n=13)
Unavaiable full text (n=2)
Duplicates (n=4)
No control (n=14)
Unidentified iron type (n=40)
No related result (n=4)
Unidentified iron concentration (n=1)

Final Articles included (n=145)

Figure 3.2: Flow diagram of scanning and sorting studies
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Figure 3.3: Network plot of comparisons in Hb
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Figure 3.6: Side-split heterogeneity analysis
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Figure 3.9: Network plot of risk of bias percentage
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Figure 3.10: Bar diagram of risk of bias percentage
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Table 3.1: Basic characteristics of the included studies

Study Age Gender Enr- Inter- Drop Study Study type Arm Sample Anemia

ID (month, oll- ven- rate setting size condition
year) ment tion (%) calcul-

num- num- ation
ber ber

1 Birth-2 M&F 347 347 0.0% USA Cluster No No
months

2 Birth-4 M&F 96 88 8.3%  Austria Completely No No
months

3 6-9 M&F 335 306 8.7%  Nepal  Cluster Yes  Yes (portion)
months

4 6.5-9.5 M&F 80 75 6.3%  Kenya  Completely No  Yes (portion)
months

5 6 M&F 200 170 15.0% Palestine Completely Yes  Yes (portion)
months

6 4 M&F 183 130 29.0% Pakistan Completely No  Yes (portion)
months

7 6-12  M&F 361 289 19.9% South  Completely Yes  Yes (portion)
months Africa

8 4 M&E 95 65 31.6% USA Completely Yes  Yes (portion)
months

9 6 M&F 287 170 40.8% Kenya  Completely Yes  Yes (portion)
months

10 6-12 M&F 216 117 45.8% Ghana  Completely No  Yes (portion)
months

11 6-7 M&F 225 115 48.9% Guat-  Cluster No No
months emalan

12 1-6 M&F 56 56 0.0%  Sweden Completely No No
months

13 1 monthM&F 1239 394 68.2% Chile Completely No  Yes (portion)

14 6 M&F 1179 835 29.2%  Chile Completely No No
months

15 6 M&F 92 50 45.7% UK Completely No  Yes (portion)
months

16 1-2 M&F 50 50 0.0%  Sweden Completely No  Yes (portion)
months
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Table 3.1: Basic characteristics of the included studies(continued)

Study Age Gender Enr- Inter- Drop Study Study type Arm Sample Anemia

ID (month, oll- ven- rate setting size condition

year) ment tion (%) calcul-
num- num- ation
ber ber

17 6 M&F 164 139 15.2% Hond-  Cluster 2 No  Yes (portion)
months uras

18 <3 M&F 554 400 27.8% Chile Completely 4 No  Yes (portion)
months

19 <3 M&F 554 270 51.3%  Chile Completely 2 No  Yes (portion)
months

20 6-12 M&F 234 211 9.8%  North  Completely 3 No  Yes (portion)
months Korea

21 1 M&F 152 136 10.5% USA Completely 3 Yes No
months

22 6-18 M&F 102 102 0.0%  Canada Completely 2 Yes No
months

23 6-18 M&F 213 208 2.3%  Ghana  Cluster 2 Yes No
months

24 4 M&F 515 340 34.0% Chile Completely 5 No No
months

25 6-18  M&F 4360 4292 1.6%  India Cluster 2 Yes  Yes (portion)
months

26 6-18  M&F 304 239 21.4% Ghana Completely 2 Yes  Yes (all)
months

27 6-13 M&F 226 162 28.3% China  Completely 2 No No
months

28 10-23  M&F 171 142 17.0% Brazil = Completely 2 Yes No
months

29 6-24 M&F 196 175 10.7% Brazil  Completely 2 Yes  Yes (portion)
months

30 6-18  M&F 432 381 11.8% India Cluster 5 Yes  Yes (portion)
months

31 10-23 M&F 216 188 13.0% Brazil  Cluster 2 Yes  Yes (portion)
months

32 6-18 M&F 362 313 13.5% Iran Completely 3 Yes  Yes (portion)
months
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Table 3.1: Basic characteristics of the included studies(continued)

Study Age Gender Enr- Inter- Drop Study Study type Arm Sample Anemia

ID (month, oll- ven- rate setting size condition

year) ment tion (%) calcul-
num- num- ation
ber ber

33 <24 M&F 133 118 11.3% Ghana  Cluster 5 Yes  Yes (portion)
months

34 6-23  M&F 1704 1288  24.4% Thailand Completely 2 No  Yes (portion)
months

35 6-24 M&F 362 338 6.6%  Bang-  Cluster 3 Yes  Yes (portion)
months ladesh

36 6-23  M&F 407 345 15.2% Gambia Cluster 3 Yes  Yes (portion)
months

37 6-11 M&F 344 259 24.7% Ethiopia Completely 2 Yes  Yes (portion)
months

38 7-24 M&F 235 157 33.2% Switz-  Completely 3 Yes No
months erland

39 6-18  M&F 557 493 11.5% Ghana Completely 2 Yes  Yes (portion)
months

40 8-20 M&F 437 324 25.9% Ghana Completely 4 Yes No
months

41 6 M&F 743 576 22.5% Zambian Completely 2 Yes  Yes (portion)
months

42 12-23  M&F 70 70 0.0% Kenya Completely 3 Yes  Yes (portion)
months

43 6-8 M&F 193 112 42.0% Brazil  Completely 2 Yes  Yes (portion)
months

44 12-36  M&F 133 128 3.8%  Guat-  Cluster 3 Yes  Yes (portion)
months emalan

45 12-24  M&F 152 136 10.5% Bang-  Cluster 2 Yes  Yes (portion)
months ladesh

46 12-20 M&F 225 205 89%  Newz  Cluster 3 Yes No
months ealand

47 18 M&F 752 750 0.3%  Bang-  Cluster 5 No  Yes (portion)
months ladesh

48 12-36  M&F 184 105 42.9% Nigeria Cluster 3 Yes  Yes (portion)
months

88



Table 3.1: Basic characteristics of the included studies(continued)

Study Age Gender Enr- Inter- Drop Study Study type Arm Sample Anemia

ID (month, oll- ven- rate setting size condition

year) ment tion (%) calcul-
num- num- ation
ber Dber

49 12-30 M&F 486 415 14.6% Mexico Completely 3 Yes No
months

50 12-36  M&F 338 315 6.8%  Kenya  Cluster 3 No  Yes (portion)
months

51 12-36  M&F 629 403 35.9% Cote-  Cluster 5 Yes  Yes (portion)
months dlvoire

52 12-30 M&F 795 567 28.7% Mexico Cluster 2 No  Yes (portion)
months

53 6-35  M&F 2220 1958 11.8% Ghana  Cluster 2 No  Yes (portion)
months

54 6-36 M&F 2283 1869  18.1% Kyrgyz Cluster 2 Yes  Yes (portion)
months

55 6-42  M&F 169 151 10.7% Brazil  Cluster 2 Yes  Yes (portion)
months

56 6-35 M&F 1958 1806  7.8%  Ghana  Cluster 2 Yes  Yes (portion)
months

57 6-35  M&F 1420 862 39.3% Kenya  Cluster 2 Yes  Yes (portion)
months

58 10-30 M&F 154 115 25.3% Mexico Completely 2 Yes No
months

59 10-48 M&F 94 93 1.1%  Brazil  Completely 2 No  Yes (portion)
months

60 24-53 M&F 2186 1873  14.3% Tanzania Cluster 16 No  Yes (portion)
months

61 1.5-6  M&F 205 153 25.4% Come-  Cluster 2 Yes  Yes (portion)
years roon

62 1-6 M&F 335 150 55.2% Brazil = Completely 2 No No
years

63 2-5 M&F 279 239 14.3% Kenya  Cluster 3 Yes No
years

64 2-5 M&F 327 314 4.0% Bang-  Completely 2 Yes  Yes (portion)
years ladesh
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Table 3.1: Basic characteristics of the included studies(continued)

Study Age Gender Enr- Inter- Drop Study Study type Arm Sample Anemia

ID (month, oll- ven- rate setting size condition
year) ment tion (%) calcul-

num- num- ation
ber Dber

65 2-5 M&F 332 307 7.5%  Brazil  Cluster Yes  Yes (portion)
years

66 2-5 M&F 270 259 41%  Brazil  Cluster No  Yes (portion)
years

67 3-6 M&F 415 415 0.0%  China  Cluster Yes  Yes (portion)
years

68 4 years M&F 131 120 8.4%  Brazil  Cluster No  Yes (portion)

69 36-66 M&FEF 684 513 25.0% India Cluster Yes  Yes (portion)
months

70 3-6 M&F 47 40 14.9% Mexico Completely No No
years

71 2-6 M&F 268 173 35.4% Brazil  Cluster Yes  Yes (portion)
years

72 3-12 M&F 200 192 4.0%  South  Completely Yes  Yes (portion)
years Africa

73 3-8 M&F 515 505 1.9%  Kenya Completely No  Yes (portion)
years

74 3-7 M&F 31 24 22.6% USA Completely No  Yes (portion)
years

75 5-9 M&F 136 136 0.0%  India Completely Yes  Yes (portion)
years

76 5-15  M&F 207 123 40.6% Cote-  Completely No  Yes (portion)
years dlvoire

77 5-15 M&F 245 245 0.0%  India Completely Yes  Yes (portion)
years

78 5-11  M&F 140 128 8.6%  India  Cluster Yes  Yes (portion)
years

79 5-13 M&F 566 534 5.7%  Nigeria Cluster Yes  Yes (portion)
years

80 5-13 M&F 186 130 30.1% India Completely No  Yes (portion)
years
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Table 3.1: Basic characteristics of the included studies(continued)

Study Age Gender Enr- Inter- Drop Study Study type Arm Sample Anemia

ID (month, oll- ven- rate setting size condition

year) ment tion (%) calcul-
num- num- ation
ber ber

81 5-12 M&F 241 224 7.1%  Ghana  Cluster 2 Yes  Yes (portion)
years

82 6-10 M&F 375 300 20.0% Pakistan Cluster 4 No No
years

83 7-10  M&F 227 224 1.3%  India Cluster 2 Yes  Yes (portion)
years

84 6-8 M&F 247 179 27.5% South  Completely 4 No  Yes (portion)
years Africa

85 11-17  M&F 304 240 21.1% China  Completely 3 No  Yes (portion)
years

86 6-9 M&F 403 384 4.7%  Vietnam Completely 2 Yes  Yes (portion)
years

87 6-11  M&F 361 339 6.1%  South  Cluster 4 Yes  Yes (portion)
years Africa

88 6-9 M&F 180 171 5.0%  Phil- Completely 3 Yes  Yes (portion)
years lippines

89 6-11 M&F 471 425 9.8%  Vietnam Completely 5 Yes  Yes (portion)
years

90 6-11  M&F 252 228 9.5%  South  Cluster 2 Yes  Yes (portion)
years Africa

91 5-15 M&F 1645 546 66.8% India Completely 2 No  Yes (portion)
years

92 5-18  M&F 402 402 0.0% India Completely 2 Yes  Yes (portion)
years

93 7-11 M&F 123 123 0.0%  India Completely 2 Yes  Yes (portion)
years

94 6-11 M&F 160 153 4.4%  South  Completely 3 Yes  Yes (portion)
years Africa

95 7-11 M&F 129 129 0.0%  India Completely 2 No  Yes (portion)
years

96 6-15 M&F 382 353 7.6%  Mexico Completely 2 Yes  Yes (portion)
years
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Table 3.1: Basic characteristics of the included studies(continued)

Study Age Gender Enr- Inter- Drop Study Study type Arm Sample Anemia

ID (month, oll- ven- rate setting size condition
year) ment tion (%) calcul-

num- num- ation
ber Dber

97 6-14 M&F 640 591 7.7%  Cote- Completely Yes  Yes (portion)
years dlvoire

98 11-18 M&F 418 418 0.0% China  Completely No  Yes (portion)
years

99 6-21  M&F 140 137 2.1%  Camb-  Completely Yes  Yes (portion)
years odia

100 6-16  M&F 2501 2380 4.8%  Camb- Cluster Yes  Yes (portion)
years odia

101 6-12 M&F 258 232 10.1% India Cluster Yes  Yes (portion)
years

102 6-12 M&F 250 238 4.8%  Phil- Cluster Yes  Yes (portion)
years lippines

103 6-13  M&F 179 179 0.0%  India Completely No  Yes (portion)
years

104 6-13 M&F 184 184 0.0%  India Cluster Yes  Yes (portion)
years

105 6-15 M&F 401 379 5.5%  India Cluster No  Yes (portion)
years

106 6-15 M&F 351 334 4.8%  Bang-  Cluster Yes  Yes (portion)
years ladesh

107 6-14 M&F 159 157 1.3%  Morocoo Completely No No
years

108  6-15 M&F 377 367 2.7%  Morocoo Completely No No
years

109 6-15 M&F 163 163 0.0%  Morocoo Completely No  Yes (portion)
years

110 5-15 M&F 458 345 24.7% India Completely Yes No
years

111 11-17  M&F 1071 904 15.6% Burundi Cluster No No
years

112 Family M&F 212 212 0.0%  India Cluster Yes  Yes (portion)

113 Family M&F 3228 2005 37.9% Srilanka Cluster Yes  Yes (portion)
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Table 3.1: Basic characteristics of the included studies(continued)

Study Age Gender Enr- Inter- Drop Study Study type Arm Sample Anemia

ID (month, oll- ven- rate setting size condition
year) ment tion (%) calcul-
num- num- ation
ber ber
114  Family M&F 88 88 0.0%  Brazil  Cluster 2 No No
115 Family M&F 14395 10714 25.6% India Cluster 2 No  Yes (portion)
116  Family M&F 4000 3868 3.3%  China  Cluster 2 No  Yes (portion)
117 Family M&F 984 598 39.2% India Cluster 2 Yes  Yes (portion)
118  Family M&F 545 448 17.8% China  Completely 2 Yes  Yes (portion)
119 >60  M&F 221 160  27.6% USA Cluster 2 No  Yes (all)
years
120 18-50 Female 304 237 22.0% UK Completely 2 No  Yes (portion)
years
121 1855 Female 131 126 3.8% India Completely 2 No  Yes (portion)
years
122 18-35 Female 279 181 35.1% Kuwaiti Completely 3 No  Yes (portion)
years
123 18-49  Female 201 145 27.9% Mexico Completely 2 Yes No
years
124 25-40 Female 417 273 34.5% Norway Completely 2 No No
years
125 18-50 Female 330 330 0.0%  Thailand Completely 3 No  Yes (portion)
years
126 1825 Female 75 75 0.0%  Pakistan Completely 5 No  Yes (portion)
years
127  18-35 Female 126 108 14.3%  Spain Completely 2 Yes No
years
128 18-45  Female 30 25 16.7% Iran Completely 2 No No
years
129 1845 TFemale 282 243 13.8% Poland Completely 2 No No
years
130  18-35 Female 130 122 6.2%  Spain  Completely 2 Yes  Yes (portion)
years
131 1835 Female 41 41 0.0% Spain  Completely 2 No  Yes (portion)
years
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Table 3.1: Basic characteristics of the included studies(continued)

Study Age Gender Enr- Inter- Drop Study Study type Arm Sample Anemia

ID (month, oll- ven- rate setting size condition
year) ment tion (%) calcul-

num- num- ation
ber ber

132 18-40  Female 142 105 26.1% Swit- Completely Yes No
years zerland

133 20-38 Female 44 43 2.3%  Denmark Completely No No
years

134 1844 Female 89 69 22.5% Newz-  Cluster Yes No
years ealand

135  15-49 Female 51 51 0.0%  USA Completely No No
years

136 12Y-P Female 124 116 6.5%  China  Completely Yes  Yes (all)

137 12-49 Female 152 136 10.5% Vietnam Completely Yes  Yes (all)
years

138 16-49 Female 576 389 32.5% Vietnam Completely Yes No
years

139 18-50 Female 17 15 11.8% USA Completely No  Yes (portion)
years

140  15-19 Female 140 123 12.1% India Completely No  Yes (all)
years

141 1855 Female 245 212 13.5% India Cluster Yes  Yes (portion)
years

142 17-25 Female 142 113 20.4% USA Cluster No  Yes (portion)
years  (soldier)

143 Preg- Female 106 96 9.4%  Nepal  Completely No  Yes (portion)
anant

144  Preg- Female 70 70 0.0%  India Completely No  Yes (portion)
anant

145  Preg- Female 176 168 4.5%  Vietnam Cluster Yes  Yes (portion)
anant

Note: “M&F” represented male and female.

females.

“12Y-P” represented 12 years old-premenopausal
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Table 3.2: Methodological characteristics of the included studies

Study Dwuration Food matrix Iron type Control Iron concentration
ID (month)
1 6, 12 Milk FeSOy4 Placebo 12.7, 74 mg/L
Formula
2 4,6,9,12 Milk FeSO4 Placebo 2 mg/100g food
Formula
3 6 Comple- Encapsulated Enhanced 10 mg/sachet
mentary food fumarate homestead
food, Placebo
4 4 Maize flour Fumarate4+  Placebo ) mg/sachet
NaFeEDTA,
fumarate+
NaFeEDTA
+prebiotic
5 12 Semi solid Fumarate+  FeSOy4 12,2 mg/sachet
food FeSOy4
6 8 Milk cereal Fumarate, Placebo 7.5 mg/100 g food
FePP
7 6 Maize-porridge Fumarate Placebo 27.5 mg/100 g food
1.5,3,5 Cereal Fumarate, EI Each other 52.2, 54.5 mg/100 g food
12 Maize porridge NaFeEDTA  Placebo 2.5 mg/sachet
10 6 Comple- EI fish Placebo 18.3, 36.6 mg/100 g food
mentary food powder,
KOKO
(fermented

maize dough)
11 8 Maize El+whey Placebo 10 mg/day
protein,
El+bovine
serum
12 3,5 Milk powder  FeSOy, Placebo 2.4 mg/L
FeSO4+
bovine
lactoferrin,
FeSO4+
nucleotides
13 8, 14 Milk powder FeSOy4 Placebo 15 mg/100g food
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Table 3.2: Methodological characteristics of the included studies(continued)

Study Dwuration Food matrix Iron type Control Iron concentration
ID (month)
14 6 Milk FeSOy4 FeSO4 12.7, 2.3 mg/L
(12.7 mg/L) (2.3 mg/L)
15 1.25,2.5 Milk FeSO4 Placebo 12 mg/L
16 4.5 Milk powder  FeSOy, Placebo 4,7 mg/L
bovine
lactoferrin
17 6 Comple- FeSOy4 Placebo 5 mg/100g food
mentary food (exclusively
breast-fed)
18 12 Milk powder FeSOyq Placebo 15 mg/100g food
19 12 Milk powder FeSOy Placebo 15 mg/100g food
20 6 Rice FeSOy4 Placebo 10 mg/day
21 3, 4.5, 6.5, Fruit-Cereal FeSOy4 FeSO4 7.5 mg/day
8 supplement,
Placebo
22 6 Comple- Fumarate Placebo 30 mg/100g food
mentary food
23 6, 8 Cereal Fumarate Placebo 7.5 mg/day
24 4,8, 11 Cereal and Electrolytic  Placebo 55,12 mg/100g food
formula Fe, FeSOy4
25 12 Comple- Fumarate Placebo 12.5 mg/day
mentary food
26 2 Meal Microenca-  Fumarate+ 8 mg/L
psulated zinc
fumarate
27 3 Rusk Ferric Placebo 0.29 mg/g
ammonium
citratecitrate
28 4.5 Rice FePP Placebo 56.4 mg/week
29 5 Rice 1FePP Placebo 10 mg/day
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Table 3.2: Methodological characteristics of the included studies(continued)

Study Dwuration Food matrix Iron type Control Iron concentration
ID (month)

30 0.75, 2 Meal Microenca-  Each other 12.5, 20, 30mg
psulated
Fumarate,
1FePP, ferrous

glycine sulfate

drops
31 4.5 Rice uFePP Placebo 56.4 mg/week
32 4 Semi solid Microenca-  FeSOy 10,12.5 mg/day
food psulated supplement
Fumarate
33 0.75, 2 Semi solid Microenca-  FeSOy 12.5, 20, 30mg
food psulated supplement
fumarate,
FePP
34 9 Suitable food Fumarate Placebo 6 mg/sachet
35 2 (daily), Rice Fumarate Fumarate 12.5 mg/sachet
3 (flexibly), (daily) (flexibly)
4 (flexibly)
36 2.5 Orange Encapsulated Placebo 6, 12 mg/day
flavoured fumarate
drink
37 6 Comple- Fumarate Placebo 6 mg
mentary food
38 9 Cereal Fumarate, Each other 9.3 mg/day
FePP, FeSOy4
39 2 Comple- Microenca-  FeSOy 40, 80 mg/day
mentary food psulated supplement
fumarate
40 6 Meal Microenca-  Placebo, 40 mg/day
psulated FeSOy4
fumarate supplement
41 12 Porridge Fumarate Placebo 25 mg/100g food
42 4 Maize NaFeEDTA  Placebo 4.2 mg/100g food
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Table 3.2: Methodological characteristics of the included studies(continued)

Study Dwuration Food matrix Iron type Control Iron concentration
ID (month)

43 2 Comple- Fumarate Placebo 10 mg/sachet
mentary food
44 1.25, 2.5 Black bean FeSOy, Placebo 20 mg/100g food
haem iron
45 2 Comple- Fumarate Fumarate 4.3,12.5  mg/day
mentary food (high (low
forfication forfication
level) level)
46 5 Milk FeSOy4 Placebo 4.2-4.8 mg/day
47 12 Comple- NaFeEDTA+ Placebo 7.6 mg/L
mentary food famarate
48 6 Drinking water FeSO4 (High FeSO,4 (Low 2.24, 4.48, mg/100ml
and moderate forfication  6.72
forfication level)
levels)
49 6 Comple- FeSOy, Placebo 10 mg/day
mentary food ferrous
gluconate
50 1 Semi solid NaFeEDTA, Placebo 3,12.5 mg/day
food encapsulated
fumarate
51 9 Comple- NaFeEDTA+ Placebo 2,3.8 mg
mentary food Fumarate,
NaFeEDTA+
FePP
52 12 Milk Ferrous  glu-Placebo 5.28 mg
conate
53 5 Semi liquid Fumarate Placebo 12.5 mg/day
food
54 2 Comple- Fumarate Placebo 12.5 mg/day
mentary food
55 2 Rice Fumarate FeSOy4 1,4, 3.2, mg/day

42,125
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Table 3.2: Methodological characteristics of the included studies(continued)

Study Dwuration Food matrix Iron type Control Iron concentration
ID (month)
56 5 Semi solid Fumarate Placebo 12.5 mg/day
food
57 12 Staple food Fumarate Placebo 12.5 mg/day
58 6 Milk Ferrous Placebo 14.5 mg/L
gluconate
59 6 Orange juice  Iron Tron 100 mg/kg
trisglycinate trisglycinate
chelate+ chelate+
level 1 sugar level 2 sugar
60 5 Grain based  Fumarate+  Placebo 13 mg/100g food
food NaFeEDTA
61 3,6 Cereal meal  Fumarate Placebo 7.5 mg/day
62 6 Drinking FeSOy4 Placebo 50 mg/L
water
63 4 Maize NaFeEDTA, Placebo 6.9,23 mg
amaranth
64 2 Meal Fumarate Fumarate 5,12.5 mg
(high (low
forfication forfication
level) level)
65 4 Drinking FeSO4 (high, Placebo 5,7.5,10 mg
water moderate,
low forfication
level)
66 3 Meal FeSO, (high FeSO4 (low 5,10 mg/day
forfication forfication
level) level)
67 3 Semi solid Fumarate Placebo 4.3,30 mg/day
food (high, low
forfication
level)
68 3.5 Corn FeSOy4 Placebo 10 mg
69 6 Rice Fumarate Placebo 7 mg/100g food
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Table 3.2: Methodological characteristics

of the included studies(continued)

Study Dwuration Food matrix Iron type Control Iron concentration
ID (month)
70 2.5 Biscuit FeSOy4, Heme Placebo 13.5, 6 mg
Fe
71 3,6 Wheat FeSOy4 Placebo 4 mg
72 Porridge NaFeEDTA  Placebo 2.5 mg/day
73 Maize flour NaFeEDTA, Placebo 28, 56 mg/day
EIl
74 1.5, 3 Milk formula, FeSOy, FeSOy, 5,6 mg/day
soy formula ferrous ferrous
bisglycinated bisglycinated
(milk) (soy)
75 6 Meal Ferrous Placebo 28 mg/day
glucie
phosphate
76 6 Salt uFePP Placebo 10.5 mg/day
7 12 Salt FeSOy4 Placebo 1.1 mg/g
(chelated)
78 8 Rice uFePP Placebo 19 mg/day
79 6 Beverage FeSOy, Placebo 14,17.5 mg/day
ferrous
bisglycinated
80 7.5 Rice FePP Placebo 15 mg/day
81 3.5 Cowpea meal NaFeEDTA  Placebo 4.3 mg/day
82 1.5 Gum FeSOy, Placebo 30 mg/100g
NaFeEDTA,
FeSO4+
NaFeEDTA
83 ) Milk beverage FePP Placebo 18 mg/day
84 6,11 Soup powder Fumarate Placebo 20 mg/meal
85 3 Soy Sauce NaFeEDTA  Placebo 5, 20 mg/day
86 6 Biscuit Fumarate Placebo, Fe 30-40 mg/day
supplement
87 8.5 Bread NaFeEDTA, Placebo 100, 200, mg/100 g food
fumarate, EI 350
88 6 Rice FePP, FeSO4 Placebo 10 mg/day

100



Table 3.2: Methodological characteristics of the included studies(continued)

Study Dwuration Food matrix Iron type Control Iron concentration
ID (month)
89 6 Noodle NaFeEDTA  Placebo 20.6 mg/100g food
90 11 Biscuit Fumarate Placebo 13.1 mg/100g food
91 6, 12 Salt FePO4+ Placebo 3500-5000 mg/kg
FeSO4
92 9 Salt FeSOy4 Placebo 1 mg/g
(chelated)
93 12 Meal FeSOy4 Placebo 10 mg/day
94 7.5 Bread EI, ferrous Placebo 3.66 mg/day
bisglycinate
95 12 Salt FeSOy4 Placebo 1 mg/g food
96 12 Milk Fe(II)Cly Placebo 14.3 mg/day
97 6 Biscuit EI Placebo, 50 mg/day
intermittent
preventive
and
anthelmintic
treatment
98 2,4, 6 Wheat flour  EI, Placebo 60, 20, 30 mg/kg
NaFeEDTA,
FeSOy4
99 5 Fish sauce NaFeEDTA, Placebo 1 mg/ml
meal FeSO4
100 6 Rice FePP Placebo 10.7, 7.6, mg/100g
7.5
101 6 Rice FePP (high, Placebo 6.25,12.5 mg/100g
low forfication
level)
102 8 Wheat flour  Hydrogen Placebo 80,80,40 mg/kg
reduced Fe,
EI, Fumarate
103 7 Wheat meal  NaFeEDTA  Placebo mg/100g
104 3.5, 7 Rice uFePP Placebo mg/day
105 3.5, 7 Wheat meal =~ NaFeEDTA  Placebo mg/day
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Table 3.2: Methodological characteristics of the included studies(continued)

Study Dwuration Food matrix Iron type Control Iron concentration
ID (month)

106 6 Wheat flour ~ Hydrogen Placebo 66 mg/kg
reduced Fe
107 5, 10 Salt 1FePP Placebo 2 mg/g
108 5, 10 Salt FeSOy4 Placebo 1 mg/g
109 5,10 Salt uFePP Placebo 2 mg/g
110 5, 10 Salt 1FePP, Placebo 5.7 mg/day
encapsulated
fumarate
111 7 Rice FePP Placebo 17.8 mg/day
112 8 Salt FeSOy4 Placebo 10 mg/10g
113 12, 24 Wheat flour ~ Hydrogen Placebo 66 mg/kg
reduced Fe, EI
114 4 Water FeSO4 Placebo 10 mg/L
115 12, 18 Salt FeSOy4 Placebo 3.5 mg/g
116 6, 12, 18  Soy diet NaFeEDTA  Placebo 29.6 mg/100g
117 12, 24 Curry powder NaFeEDTA  Placebo 10 mg/g
118 6, 12, 18, Wheat flour EI Placebo 20 mg/kg
924, 30, 36
119 6, 8 Wheat FeSOy4 Placebo 15-22 mg/day
120 6, 12 White flour Ferric Placebo, 1 mg/day
ammonium  FeSOy4
citrate supple-
mentation
121 10 Salt Encapsulated Placebo 3.3 mg/g
fumarate
122 5.5 Biscuit Encapsulated Placebo 10, 20 mg/day
FeSOy,
hydrogen
reduced Fe
123 6 Rice 1FePP Placebo 20 mg/day
124 5 Bread FeSOy4 Placebo 6.2 mg/100g
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Table 3.2: Methodological characteristics of the included studies(continued)

Study Dwuration Food matrix Iron type Control Iron concentration
ID (month)
125 5,9 Wheat flour  FeSOy, Placebo 12 mg/day
hydrogen
reduced Fe,
electrolytic Fe
126 3 Wheat flour  NaFeEDTA, Placebo 10, 20, 15, mg/g
FeSOy4 30
127 4 Milk uFePP uFePP+vitD 15 mg/day
128 2 Wheat flour  FeSOy NasEDTA 10 mg
129 6 Bread FeSOy4 Placebo 15 mg/day
130 4 Fruit juice Microenca-  Placebo 18 mg/day
psulated FePP
131 4 Fruit juice Microenca-  Placebo 18 mg/day
psulated FePP
132 8 Margarine uFePP, Placebo 14 mg/day
NaFeEDTA
133 2.5,5 Bread Fumarate Placebo 6 mg/day
134 4 Cereal meal  FeSO4+ FeSO4+ 16 mg/day
kiwifruit banana
(high level of (high level of
ascorbic acid) lutein and
zeaxanthin)
135 3 Wheat Heme Fe, Placebo 5,50
FeSOy,
hydrogen
reduced Fe,
El
136 3 Drink FeSOy4 Placebo 21 mg/day
137 3,6 Fish sauce NaFeEDTA  Placebo 10 mg
meal
138 18 Fish sauce NaFeEDTA  Placebo 9 mmol Fe/L
meal
139 0.5 Rice FeSOy4 Placebo 18 mg/100g
140 2 Meal NaFeEDTA  Placebo 25 mg/day
141 7.5,9 Salt Fumarate Placebo 3.3 mg/kg
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Table 3.2: Methodological characteristics of the included studies(continued)

Study Dwuration Food matrix Iron type Control Iron concentration
ID (month)

142 2.15 Food bar FeSOy4 Placebo 56 mg/day
143 1.5 Rice FeSO4 Placebo 30 mg
144 3 Rice FeSOy4 Placebo, 16 mg
FeSO4
supplement
145 4 Milk Fumarate Fuma tablet, 15,60 mg/day
FeSO,4 tablet,
Placebo
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Table 3.3: Characteristics of outcome effects

Study Data contribu- Primary Secondary outcome
ID tion of network outcome
meta-analysis (Hb g/L)
1 No No significant Hematocrit (%), serum iron (ug/L), serum
difference ferritin (ug/dL): no significant difference.
2 No No significant Hematocrit (%), serum ferritin (ug/dL): no
difference significant difference.
3 Comparison No. No significant Not reported
83: Femarate difference
vs Placebo
4 No No significant Plasma ferritin (ug/L): No significant
difference difference
5 No No significant Plasma ferritin (ug/L): No significant
difference difference
6 No No significant Serum ferritin (pg/L): No significant
difference difference
7 Comparison No. Fumarate> Serum ferritin (pg/L): Fumarate> placebo
84: Femarate placebo
vs Placebo
8 Comparison No.  No significant Plasma ferritin (pg/L), plasma iron (ug/L):
85-87: Femarate difference No significant difference
vs Electrolytic ir-
on
9 Comparison No.9:  No significant Serum iron (pug/L): No significant difference
Electrolytic iron difference
vs Placebo
10 Comparison No.8:  No significant Plasma ferritin (ug/L), plasma transferrin
NaFeEDTA difference saturation (%): No significant difference
vs Placebo
11 No No significant Serum iron (ug/L): Electrolytic iron+whey

difference

protein<placebo, no significant difference
between electrolytic iron+bovine serum and

placebo.
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Table 3.3: Characteristics of outcome effects(continued)

Study Data contribu- Primary Secondary outcome
ID tion of network outcome
meta-analysis (Hb g/L)
12 No No significant Serum iron (ug/L), total iron binding capac-
difference ity (umol/L) at 4 and 6 months: no signif-
icant difference. Serum ferritin (ug/L) at 4
months: FeSO,4 (4 mg/L)<placebo. Serum
ferritin (ug/L) at 6 months: no significant
difference
13 No FeSO4>placebo  Serum iron (ug/L): FeSO4>placebo
14 No FeSOy4 (12.7 mg/L) Serum ferritin (ug/L): FeSO4 (12.7 mg/L)>
>FeSOy FeSO4 (2.3 mg/L)
(2.3 mg/L)
15 Comparison No. No significant Serum iron (ug/L): no significant difference
51-52 difference
16 No No significant Serum iron (pmol/L): no significant
difference difference
17 Comparison No. No significant Hematocrit (%): no significant difference
2-3 difference
18 No FeSO4>placebo  Serum iron (ug/L): FeSO4>placebo
19 No FeSO4>placebo  Serum iron (pmol/L), plasma transfer-
rin saturation (%), total iron binding ca-
pacity (umol/L), serum ferritin (ug/L):
FeSO,4>placebo
20 Comparison No.1 ~ FeSO,>placebo  Serum ferritin (mcg/L): FeSO4 >placebo
21 Comparison No. No significant Serum ferritin (mcg/L): FeSO4 >placebo
4-7 difference
22 No No significant Serum ferritin (pg/L): no significant
difference difference.
23 No Change in Hb: Not reported
fumarate>
placebo
24 Comparison No. No significant Tranferrin saturation (%) and Serum ferritin
10-15 difference (ug/L): No significant difference.
25 Comparison No. No significant Not reported

16

difference
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Table 3.3: Characteristics of outcome effects(continued)

Study Data contribu- Primary Secondary outcome
ID tion of network outcome
meta-analysis (Hb g/L)
26 No Fumarate> Not reported
Fumarate+zinc
27 No No significant Not reported
difference
28 Comparison No. FePP>placebo Not reported
17
29 No No significant Not reported
difference
30 Comparison No. No significant Serum ferritin (ug/mL): No significant
18-23 difference difference.
31 Comparison No. No significant Not reported
88 difference
32 No No significant Serum ferritin (pg/L): No significant
difference difference.
33 Comparison No. No significant Serum ferritin (pg/L): No significant
24-29 difference difference.
34 No Fumarate> Fumarate>placebo
placebo
35 No No significant Not reported
difference
36 No Fumarate< Serum ferritin  (ug/L), plasma iron
placebo (umol/L), transferrin saturation (mg/L):
fumarate<placebo.
37 Comparison No. No significant Serum iron (ug/L): fumarate<placebo
30 difference
38 No No significant Plasma ferritin (ug/L): No significant
difference difference
39 No No significant Serum ferritin (pg/L): fumarate<FeSOy
difference
40 Comparison No. No significant Serum ferritin (pg/L): No significant
31-32 difference
41 Comparison No. Fumarate> Serum ferritin (ug/L): fumarate>placebo
33: Femarate placebo

vs Placebo
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Table 3.3: Characteristics of outcome effects(continued)

Study Data contribu- Primary Secondary outcome
ID tion of network outcome
meta-analysis (Hb g/L)
42 No No significant Serum ferritin (ug/L): NaFeEDTA >placebo
difference
43 No Not indicated Plasma ferritin (ug/L): Fumarate>placebo
44 Comparison No. No significant Serum ferritin (pg/L): No significant
50: Femarate difference difference
vs Placebo
45 No No significant Serum ferritin (pg/L): No significant
difference difference
46 No No significant Serum ferritin (pg/L): FeSO4>placebo
difference
47 No NaFeEDTA+ Not reported
famarate>
placebo
48 No FeSO,4 (High Serum ferritin (pg/L): No significant
and moderate) difference
>FeSO,4 (Low)
49 Comparison No. No significant Serum ferritin (pg/L): No significant
53: FeSOy4 difference difference
vs Placebo
50 Comparison No. NaFeEDTA, Plasma ferritin (ug/L): NaFeEDTA and
54: NaFeEDTA fumarate> fumarate>placebo
vs Fumarate placebo
vs Placebo
51 No No significant Plasma ferritin (ug/L): NaFeEDTA+fuma-
difference rat and NaFeEDTA+FePP>placebo
52 No Not stated Serum ferritin (mg/L): no significant
difference
53 No No significant Serum ferritin (pg/L): No significant
difference difference
54 Comparison No. Fumarate> Not reported
34: Femarate placebo
vs Placebo
55 No No significant Serum ferritin (ug/L): No significant

difference

difference
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Table 3.3: Characteristics of outcome effects(continued)

Study Data contribu- Primary Secondary outcome

ID tion of network outcome
meta-analysis (Hb g/L)

56 Comparison No significant Serum ferritin (pg/L): fumarate>placebo
No.35: Femarate difference
vs Placebo

57 Comparison No. Fumarate> Not reported
36: Femarate placebo
vs Placebo

58 No Ferrous gluco- Serum ferritin (pg/L): No significant

nate>placebo difference

59 No Ferrous gluco- Not reported

nate>placebo
60 No Fumarate+ Not reported
NaFeEDTA >
placebo (except
for corn-soy ble-
nd plus group)

61 Comparison No. Fumarate> Serum ferritin (ug/L): No significant differ-
48-49: Femarate placebo ence.Serum iron (pg/dL), transferrin satu-
vs Placebo ration (%): fumarate>placebo

62 No No significant Not reported

difference

63 Comparison No.  No significant Plasma ferritin (ug/L): no significant
50: NaFeEDTA difference difference
vs Placebo

64 No No significant Serum ferritin (ng/mL): no significant dif-

difference ference

65 No FeSO4 (High, mo- Hematocrit (%): FeSO4<placebo.

derate)>placebo.
No significant
difference
between FeSOy
(low) and placebo.
66 No No significant Hematocrit (%): no significant

difference

difference
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Table 3.3: Characteristics of outcome effects(continued)

Study Data contribu- Primary Secondary outcome
ID tion of network outcome
meta-analysis (Hb g/L)
67 Comparison No.  No significant Serum ferritin (pg/L)): no significant
41-42: FeSO, vs difference difference
Placebo
68 Comparison No. No significant Not reported
40: FeSO, vs difference
Placebo
69 Comparison No. No significant Serum ferritin (ug/L): Fumarate>placebo
43-44: Fumarate  difference
vs Placebo
70 Comparison No. No significant Plasma ferritin (ug/L): no significant
45: FeSOy4 difference difference
vs Placebo
71 Comparison No. No significant Not reported
46-47: FeSO, vs difference
Placebo
72 No No significant Serum ferritin (pg/L): No significant
difference difference
73 Comparison No.  No significant Plasma ferritin (pg/L): No significant
38-39: NaFeED- difference difference
TA vs Electroly-
tic iron vs Place-
bo
74 No No significant Serum ferritin (ug/L), transferrin saturation
difference (%): No significant
difference
75 No Ferrous glucie Not reported
phosphate>
placebo
76 No No significant Serum ferritin (pg/L): FePP>placebo
difference
77 No FeSO4>placebo  Hematocrit (%): FeSO4>placebo
78 No No significant Serum ferritin (ug/L): FePP>placebo

difference
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Table 3.3: Characteristics of outcome effects(continued)

Study Data contribu- Primary Secondary outcome
ID tion of network outcome
meta-analysis (Hb g/L)
79 No No significant Serum ferritin (pg/L): no significant
difference difference
80 Comparison No. No significant Serum ferritin (ug/L): FePP>placebo
81: FePP vs Plac-  difference
ebo
81 Comparison No. NaFeEDTA > Serum ferritin (ug/L): NaFeEDTA>placebo
37 NaFeEDTA placebo
vs Placebo
82 No No significant Hematocrit (%), serum ferritin (ug/L), iron
difference (ug/dL): no significant difference
83 No No significant Serum ferritin (pg/L): no significant
difference difference
84 No No significant Serum ferritin (pg/L): Fumarate>placebo
difference
85 No NaFeEDTA > Not reported
placebo
86 Comparison No. Fumarate> Not reported
56: Fumarate placebo
vs Placebo
87 No No significant Serum ferritin (pg/L), serum iron (ug/L),
difference transferrin saturation (%): no significant
difference
88 Comparison No. FePP, FeSO4> Serum ferritin (ug/L): FePP,
58-59: FeSO4 vs placebo FeSO,4>placebo
FePP vs Placebo
89 Comparison No. NaFeEDTA > Serum ferritin (ug/L): NaFeEDTA>placebo
60: NaFeEDTA placebo
vs Placebo
90 No Fumarate> Serum ferritin (ug/L), serum iron (pumol/L)
placebo Transferr
91 No FePO4+FeSO4> Not reported
placebo
92 No FeSO4>placebo  Serum ferritin (ug/L): FeSO4>placebo
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Table 3.3: Characteristics of outcome effects(continued)

Study Data contribu- Primary Secondary outcome
ID tion of network outcome
meta-analysis (Hb g/L)
93 Comparison No. FeSO4>placebo  Hematocrit (%): FeSO4>placebo
55: FeSO4 vs Pla-
cebo
94 Comparison No. No significant Serum ferritin (pg/L), transferrin saturation
55:  Electrolytic  difference between (%): no significant difference between elec-
iron vs Placebo electrolytic iron  trolytic iron and placebo. Ferrous bisglycin-
and placebo. ate>placebo.
Ferrous bisglyc-
inate>placebo.
95 No No significant Hematocrit (%): FeSO4>placebo
difference
96 No No significant Hematocrit (%), serum ferritin (ug/L),
difference transferrin  saturation (%), serum iron
(ng/mL): no significant difference
97 Comparison No. No significant Plasma ferritin (ug/L): no significant differ-
68-71: Elec- difference ence.
trolytic iron wvs
Placebo
98 Comparison No. No significant Serum iron (pmol/L): no significant differ-
72-74: NaFeED- difference between ence between electrolytic iron, NaFeEDTA
TA vs FeSO4 electrolytic iron  and placebo, FeSO4>placebo. Serum fer-
vs Electrolytic ir-  and placebo. ritin (ug/L), total iron binding capabil-
on vs Placebo Electrolytic. ity: no significant difference between elec-
NaFeEDTA, trolytic iron and placebo, NaFeEDTA,
FeSO4>placebo  FeSO4>placebo.
99 No significant Serum ferritin (pg/L): NaFeEDTA, FeSOy
difference >placebo
100 Comparison No. FePP>placebo Serum ferritin (pg/L): FePP>placebo
75-80: Fepp vs
Placebo
101 Comparison No. No significant Serum ferritin (pg/L): FePP>placebo

61-62:
Placebo

Fepp wvs

difference
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Table 3.3: Characteristics of outcome effects(continued)

Study Data contribu- Primary Secondary outcome
ID tion of network outcome
meta-analysis (Hb g/L)
102 No No significant Not reported
difference
103 Comparison No. NaFeEDTA > Serum ferritin (ug/L): NaFeEDTA >placebo
63: Fepp vs placebo
Placebo
104 Comparison No. No significant Serum ferritin (ug/L): FePP>placebo
64-65: Fepp vs difference
Placebo
105 Comparison No. NaFeEDTA > Serum ferritin  (mg/L): NaFeEDTA>
66-67: placebo placebo
NaFeEDTA
vs Placebo
106 No No significant Serum ferritin (ug/L): no significant differ-
difference ence
107 No FePP>placebo Serum ferritin (ug/dL): FePP>placebo
108 No FeSO4>placebo  Serum ferritin (ug/dL): FeSO4>placebo
109 No FePP>placebo Serum ferritin (ug/dL): FePP>placebo
110 No No significant Serum ferritin (pmol/L): pFePP, fumar-
difference between ate>placebo
uFePP and plac
-ebo, fumarate
>placebo
111 Comparison No. No significant Not reported
82: FePP wvs difference
Placebo
112 No FeSO4>placebo  Serum ferritin (ug/L): FeSO4>placebo
113 No No significant Not reported
difference
114 No FeSO4>placebo  Serum ferritin (ng/dL): FeSO4>placebo
115 No FeSO4>placebo  Not reported
116 No NaFeEDTA > Plasma ferritin = (ug/L): NaFeEDTA>
placebo placebo
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Table 3.3: Characteristics of outcome effects(continued)

Study Data contribu- Primary Secondary outcome
ID tion of network outcome
meta-analysis (Hb g/L)

117 No Females: Serum ferritin (ug/dL): NaFePP>placebo.
NaFeEDTA > Transferrin saturation (%): no significant
placebo. Males:  difference.
no significant
difference

118 No Electrolytic Serum iron (mg/L): electrolytic Fe>placebo.
Fe>placebo

119 No No significant Hematocrit (%): no significant difference
difference

120 No Ferric ammonium Hematocrit (%): Ferric ammonium citrate
citrate>placebo  >placebo after 6-month intervention, but no
after 6-month int- significant difference after 12-month inter-
erventi on, but no vention
significant differe-
nce after 12-month
intervention

121 No No significant Serum ferritin (ug/dL): Fumarate>placebo
difference

122 No No significant Serum ferritin (pg/dL): FeSO4>placebo
difference

123 No No significant Plasma ferritin (ug/dL): no significant dif-
difference ference

124 No No significant Hematocrit (%): no significant difference
difference

125 No No significant Serum ferritin (pug/dL): FeSO4 hydrogen re-
difference duced Fe, electrolytic Fe>placebo

126 No NaFeEDTA Hematocrit (%), serum iron (ug/dL),
(10, 20 mg/g), serum ferritin  (ng/mL): NaFeEDTA,
FeSO4<placebo  FeSO4>placebo.Total iron binding capacity

(ug/dL): no significant difference
127 No No significant Hematocrit (%), serum iron (ug/dL), serum

difference

ferritin (ng/mL), transferrin saturation (%),
total iron binding capacity (umol/L): no sig-

nificant difference
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Table 3.3: Characteristics of outcome effects(continued)

Study Data contribu- Primary Secondary outcome
ID tion of network outcome
meta-analysis (Hb g/L)
128 No Hb changes: Serum ferritin changes (ug/L):
FeSO4> FeSO4>NaFeEDTA
NaFeEDTA
129 No FeSO4> Hematocrit (%), serum iron (ug/dL): no sig-
NaFeEDTA nificant difference. Transferrin saturation
(%), total iron binding capacity (umol/L):
FeSO,>NaFeEDTA
130 No FePP>placebo Hematocrit (%), serum ferritin (ng/mL),
transferrin  saturation (%): no signifi-
cant difference.  Serum iron (mmol/L):
FePP>NaFeEDTA
131 No FePP>placebo Hematocrit (%), serum ferritin (ng/mL),
transferrin saturation (%): FePP>placebo.
132 No No significant Serum ferritin (ng/dL): pFePP,
difference NaFeEDTA >placebo
133 No No significant Serum ferritin (pg/dL): no significant differ-
difference ence
134 No No significant Serum ferritin (ug/L): no significant differ-
difference ence
135 No No significant Hematocrit (%), serum iron (ug/dL), trans-
difference ferrin saturation (%), total iron binding ca-
pacity (umol/L): no significant difference
136 No FeSO4>placebo  Serum ferritin ratio: FeSO4>placebo
137 No NaFeEDTA > Serum ferritin (pg/L): NaFeEDTA>Placebo
Placebo
138 No NaFeEDTA > Serum ferritin (ug/L): NaFeEDTA >Placebo
Placebo
139 No FeSO4>placebo  Hematocrit (%):  FeSO4>placebo.Serum
iron (pug/dL), serum ferritin (ng/mL): no
significant difference
140 No NaFeEDTA > Serum ferritin  (pmol/L): NaFeEDTA>
placebo placebo
141 No No significant Serum ferritin (pg/L): fumarate>Placebo

difference
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Table 3.3: Characteristics of outcome effects(continued)

Study Data contribu- Primary Secondary outcome
ID tion of network outcome

meta-analysis (Hb g/L)

142 No FeSO4>placebo  Serum ferritin (ng/mL): FeSO4>placebo

143 No No significant Plasma ferritin (ug/L): FeSO4>placebo.
difference

144 No No significant Not reported
difference

145 No No significant Transferrin saturation (%): no significant
difference difference

Table 3.4: Qutcome effect summary of comparisons

Effect Hb Seru- Plasma Transf- Total iron Serum Plasma Hema-
mfer- ferritin errin binding iron iron tocrit
ritin satura- capability

tion

FeSO4 > placebo 18 18 1 1 2 5

EI > placebo 1 1

Ferrous > placebo 12 12 2 2 1 1

fumarate

NaFeEDTA > placebo 11 10 2 2 0 1 0 0

FePP > placebo 7 13

Ferrous > placebo 2 0 0 0 0 0 0 0

gluconate

Ferrous > placebo 1 0 0 0 0 0 0 0

glucie

phosphate

Ferrous > placebo 1 1 0 1 0 0 0 0

bisglycinate

Ferric > placebo 1 0 1 0 0 0 0 1

ammonium

citrate

Hydrogen > placebo 0 1 0 0 0 0 0 0

reduced iron
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Table 3.4: Outcome effect summary of comparisons(continued)

Effect Hb Seru- Plasma Transf- Total iron Serum Plasma Hema-
mfer- ferritin errin s- binding iron iron tocrit
ritin aturat- capability

ion

Combination > placebo 1 0 0 0 0 0 0 0

of NaFeED-

TA and fu-

marate

Combination > placebo 0 0 2 0 0 0 0 0

of NaFeED-

TA and

FePP

Combination > placebo 1 0 0 0 0 0 0 0

of FeSO4

and FePOy

FeSO,4 < placebo 0 1 0 0 0 0

EI < placebo 0 0 0 0 0 1 0

Ferrous < placebo 0 0 1 0

fumarate

NaFeEDTA < placebo

0
FePP < placebo 0
NaFeEDTA < FePP 0
NaFeEDTA < FeSO4 0
Ferrous < FeSO4 0

fumarate

_ = O O O
o O O o O
_ o O O
_ o O O O
S O = O O
o O O o O
o O O o O

Note: Number represented the number of comparison
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Table 3.5: Quality assessments of included studies

Study Random Allocation Blind- Blind- Similarity Incompl- Selecti- Overall of
ID sequence conceal- ing ing of baseli- ete Data ve rep- bias level
genera- ment type ne chara- oting
tion cteristics

1 Unclear High Double Low  Low Low Low Moderate
2 Unclear High Double Low  Low Low Low Moderate
3 Unclear High None High Low Low Low High

4 Low High Double Low  Low Low Low Low

5 Unclear Low Single-P Low  Low Low Low Low

6 Low High None High Low Low Low High

7 Unclear Low Double Low  Low Low Low Low

8 Low Low Double Low  Low Low Low Low

9 Low High Double Low  Low Low Low Moderate
10 Low High None High Low Low Low High

11 Low Low Double Low  Low Low Low Low

12 Unclear High Single-O Low  High Low Low High

13 Unclear High Double Low  High Low Low High

14 Low Low Double Low  Low Low Low Low

15 Unclear High Double Low  Low Low Low Moderate
16 Unclear High Double Low  Low Low Low Moderate
17 Unclear High None High Low Low Low High

18 Unclear High None High High Low Low High

19 Unclear High None High Low Low Low High

20 Unclear High Double Low  Low Low Low Moderate
21 Unclear High None High Low Low Low High

22 Low High Double Low  Low Low Low Moderate
23 Unclear High Double Low  Low Low Low Moderate
24 Unclear High None High Low Low Low High

25 Unclear Low Double Low  Low Low Low Low

26 Low Low Double Low  Low Low Low Low

27 Unclear High None High Low Low Low High

28 Unclear High None High Low Low Low High

29 Low High Double Low  Low Low Low Moderate
30 Unclear High Double Low  Low Low Low Moderate
31 Unclear High Double Low  Low Low Low Moderate
32 Low High None High Low Low Low High

33 Low High None High Low Low Low High
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Table 3.5: Quality assessments of included studies(continued)

Study Random Allocation Blind- Blind- Similarity Incompl- Selecti- Overall of

ID sequence conceal- ing ing of baseli- ete Data ve rep- bias level
genera- ment type ne chara- oting
tion cteristics
34 Low High Double Low  Low Low Low Moderate
35 Unclear High None High Low Low Low High
36 Low Low Double Low  Low Low Low Low
37 Unclear High None High Low Low Low High
38 Unclear High Double Low  Low Low Low Moderate
39 Unclear High None High Low Low Low High
40 Low Low None High Low Low Low Moderate
41 Low High Double Low  Low Low Low Moderate
42 Low Low Double Low  Low Low Low Low
43 Low Low None High Low Low Low Moderate
44 Low Low Single-O Low  Low Low Low Low
45 Low High Double Low  Low Low Low Moderate
46 Low High Single-O Low  Low Low Low Moderate
47 Unclear High Double Low  Low Low Low Moderate
48 Unclear High None High Low Low Low High
49 Low Low None High Low Low Low Moderate
50 Unclear High None High Low Low Low High
51 Unclear High None High Low Low Low High
52 Unclear High Double Low  Low Low Low Moderate
53 Low High Single-P Low  Low Low Low Moderate
54 Unclear High Double Low  Low Low Low Moderate
55 Unclear Low None High Low Low Low Moderate
56 Unclear High Single-O Low  Low Low Low Moderate
57 Unclear Low Double Low  Low Low Low Low
58 Low Low Double Low  Low Low Low Low
59 Unclear High None High Low Low Low High
60 Unclear Low Double Low  Low Low Low Low
61 Low Low Double Low  Low Low Low Low
62 Low High None High Low Low Low High
63 Low High Double Low  Low Low Low Moderate
64 Low Low Double Low  Low Low Low Low
65 Low High Double Low  Low Low Low Moderate
66 Unclear High Double Low  Low Low Low Moderate
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Table 3.5: Quality assessments of included studies(continued)

Study Random Allocation Blind- Blind- Similarity Incompl- Selecti- Overall of

ID sequence conceal- ing ing of baseli- ete Data ve rep- bias level
genera- ment type ne chara- oting
tion cteristics
67 Unclear High None High Low Low Low High
68 Low High Double Low  Low Low Low Moderate
69 Low High Double Low  Low Low Low Moderate
70 Low High None High Low Low Low High
71 Unclear High Double Low  Low Low Low Moderate
72 Unclear High Double Low  Low Low Low Moderate
73 Low High None High Low Low Low High
74 Low High None High Low Low Low High
75 Unclear High None High Low Low Low High
76 Unclear High Double Low  Low Low Low Moderate
77 Unclear High Double Low  Low High Low High
78 Low High Double Low  Low Low Low Moderate
79 Unclear High Double Low  Low High Low High
80 Unclear High Double Low  Low Low Low Moderate
81 Unclear High Double Low  Low Low Low Moderate
82 Low High None High Low Low Low High
83 Low High Double Low  Low Low Low Moderate
84 Unclear High None High Low Low Low High
85 Unclear High None High Low Low Low High
86 Low High Double Low  Low Low Low Moderate
87 Low High Single-O Low  Low Low Low Moderate
88 Unclear High Double Low  Low Low Low Moderate
89 Low High Double Low  Low Low Low Moderate
90 Low High Single-P Low  Low Low Low Moderate
91 Unclear High None High Low Low Low High
92 Unclear High None High Low High Low High
93 Unclear High None High Low Low Low High
94 Low High Single-O Low  Low Low Low Moderate
95 Unclear High None High Low Low Low High
96 Unclear High None High Low Low Low High
97 Low High Double Low  Low Low Low Moderate
98 Unclear High None High Low High Low High
99 Low High Double Low  Low Low Low Moderate
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Table 3.5: Quality assessments of included studies(continued)

Study Random Allocation Blind- Blind- Similarity Incompl- Selecti- Overall of

ID sequence conceal- ing ing of baseli- ete Data ve rep- bias level
genera- ment type ne chara- oting
tion cteristics

100  Unclear High Double Low  Low Low Low Moderate
101 Unclear High Double Low  Low Low Low Moderate
102  Low High Double Low  Low Low Low Moderate
103 Unclear High None High Low High Low High

104  Unclear High Double Low  Low High Low High

105  Low High Double Low  Low Low Low Moderate
106  Low High Double Low  Low Low Low Moderate
107 Unclear High Double Low  Low Low Low Moderate
108  Unclear High Double Low  Low Low Low Moderate
109  Unclear High Double Low  Low Low Low Moderate
110  Low High Double Low  Low Low Low Moderate
111 Unclear High Double Low  Low Low Low Moderate
112 Unclear High Single-P Low  Low Low Low Moderate
113 Unclear High None High Low Low Low High

114 Unclear High Double Low  Low Low Low Moderate
115 Unclear High Double Low  Low Low Low Moderate
116  Unclear High Single-P Low  Low Low Low Moderate
117 Unclear High Double Low  Low Low Low Moderate
118  Unclear High Double Low  Low Low Low Moderate
119  Low High Double Low  Low Low Low Moderate
120 Unclear High Double Low  Low Low Low Moderate
121 Unclear High Double Low  Low Low Low Moderate
122 Unclear High None High Low Low Low High

123 Unclear High Double Low  Low Low Low Moderate
124 Unclear High Double Low  Low High Low High

125 Low High Double Low  Low Low Low Moderate
126 Unclear High Single-P Low  Low Low Low Moderate
127 Unclear High None High Low Low Low High

128  Unclear High Double Low  Low High Low High

129  Unclear High Double Low  Low Low Low Moderate
130  Unclear High Double Low  Low Low Low Moderate
131 Unclear High Double Low  Low Low Low Moderate
132 Unclear High Double Low  Low Low Low Moderate
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Table 3.5: Quality assessments of included studies(continued)

Study Random Allocation Blind- Blind- Similarity Incompl- Selecti- Overall of
ID sequence conceal- ing ing of baseli- ete Data ve rep- bias level
genera- ment type ne chara- oting
tion cteristics
133 Unclear High Double Low  Low Low Low Moderate
134 Unclear High Single-P Low  Low Low Low Moderate
135 Unclear High None High Low High High High
136  Unclear High Single-P Low  Low Low Low Moderate
137 Unclear High Double Low  Low Low Low Moderate
138  Low High Double Low  Low High Low High
139  Unclear High Double Low  Low Low Low Moderate
140  Unclear High None High Low High Low High
141 Unclear High Double Low  Low High Low High
142 Unclear High Double Low  Low Low Low Moderate
143 Low High Double Low  Low Low Low Moderate
144 Unclear High None High Low Low Low High
145  Unclear High None High Low Low Low High

Note: “Low” represented low risk. “Moderate” represented Moderate risk. “High”represented

high risk.

“Single-P” represented “Single blind-participants were masked”.  “Single-

O”represented “Single blind-operators were masked”.
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Table 3.6: Certainty of evidence evaluation

Comparison # of Within- Repo- Indire- Imprec- Hetero- Incoher- Certainty
stud- study rting ctness ision geneity ence of evide-
ies bias bias nce

EI-FeSOy4 6 Major Low No Major No No Low

concerns risk  concerns concerns concerns Cconcerns

EI-Fumarate 3 Some Low No Major No No Moderate

concerns risk  concerns concerns CONCerns Concerns

EI- 5 Major Low No No Major Major Low

NaFeEDTA concerns risk CONncerns Cconcerns CONCErns Concerns

EI-Placebo 17 Major Low No Major No Major Very low

concerns risk  concerns concerns CoOncerns concerns

FePP-FeSO, 2 Some Low No Major No No Moderate

concerns risk  concerns concerns concerns concerns

FePP- 12 Some Low No Major No No Moderate

Fumarate concerns risk  concerns concerns concerns concerns

FePP-Placebo 16 Some Low No No Major No Moderate

concerns risk  concerns concerns CONCerns Cconcerns

FeSO4- 3 Major Low No No Major No Low

NaFeEDTA concerns risk CONncerns Concerns CONCerns Concerns

FeSO4- 25 Major Low No No Major Major Low

Placebo concerns risk  concerns concerns concerns concerns

Fumarate- 1 Some Low No Major No No Moderate

NaFeEDTA concerns risk concerns CONCErns CONCerns Concerns

Fumarate- 16 Some Low No No Major No Moderate

Placebo concerns risk  concerns concerns Concerns concerns

NaFeEDTA- 13 Some Low No No Major No Moderate

Placebo concerns risk  concerns concerns concerns concerns
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Chapter 4

Bioavailability of NaFeEDTA, Ferrous
Fumarate and Ferrous Sulfate in
Different Methodological Caco-2 Cell
Models with INFOGEST Digestion
Method

Abstract

Background: The static digestion/Caco-2 cell model has been widely employed as a
bioassay to assess iron bioavailability. However, methodological differences in this model re-
duce reproducibility of inter-experiments. Thus, a standard static digestion method named
INFOGEST, a classic dual-chamber system, an alternative dual-chamber system, and a
triple-chamber system were tested to identify an optimal digestion/Caco-2 cell model us-
ing NaFeEDTA, ferrous fumarate, and FeSO4. Furthermore, the iron bioavailability of
NaFeEDTA and ferrous fumarate/FeSO, combinations at high or low weight ratios was
measured for better human applications of food aid.

Objective: To test whether INFOGEST digesta can clog the dialysis membrane. To

examine whether micronized iron (0.4 pm) can be absorbed by Caco-2 cells. To assess

124



the feasibility of triple-chamber system of Caco-2 cell model. To identify the optimal iron
treatment system for Caco-2 cell model. To measure the bioavailability of precooked corn
flour fortified with NaFeEDTA, ferrous fumarate, FeSO,4 and their combinations.

Methods: Alternative dual-chamber system (insert membrane) and triple-chamber sys-
tem (insert membrane+dialysis membrane) were designed based on the classic dual-chamber
system (dialysis membrane). Precooked corn flour fortified with NaFeEDTA, ferrous fu-
marate, or FeSO,4 were digested with INFOGEST method. Caco-2 cells were treated with
the iron digesta or supernatant in dual-chamber systems or triple-chamber system for 2
hours, respectively. The ferritin concentrations were examined to compare systems. Finally,
the bioavailability of NaFeEDTA, ferrous fumarate, and FeSO,4 combinations was measured
using the optimal system.

Main Results: Ferritin concentrations of NaFeEDTA, ferrous fumarate, and FeSO, sam-
ples in classic dual-chamber system were higher than those of NaFeEDTA, ferrous fumarate,
and FeSO,4 samples in alternative dual-chamber system and triple-chamber system. In classic
dual-chamber system, NaFeEDTA digesta and ferrous fumarate digesta had higher ferritin
concentrations than NaFeEDTA supernatant and ferrous fumarate supernatant. There was
no significant difference in ferritin response between FeSO, digesta and FeSO, supernatant.
NaFeEDTA digesta was significantly higher than FeSO, digesta in ferritin response. The
combinations of NaFeEDTA and FeSO, at low weight ratio (2:11) had the highest ferritin
concentration among the combination samples.

Conclusions: The Caco-2 cell model with the classic dual-chamber system and IN-
FOGEST digesta was a reliable iron bioassay. NaFeEDTA had higher bioavailability than
FeSO4. The combination of NaFeEDTA and FeSO, at low weight ratio had the highest
bioavailability among the combination samples.

Keywords: INFOGEST, Caco-2 cell model, Dual-chamber system, Triple-chamber sys-
tem, Iron digesta, Iron supernatant, Iron bioavailability, NaFeEDTA, Ferrous fumarate,

FeSO4.

4.1 Introduction

It is estimated that anemia affects 2 billion people worldwide. The most common cause is

nutritional iron deficiency. It usually arises when iron is not absorbed well from diet for
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physiological requirements. Iron fortification is one of the most sustainable, practical, low-
cost, and long-term strategies to combat nutritional iron deficiency. However, improving
iron bioavailability of fortificants is a challenge.?®®" In witro iron bioassays are constantly
developed, refined, and advanced as scanning tools and prediction models for the in vivo
studies and clinical trials.

Iron solubility is the water solubility of iron compound. In theory, in vitro iron solubility
is a good predictor of in vivo iron absorption and bioavailability. The more solubilized iron,
the more iron can be absorbed and utilized.'*” Therefore, as a standardized in vitro static
digestion method, INFOGEST was employed to determine the iron solubility. It simulates
oral cavity and gastrointestinal tract digestions with the use of electrolytes and digestive
enzymes.*® The INFOGEST method or other in vitro digestion method can be paired with
the Caco-2 cell model to examine how the iron solubility of samples correlates with iron
bioavailability. This model could mimic the physical process of iron absorption in intestinal
epithelial cells with a piece of dialysis membrane and an insert frame. This model has been
utilized by countless researchers for more than two decades.*?

However, with the development of experimental materials, old version of insert (insert
without insert membrane) was no longer sold. Additionally, in Glahn’s study, 1.5ml digesta
was added to the upper chamber to treat Caco-2 cells with low molecular weight (nanometer-
level particle size) iron. Glahn’s food concentration of digesta is 0.5-1 g food/15-17mL di-
gestion solution (0.029-0.067 g/mL), while INFOGEST’s food concentration of digesta is 5 g
food/35mL digestion solution (0.143 g/mL). We wondered if the thicker INFOGEST digesta
would work in this system. Therefore, we designed two alternative Caco-2 cell-culture sys-
tems based on Glahn’s model to test whether they could be employed as iron bioassays. '
This study was split to two experiments. In Experiment 1, the objectives were to test whether
INFOGEST digesta can clog the dialysis membrane, examine whether micronized iron (0.4
nm) can be absorbed by Caco-2 cells, assess the feasibility of triple-chamber system of Caco-2
cell model, identify the optimal iron treatment system for Caco-2 cell model, and measure the
bioavailability of NaFeEDTA, ferrous fumarate, FeSO4. After that, the optimal iron treat-
ment system was applied to the Experiment 2. The objective of Experiment 2 was to measure

the iron bioavailability of combination fortifications (NaFeEDTA+fumarate/FeSOy).
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4.2 Materials and methods

4.2.1 Materials

All materials and supplies used in the present experiment were listed in Appendix B
(page 227).

4.2.2 Sample preparation

Samples No.1 to 3 were NaFeEDTA, ferrous fumarate, FeSO, fortifications. They were
designed for the Experiment 1. Samples No.4 to 7 were the combination fortifications of
NaFeEDTA and fumarate/FeSO, at high/low weight ratio (4:9 or 2:11). They were designed
for the Experiment 2 (Table 4.1). The target level of iron fortifications recommended by
Food Aid Quality Review Report (United States Agency for International Development)
was 130 mg/kg corn flour.'®® The food matrix was the commercial corn product (P.A.N.
precooked corn flour). The product label showed that every 100 g of corn flour contained
6.67 g of dietary fiber, 6.67 g of protein 6.67 g, 4.67 mg of iron, 273.33 mg of potassium, 0.67
mg of thiamin, 3.67 mg of niacin, 0.33 mg of riboflavin, and 163.33 mcg of folic acid.

4.2.3 INFOGEST procedure

Initially, electrolyte solutions, simulated salivary fluid (SSF), simulated gastric fluid
(SGF), and simulated intestinal fluid (SIF) were prepared and used for all digestion phases
(Table 4.2).18 In the oral phase, 5 g of food samples were mixed with 4 mL of SSF and 1
mL of amylase solution (83 mg amylase/ml water, 9 enzymatic activity unit/mg amylase)
in the 50 ml centrifuge tube. The oral boluses were manually minced with metal spatulas
and incubated at 37°C for 2 minutes. The oral boluses were added to 8 mL of SGF in the
gastric phase. After the pH values were reduced to 34+0.1 with 6M hydrochloric acid, 1 mL
of pepsin solution (66 mg pepsin/ml water, 605 enzymatic activity unit/mg pepsin) and 1
mL of lipase solution (80 mg lipase/ml water, 15 enzymatic activity unit/mg lipase) were
added and then incubated on the shaking plate of incubator at 37°C and 150 rpm for 2
hours. In the intestinal phase, 8 mL of SIF was mixed with the gastric chyme and then pH
values were adjusted to 740.1 with 5M sodium hydroxide. 3 mL of bile solution (54 mg
bile/ml SIF, 10mM), 5 mL of pancreatin solution (4 mg pancreatin/ml SIF, 200 enzymatic
activity unit/mg pancreatin), and 4 mL of water were added and incubated at 37°C and
150 rpm for 2 hours. Digesta was heated at 100°C for 5 minutes to stop intestinal digestion
before being centrifuged at 5000g and 5°C for 45 minutes. The data of enzymatic activities

was provided by Sigma Aldrich company. The iron contents of dry samples and supernatant
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were analyzed with Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES)
method by Soil Testing lab at Kansas State University. Solubility (%)= 100*soluble iron
content (supernatent)/total iron content (dry sample). 148:150-154

4.2.4. Preparation of three iron treatment systems.

4.2.4.1 Classic dual-chamber system

The insert membrane was cut out with scissor. A piece of dialysis membrane (15 KDa,
1-2 nm, regenerated cellulose) was held by the silicon “O” ring at the bottom of insert frame.
The well was separated by the dialysis membrane-insert system to upper chamber and lower
chamber. Iron digesta or iron supernatant was added to the upper chamber. After they
were filtered by the dialysis membrane, the low molecule weight iron could be absorbed by
Caco-2 cells in the lower chamber (Figure 4.1).%

4.2.4.2 Alternative dual-chamber system

Used the insert membrane (0.4 pm, polyethylene terephthalate) instead of the dialysis
membrane. Iron digesta or iron supernatant was added to the upper chamber. Micronized
iron entered the lower chamber across the insert membrane (Figure 4.2).

4.2.4.3 Triple-chamber system

Used the insert membrane and the dialysis membrane simultaneously. A piece of dialysis
membrane was held by the silicon “O” ring at the bottom of insert membrane. Two mem-
branes separated the well into three compartments: upper chamber, middle chamber, and
lower chamber. The height of the middle chamber was approximately 1mm. Iron digesta or
iron supernatant was added to the upper chamber. Micronized iron could pass through the
insert membrane. The low molecule weight iron diffused into the lower chamber and could
be absorbed by Caco-2 cells (Figure 4.3).

4.2.5 Caco-2 cell culture procedure

Caco-2 cells were purchased from ATCC at passage 18. The Caco-2 cells were cultured in
T25, T75 and T225 flasks with Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented
with 10% fetal bovine serum, 1% Zellshield, and 25 mM HEPES in 37°C and 5% CO, air.*?

Caco-2 cells were detached with trypsin (0.25%)-EDTA (0.53 mM) for 5-10 minutes at
80-100% confluency. Dissociated cells were centrifuged at 125¢ for 5-10 minutes. Cells were
counted with hemocytometer. The sufficient Caco-2 cells (passage 23) from T225 flasks were
transferred to collagen coated 6-well plates with 2mL of DMEM per well at a seeding density
of 50,000 cells/cm? and allowed to grow for 12 days with media being refreshed every two

days.14?
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On the 12'"day of the 6-well plates culture phase, DMEM was replaced by 2 mL of
Minimum Essential Medium (MEM) supplemented with 4 mg/L hydrocortisone, 10 mM
Piperazine-1,4-bis (2-ethanesulfonic acid) disodium salt, 20 pug/L epidermal growth factor, 5
pg/L selenium, 34 pug/L triiodothyronine, 5 mg/L insulin, and 1% Zellshield.'*” Iron digesta
and supernatant were produced using INFOGEST method and stored overnight at -80°C. !5

On the next day, iron treatment systems were prepared and sterilized with 0.5 M HC1
solution for at least 1 hour, and rinsed with autoclaved deionized water. 2mL of MEM was
replaced by 1mL of MEM into the lower chamber and 1.5 mL of iron digesta or supernatant
into the upper chamber. Iron treatments were randomly assigned to the Caco-2 cells. The
6-well plates were placed on the rocking shaker (6 vibrations/min) and incubated for 2h.
The dual- or triple- chamber system was removed and 1mL of MEM was added. The Caco-2
cells were returned to the incubator for another 22 hours. Blank control (only media) was
used.

On the last day, MEM was removed and autoclaved deionized water was added to osmot-
ically lyse the Caco-2 cells.!*® Placed a tube rack in the sonicator and then placed the cells
on the tube rack for a 30-second sonication cell lysis. !> Finally, cell lysate was collected for
ferritin and protein analyses according to the instructions of ferritin and protein kits. 4

4.2.6 Statistical analysis

Data were analyzed in SAS online Studio (https://welcome.oda.sas.com/) with signifi-
cance at p-value<0.05. The Shapiro-Wilk’s test was used for normality. Levene’s test was
used for homogeneity. Normally distributed data were assessed by one-way analysis of vari-
ance (ANOVA) with Least Significant Difference (LSD) test. The random number table was
generated with Excel. ELISA analysis was performed using the Arigo online calculator at

https://www.arigobio.com /elisa-analysis. '°°

4.3 Results

4.3.1 Iron solubility

In the Experiment 1, the iron solubility of NaFeEDTA was significantly higher than that
of fumarate and FeSO, (Figure 4.4, Table 4.3). In the Experiment 2. The combinations of
NaFeEDTA and fumarate/FeSO, at high weight ratio had significantly higher iron solubility
than the combinations of NaFeEDTA and fumarate/FeSO, at low weight ratio (Figure 4.5,
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Table 4.4).

4.3.2 Ferritin concentrations

In the Experiment 1, the ferritin concentrations of NaFeEDTA, ferrous fumarate, and
FeSOy in classic dual-chamber system were significantly higher than those of NaFeEDTA,
ferrous fumarate, and FeSO, in the alternative dual-chamber system and triple-chamber sys-
tem, respectively. In classic dual-chamber system, NaFeEDTA digesta and ferrous fumarate
digesta had higher ferritin concentrations than NaFeEDTA supernatant and ferrous fumarate
supernatant. There was no significant difference between FeSO, digesta and FeSO, super-
natant in ferritin response (Figure 4.6, Table 4.5).Thus, the classic dual-chamber system
with digesta was the optimal bioassay. It was used in the Experiment 2. In classic dual-
chamber system, NaFeEDTA digesta was significantly higher than FeSO, digesta in ferritin
response, while FeSO, supernatant was significantly higher than NaFeEDTA supernatant
(Figure 4.6, Table 4.5). In the Experiment 2, the combinations of NaFeEDTA and FeSO,
at low weight ratio had the highest ferritin concentration among the combination samples

(Figure 4.7, Table 4.6).

4.4 Discussion

In the 1930s, British scientists started using ococ’-dipyridyl to test ionisable iron in food.®7
In the 1960s, pepsin came into use to measure the iron content of food.'®®1% Until the
1970s, a relatively mature in vitro static method accompanied by both pepsin digestion and
pancreatin digestion for the bioavailability prediction of iron in foods was established. 160:161
Recently, a better mechanistic understanding on in vitro static digestion method was re-
ported by an international academic association named INFOGEST. In 2019, the protocol
of INFOGEST digestion method was published on Nature. Compared with the conventional
digestion method (pepsin-pancreatin digestion), INFOGEST had some stepwise refinements
as follows: 1. Use amylase to simulate the oral digestion. 2. Use lipase to assist the over-
all digestion of triacylglycerides. 3 Use the digestive enzyme activities to determine their
effects. 4. Optimize the electrolyte concentrations. 5. Provide the preservation method
of digested samples. Thus, INFOGEST was selected as the static digestion strategy in our

study. However, researchers should be aware of the weaknesses of INFOGST. 1. Enzymes

on brush border membrane and microbiota had not been considered. 2. INFOGEST was
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designed only for healthy adult digestion. If it is used for infants, children or patients, the
parameters need to be adjusted. 3. The kinetic studies such as the gradual adjustments of
gastrointestinal fluid volumes and pH values, gastrointestinal peristalsis and emptying, and
the sieving activities of pylorus, were absent. Dynamic or Semi-dynamic digestion methods
were being studied. Additionally, the bile solution was diluted to low bile concentration
(54.4 mg bile/ml SIF) in this study, because the toxicity of high bile concentration (200 mg
bile/mL SIF) might harm the Caco-2 cells, so approximate 4-flod dilution was adopted based
on the INFOGEST suggestion. 14

Next, the INFOGEST method was combined with Glanh’s Caco-2 cell model. It included
a classic dual-chamber system with dialysis membrane to evaluate the iron absorption of
enterocyte. The dialysis membrane could mimic the mucin net so that the low molar weight
iron could be absorbed.!®? The main component of intestinal mucus proteome is MUC2
mucin, which is synthesized in the nucleus of goblet cell (e.g., HT29 cell). After monomeric
MUC2 mucin is glycosylated, it can be polymerized by N-terminal trimerizations and C-
terminal dimerizations to form net-like structures parking on the top of goblet cells and
enterocytes. This mucin net can be expanded to generate a mucus layer. The pore size
of outer mucus layer is 440+£50 nm when the ratio of Caco-2 cells and HT29 cells is 9:1.
The permeability of the inner mucus layer (mucin net) is around 17kDa. 4163717 Thus, the
15kDa (1-2nm) dialysis membrane was used in the classic dual-chamber system to similar
this mucin net. The insert membrane (0.4 gum) was chosen in the alternative dual-chamber
system and triple-chamber system. As shown in Figure 4.6, the alternative dual-chamber
system and triple-chamber system did not work well. The micronized iron (0.4 ym) was not
be absorbed in Caco-2 cells. One possibility was that the micronized iron was not diffused
into the lower chamber. Additionally, the permeability of dialysis membrane covering with
insert membrane was significantly reduced. It might be because the distance between the
two membranes could not be maintained. Briefly, they overlapped.

Similarly, Bering et al., also designed a triple-chamber system. Caco-2 cells were seeded
in the 6-well insert and then placed it into 6-well plate for a 19-day cell monolayer culture.
An additional 12-well insert was used for iron treatment. The insert membrane of the 12-well
insert was removed. A piece of dialysis membrane was fixed at the bottom of the 12-well
insert frame with the silicone O ring. Then, they were placed into the 6-well insert. 0.5mL of
Fe®® digesta was added to the 12-well insert and incubated for 2 hours. The iron absorption

was determined with the assessment of Fe®® activity. In their opinions, growing Caco-2 cells

131



in the 6-well insert could provide the space for the transportation of cellular iron. However,
excessive cellular iron could be stored as ferritin, which might not significantly rise in 2 hours
after iron treatment. This system held that the strength of growing cells in insert might lie
in minimizing the bubbles or domes in the monolayer, but the limitation that insert could
not be coated by collagen should be considered. In addition, radiolabeled iron might just
bind to the surface of Caco-2 cell and was not absorbed by cells. Third, the continuity of
Caco-2 monolayer seemed to be compromised in Bering’s study.'%%17% Thus, the necessity
and reliability of this triple-chamber system were questioned.

The significant iron bioavailability was also reported in other Caco-2 cell-culture studies
using classic dual-chamber system. In Wiesinger et al.’s study, the bioavailability of en-
dogenous iron in bean pastas was assessed. White and yellow beans had high ferritin level
(approximate 20-30 ng ferritin/mg protein).'” In Yeung et al.’s study, the iron bioavailabil-
ity of bread and milk fortified with NaFeEDTA, ferrous fumarate, or FeSO, was assessed.
In bread, the ferritin concentrations of NaFeEDTA, ferrous fumarate, or FeSO4 were 40-60
ng ferritin/mg protein. In milk, the ferritin results were 120-140 ng ferritin/mg protein.!™

To our surprise, even if the food content of INFOGEST digesta was much higher than
that of Glahn’s method digesta, the dialysis membranes were not clogged, since NaFeEDTA
digesta, ferrous fumarate digesta and FeSO, digesta were superior or equivalent to their
supernatant in ferritin response. It also implied that plentiful soluble iron could not be
separated from chyme-mass to supernatant using centrifuging treatment. Supernatant might
just contain part of soluble iron. The rest of soluble iron was in the precipitate at the bottom
of centrifuge tube. Thus, adding iron digesta instead of iron supernatant in Caco-2 cells led
to this discrepancy between iron solubility and iron bioavailability. This was a possible
explanation for the occasional poor predictive ability of iron solubility.

NaFeEDTA is an iron-EDTA chelate. EDTA moiety can hold the iron in acid environment
(stomach), allowing the iron dissociation in duodenum to be exchanged with other nutrients
and absorbed by the intestinal epithelial cells. %9597 Ferrous fumarate and FeSO, are ferrous
complexes. Compared with ferric complexes, they were easily hydrolyzed in stomach and
absorbed in duodenum due to the weak electromagnetic field (207-Fe?*). As shown in
Figure 4.6, NaFeEDTA and ferrous fumarate had the highest iron bioavailability (119.4 and
110.2 ng ferritin/mg protein). Since the iron element concentration of NaFeEDTA was much
lower than that of ferrous fumarate, the weight of NaFeEDTA (530 mg NaFeEDTA /kg food)

added was around twice than that of the ferrous fumarate (240 mg ferrous fumarate/kg food)
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added to reach the target iron fortification level (130 mg Fe/kg food). However, the amount
of NaFeEDTA was restricted by the WHO for children under 5 years old. The tolerable intake
level was 1.9 mg of NaFeEDTA for per kg of body weight per day. Therefore, combining
NaFeEDTA with another iron fortificants, ferrous fumarate or FeSO,4 at a ratio of 4:9 or
2:11 was recommended by the Food Aid Quality Review Report. 3%17%180 Degpite the lack of
authoritative information, too much EDTA might also bring about unexpected side effects
in adults. Thus, these combinations of two types of irons were tested in current study.

We found that all of the combinations were effective (48.1-96.1 ng ferritin/mg protein).
Surprisingly, the combination of NaFeEDTA and FeSO, at low weight ratio (2:11) had high
ferritin response. When FeSO, was dissolved in water, it could form an aquo complex [Fe (H,
0)g]?T. 18! One possible reason was that EDTA could react with [Fe (HyO)g]*" to maximize
the iron absorption at a specific ratio. There seemed to be a curve-fitting relationship
depending on various influencing factors. In the clinical trial conducted by Peruvian et al.,
the levels of °7/58Fe absorption were significantly improved from 2.4% to 3.7%, from 2.2% to
3.5%, and from 2.9% to 3.8% at EDTA-Fe (FeSO,4) molar ratios of 1:1, 0.7:1, and 0.3:1.52
In another clinical trial on radio-labelled EDTA-FeSO, fortifications, the results of iron
absorption were 3.8%, 11.3%, 13.5%, and 8.8% at EDTA-Fe molar ratios of 0:1, 0.25:1, 0.5:1,
and 1:1.'8 Similarly, Hurrell et al. found that isotopic iron absorption could be elevated
from 1.0% to 5.7% and from 0.7% to 2.9% at EDTA-Fe (FeSO,) molar ratio of 0.67:1 and
1:1.18% In a study of young Chinese children, *"FeSO-fortified meals with EDTA-Fe molar
ratios of 0.4:1 or 0.7:1 were tested. Only the meal with a ratio of 0.4:1 could significantly
increase the iron absorption.!®® However, the poor sensory properties of FeSO, should be

taken into account.

4.5 Conclusion

The Caco-2 cell model with the classic dual-chamber system and INFOGEST digesta is a
reliable iron bioassay. NaFeEDTA has higher bioavailability than FeSO,4. The combination
of NaFeEDTA and FeSO, at low weight ratio (2:11) has the highest bioavailability among

the combination samples.
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Table 4.1: Iron fortification levels

Sample ID Fe component Target Fe Fe compound Analytical
fortification concentration Fe element concen-

level (mg/kg (mg/kg food) tration

food) (mg/kg food)
1 Fumarate 130 240.0 138.0
2 NaFeEDTA 130 530.0 121.4
3 FeSO4-7TH>0 130 390.0 129.6
4 NaFeEDTA 40 240.0 130.6
Fumarate 90 190.0
5 NaFeEDTA 40 198.6 131.3
FeSO4-TH>0 90 270.0
6 NaFeEDTA 20 99.3 133.4
Fumarate 110 191.3
7 NaFeEDTA 20 99.3 118.6
FeSO4-7TH>0 110 330.0
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Table 4.2: Formulation of electrolyte solution and simulated digestion fluid

Electrol- Electro- Electrolyte Electrolyte SSF (ele- SGF (ele- SIF (electro-

yte Name lyte Mo- Molecular solution ctrolyte ctrolyte lyte solution
lecular Weight concentra- solution solution mL /water L)
Formula (g/mol) tion (M) mL/) mL/
water L)  water L)
Potassium KCI 74.6 0.5 37.75 17.25 17
chloride
Potassium KH,PO, 136 0.5 9.25 2.25 2
dihydrogen
phosphate
Sodium NaHCO3 &4 1 17 31.25 106.25
hydrogen
carbonate
Sodium NaCl 58.44 2 None 29.5 24
chloride
Magnesium MgCls 203.3 0.15 1.25 1 2.75
chloride (H20)6
hexahydrate
Ammonium (NHy)s 96 0.5 0.15 1.25 None
carbonate  COj
Calcium CaCl, 147 0.3 0.0625 0.0125 0.1
chloride (H20)4
dihydrate
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Table 4.3: Iron solubility (Ezperiment 1)

Sample ID Fe component Iron solubility (%)
1 Fumarate 6.7+0.28"

2 NaFeEDTA 20.2+0.82%

3 FeSO,4 7.3+0.04"

Note: Mean+SEM, n=3. Values with different letters were significantly different (p<0.05).

Table 4.4: Iron solubility (Ezperiment 2)

Sample ID Fe component Weight ratio Iron solubility (%)
4 NaFeEDTA+fumarate 4:9 13.34£0.75%

) NaFeEDTA+FeSOy4 4:9 15.0+0.69*

6 NaFeEDTA+fumarate 2:11 10.140.48P

7 NaFeEDTA+FeSOy4 2:11 9.1+0.54"

Note: Mean+SEM, n=3. Values with different letters were significantly different (p<0.05).
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Table 4.5: Ferritin concentrations (Experiment 1)

Sample ID Fe component Iron additive Iron treatment Ferritin concentrat-
form system ion (ng/mg protein)

1 Fumarate Digesta Classic 110.214£9.082P
dual-chamber

2 NaFeEDTA Digesta Classic 119.3743.052
dual-chamber

3 FeSO4 Digesta Classic 96.5249.08P¢
dual-chamber

1 Fumarate Supernatant Classic 79.30412.03¢4
dual-chamber

2 NaFeEDTA Supernatant Classic 68.43419.764
dual-chamber

3 FeSOy4 Supernatant Classic 90.5149.78¢
dual-chamber

1 Fumarate Digesta Alternative 6.10£1.29¢
dual-chamber

2 NaFeEDTA Digesta Alternative 4.38£0.70°
dual-chamber

3 FeSO,4 Digesta Alternative 3.05+0.38°¢
dual-chamber

1 Fumarate Supernatant Alternative 5.4941.07¢
dual-chamber

2 NaFeEDTA Supernatant Alternative 4.50£0.90°¢
dual-chamber

3 FeSO4 Supernatant Alternative 5.3941.01¢
dual-chamber

1 Fumarate Digesta Triple-chamber  3.60£0.80°

2 NaFeEDTA Digesta Triple-chamber  5.731+1.81°¢

3 FeSO,4 Digesta Triple-chamber  4.57+0.43°

1 Fumarate Supernatant Triple-chamber  2.82+0.74°

2 NaFeEDTA Supernatant Triple-chamber  3.49+0.51°¢

3 FeSOy4 Supernatant Triple-chamber  3.63+0.41°¢

None Control None None 1.67£0.3°

Note: Mean+SEM, n=3. Values with different letters were significantly different (p<0.05).
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Table 4.6: Ferritin concentrations (Experiment 2)

Sample ID Fe component Iron additive Iron treatment Ferritin concentrat-
form system ion (ng/mg protein)

4 NaFeEDTA Digesta Classic 48.05+8.95P
+fumarate (4:9) dual-chamber

5 NaFeEDTA Digesta Classic 58.87+13.16°
+FeSO,4 (4:9) dual-chamber

6 NaFeEDTA Digesta Classic 56.9945.92P
+fumarate (2:11) dual-chamber

7 NaFeEDTA Digesta Classic 96.12+5.24%
+FeSO4 (2:11) dual-chamber

None Control None None 3.9140.67°¢

Note: Mean+SEM, n=3. Values with different letters were significantly different (p<0.05).
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Chapter 5

Bioavailability of Ferric
Pyrophosphate and Ferric
Orthophosphate with/without
Extrusion and/or Citric Acid and/or

Trisodium Citrate in the INFOGEST
digestion and Caco-2 Cell Model

Abstract

Background: Iron bioavailability is an essential factor for the physiological maintenance
of body and cellular iron levels. Currently, two screening methods for estimating iron ab-
sorption have been advocated. The first is the use of a single meal fortified isotopic iron in
human participants. The second is the measurement of dialyzed iron uptake in Caco-2 cells
after simulated gastrointestinal digestions. Some Swiss scientists reported that iron absorp-
tion of rice flour fortified and extruded with 5"FePP, citric acid (CA) and trisodium citrate
(TSC) at low (1:0.1:2.1) and high (1:0.3:5.5) molar ratios could be significantly increased.

Thus, we intended to carry out a Caco-2 cell experiment to examine the bioavailability of
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regular FePP and FePO, using similar formulations and food processing strategies.

Objective: To determine the iron bioavailability of extruded rice flour fortified with
the high/low molar ratio CA and TSC with FePP/FePO, using the in vitro INFOGEST
digestion/Caco-2 cell model.

Methods: 13 extruded rice flour samples fortified with high/low molar ratio of FePP /FePOy,
CA, and TSC were digested with INFOGEST method. The iron solubility was measured
by ICP-OES in Experiment 1. Subsequently, this method was repeated in Experiment 2
and then Caco-2 cells were treated with iron digesta in a classic dual-chamber system for 2
hours. The iron bioavailability of FePP and FePO, was determined by measuring ferritin
concentrations.

Main Results: High ratio FePP, FePO,, and puFePP were significantly higher than
low /zero ratio FePP, FePO,, uFePP, and control.

Conclusions: The iron bioavailability of FePP and FePO, was improved with high
molar ratio (1:0.3:5.5) CA and TSC.

Keywords: Iron bioavailability, ferric pyrophosphate, ferric orthophosphate, extrusion,

citric acid, trisodium citrate, INFOGEST, Caco-2 cell.

5.1 Introduction

Anemia is a serious public health problem. The largest proportion of anemia worldwide is
iron deficiency anemia. Rice flour can be fortified with iron to combat deficiency anemia, but
it is challenging to achieve high iron bioavailability and good organoleptic properties.® 7
In general, common iron fortificants, ferric pyrophosphate and ferric orthophosphate, have
relatively superior sensory properties but low iron bioavailability. Thus, iron absorption
enhancers, food processing strategies and micronized size iron fortificants are used to improve
the iron bioavailability.'®® Extrusion is a commercial food processing technology. Food is
cooked, squeezed, and gelatinized by the mechanical and thermal energy of the extruder to
improve mineral absorption.!®” CA and TSC can work as enhancers through redox reaction.
Micronize-sized iron fortificants have a larger surface area so that iron fortificants can be
more easily hydrolyzed in the gastrointestinal tract.“%%!

Rice is a staple food for half of the world’s population, but it is sensitive to color

changes mixed with iron fortificants. Hackl et al., reported that the iron bioavailabil-
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ity of rice flour fortified and extruded with *"FePP, CA, and TSC at the molar ratio
(Fe:CA:TSC=1:0.1:2.1) was significantly higher than that of "FePP rice extrudate with-
out CA or TSC in iron-sufficient young women.®® Scheuchzer et al., further found that
a higher molar ratio (Fe:CA:TSC=1:0.3:5.5) could sharply increase the iron absorption of
STFePP rice extrudate in iron-sufficient young women. It suggested that extrusion and en-
hancers could transform the insoluble FePP into soluble Fe citrate complexes without the
color change of rice flour.!'%®

Isotope iron study is based on a single meal after an overnight fasting. Isotopic iron is a
good scanning tool, while it may overestimate the iron bioavailability. 1¥%'%0 Thus, compared
with a daily diet fortified with regular iron compounds, isotopically labeled iron may not
be directly applied in human food aid. Therefore, we examined the iron bioavailability of
regular FePP and FePO, formulations using an in vitro INFOGEST digestion/Caco-2-cell
model. This model could test the delivery of iron from diet to enterocytes as a proximately
physiological bioassay. In this way, we aimed to determine whether CA, TSC, and extrusion
could increase iron bioavailability and find out the most effective formulations in terms of the
types of iron fortificants, the particle size of iron fortificants, the amount of iron absorption
enhancers and the food processing strategies. The results can be further studied for the
animal experiments and large-size clinical trials on the superiority and equivalence of iron

fortifications.

5.2 Materials and methods

5.2.1 Materials

All materials and supplies used in the present experiment were listed in Appendix B
(page 227)

5.2.2 Sample preparation

In this study, four impact factors (Table 5.1) were set up to analyze the iron bioavailability
of samples. They were the type of iron (FePP or FePOQ,), the particle size (regular or
micronized ), the molar ratio of enhancers (high or low ratio), and the food processing strategy
(co-extruded or mixed). Two strategies of food processing were performed to identify which

187;191

one could better improve the iron bioavailability. This step was called minor mixing.

Strategy 1: Raw rice flour, iron, CA, and TSC were premixed at a high molar ratio
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(1:0.3:5.5) or low molar ratio (1:0.1:2.1), and then extruded together by a lab-scale twin-
screw extruder (Table 5.2). Spaghetti-shaped extrudates were produced, dried in the small-
size oven at 70°C for 2 h, and manually cut to 1 cm. The extrudates were further ground
by a coffer mill, sifted to reach the final particle size below 1 mm, and frozen until use.
Since rice flour, iron, CA and TSC were extruded concurrently, this final product was called
co-extruded rice flour sample (Figure 5.1).

Strategy 2: Raw rice flour was extruded by a pilot-scale twin-screw extruder (Table 5.2),
dried by a gas-fired dryer at 115°C for 18 minutes with a 7-minute cooling, and ground by
a hammer mill with a mesh size of 0.3 mm. Subsequently, iron, CA, and TSC were mixed
with extruded rice flour at a high/low molar ratio, and frozen until use. Since iron, CA,
and TSC were just mixed with the extruded rice flour, this final product was called mixed
extruded-rice flour sample (Figure 5.1).

Thirteen rice flour samples were designed. The level of iron fortification in the minor
mixing step was 700 mg/kg rice flour (Table 5.3). Since the final target level of iron for-
tifications recommended by the United States Department of Agriculture (USDA) was 40
mg/kg rice flour, the co-extruded rice flour samples and mixed extruded-rice flour samples
were diluted with extruded rice flour that was produced using Strategy 2 (Table 5.4). This
step was called major mixing. This study was split to two experiments. In the Experiment
1, the iron solubility of minor mixing products was measured. The objective of Experiment
2 was to assess the iron solubility and bioavailability of major mixing products.

5.2.3 INFOGEST procedure

Initially, electrolyte solutions, simulated salivary fluid (SSF), simulated gastric fluid
(SGF), and simulated intestinal fluid (SIF) were prepared and used for all digestion phases
(Table 5.5).8 In the oral phase, 5 g of food samples were mixed with 4 mL of SSF and 1
mL of amylase solution (83 mg amylase/ml water, 9 enzymatic activity unit/mg amylase)
in the 50 ml centrifuge tube. The oral boluses were manually minced with metal spatulas
and incubated at 37°C for 2 minutes. The oral boluses were added to 8 mL of SGF in the
gastric phase. After the pH values were reduced to 34+0.1 with 6M hydrochloric acid, 1 mL of
pepsin solution (66 mg pepsin/ml water, 605 enzymatic activity unit/mg pepsin) and 1 mL
of lipase solution (80 mg lipase/ml water, 15 enzymatic activity unit/mg lipase) were added
and then incubated on the shaking plate of incubator at 37°C and 150 rpm for 2 hours. In
the intestinal phase, 8 mL of SIF was mixed with the gastric chyme and then pH values
were adjusted to 7£0.1 with 5M sodium hydroxide. 3 mL of bile solution (54 mg bile/ml
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SIF, 10mM), 5 mL of pancreatin solution (4 mg pancreatin/ml SIF, 200 enzymatic activity
unit/mg pancreatin), and 4 mL of water were added and incubated at 37°C and 150 rpm
for 2 hours. Digesta was heated at 100°C for 5 minutes to stop intestinal digestion before
being centrifuged at 5000g and 5°C for 45 minutes. The data of enzymatic activities was
provided by Sigma Aldrich company. The iron contents of dry samples and supernatant were
analyzed with ICP-OES method by Soil Testing lab at Kansas State University. Solubility
(%)= 100*soluble iron content (supernatant)/total iron content (dry sample).148:150-154

5.2.4 Caco-2 cell culture procedure

Caco-2 cells were purchased from ATCC at passage 18. The Caco-2 cells were cultured in
T25, T75 and T225 flasks with Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented
with 10% fetal bovine serum, 1% Zellshield, and 25 mM HEPES in 37 °C and 5% CO, air. %’

Caco-2 cells were detached with trypsin (0.25%)-EDTA (0.53 mM) for 5-10 minutes at
80-100% confluency. Dissociated cells were centrifuged at 125¢ for 5-10 minutes. Cells were
counted with hemocytometer. The sufficient Caco-2 cells (passage 23) from T225 flasks were
transferred to collagen coated 6-well plates with 2mL of DMEM per well at a seeding density
of 50,000 cells/cm? and allowed to grow for 12 days with media being refreshed every two
days. 149

On the 12" day of the 6-well plates culture phase, DMEM was replaced by 2 mL of
Minimum Essential Medium (MEM) supplemented with 4 mg/L hydrocortisone, 10 mM
Piperazine-1,4-bis (2-ethanesulfonic acid) disodium salt, 20 pug/L epidermal growth factor, 5
pg/L selenium, 34 ug/L triiodothyronine, 5 mg/L insulin, and 1% Zellshield.'*” Iron digesta
was produced using INFOGEST method and stored overnight at -80°C. %3

On the next day, iron treatment systems were prepared and sterilized with 0.5 M HCl
solution for at least 1 hour, and rinsed with autoclaved deionized water. 2mL of MEM was
replaced by 1mL of MEM into the lower chamber and 1.5 mL of iron digesta into the upper
chamber. Iron treatments were randomly assigned to the Caco-2 cells. The 6-well plates
were placed on the rocking shaker (6 vibrations/min) and incubated for 2h. The dual- or
triple- chamber system was removed and 1mL of MEM was added. The Caco-2 cells were
returned to the incubator for another 22 hours. Blank control (only media) was used.

On the last day, MEM was removed and autoclaved deionized water was added to osmot-
ically lyse the Caco-2 cells.!*® Placed a tube rack in the sonicator and then placed the cells
on the tube rack for a 30-second sonication cell lysis.®® Finally, cell lysate was collected

for ferritin and protein analyses according to the instructions of ferritin and protein kits
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(Figure 5.2).119

5.2.5 Statistical analysis

Data were analyzed in SAS online Studio (https://welcome.oda.sas.com/) with signifi-
cance at p-value<0.05. The Shapiro-Wilk’s test was used for normality. Levene’s test was
used for homogeneity. Normally distributed data were assessed by one-way analysis of vari-
ance (ANOVA) with Least Significant Difference (LSD) test. The random number table was
generated with Excel. ELISA analysis was performed using the Arigo online calculator at

https://www.arigobio.com /elisa-analysis. 1°°

5.3 Results

5.3.1 Iron solubility

In the Experiment 1 (minor mixing products), co-extruded FePP samples were signifi-
cantly higher than mixed FePP samples. Among co-extruded samples, high and low FePP
samples were significantly higher than high and low FePO, samples. High FePP and FePO,
samples were significantly higher than low FePP and FePO, samples. Among mixed samples,
high FePP sample had higher iron solubility than low FePP, high FePO,, high uFePP, and
zero FePP samples. High and low FePO,/uFePP samples were significantly higher than zero
FePO,/uFePP samples, respectively. (Figure 5.3, Table 5.6).

In the Experiment 2 (major mixing products), co-extruded high FePP sample was sig-
nificantly higher than mixed high FePP sample. Among co-extruded samples, high FePP
sample had higher iron solubility than low FePP and high FePO, samples. Among mixed
samples, high FePP sample was significantly higher than low FePP, high FePO,, high uFePP,
and zero FePP samples, respectively. High and low FePO, samples had higher iron solubility
than zero FePO, sample (Figure 5.4, Table 5.6).

5.3.2 Ferritin concentration

Ferritin concentrations of minor mixing products were not assessed with the Caco-2 cell
model due to a potential risk of iron overload. In the Experiment 2, high ratio FePP, FePQOy,
and pFePP were significantly higher than low/zero ratio FePP, FePOy, uFePP, and control.
Co-extruded low ratio FePP sample and mixed low ratio FePO, sample were significantly

higher than control (Figure 5.5, Table 5.6).
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5.4 Discussion

Extrusion can change the viscosity, hardness. crystallinity and other physicochemical prop-
erties of extrudate. In this study, the raw rice flour was put into the mixer and then went
into the barrel that had several sections at different temperatures ranging from low to high,
so the raw rice flour could be cooked and squeezed by the twin-screw movement (Figure 5.6).
The physical-modified characteristics of extruded rice flour were verified by Scheuchzer et
al. using the Small- and Wide-angle X-ray scatter test. The crystalline structure of starch
was disrupted. Starch was degraded and gelatinized. In Hagenimana’s experiment, water
absorption and solubility of extruded rice flour could be increased. Besides, the inhibitors
(e.g., phytic acid, phenolics, etc.) could be destroyed during extrusion. Tadesse et al. and
Arun Kumar et al. found that phytate content was reduced in extruded sorghum flour. 192193
Lubaaler et al. reported that the phenolic content of extruded sorghum porridge was lower

194 Thus, the extrude rice flour, instead of raw rice

than that of cooked sorghum porridge.
flour or cooked rice flour, was used to be mixed with iron and enhancers to improve iron
hydrolytic capacity in the gastrointestinal tract.'®%1% In this study, we used the term “co-
extrusion” to define the food processing that several micronutrients were extruded concur-
rently. 1?6 However, some scientists thought that “co-extrusion” usually referred to one staple
food extruded with another staple food, fat-baser (e.g., cream), and/or water baser (e.g.,
jellies, jams.) simultaneously.'%7

Moreover, using infrared spectrum tests, Wu et al., investigated that iron could react
with starch molecular to form a ferric starch complex through the coordinate bond C=0.
In chemistry, ferric pyrophosphate was composed of multiple ferric orthophosphate groups
with the P-O-P linkages (high-energy phosphate bond) and 30-Fe?" coordination bonds
(Figure 8). If the physicochemical properties of FePP and its enhancers were changed,
the environment of iron-ligand and the electromagnetic filed might be altered. Scheuchzer
et al. indicated that the iron absorption of °"FePP, CA, TSC and rice co-extrudate was
higher than that of extruded rice flour mixed with FePP, CA and TSC. They employed
electron paramagnetic resonance to find that the spin configuration of Fe3*, the paramagnetic
properties of FePP, the electromagnetic force of iron-ligand, the ligand fraction of Fe?*, and
the linear pyrophosphate structure of FePP were altered by the high temperatures, high
196;198;199

pressure, and shear force during co-extrusion.

Hence, the reasons mentioned above could interpret that FePP and enhancers concur-
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rently extruded with rice flour at high molar ratio had the highest solubility. Whereas,
co-extrusion did not improve the ferritin level. One possibility was the low concentration of
co-extrudate. In addition, there was no significant difference between regular FePP, uFePP,
and FePO, in ferritin response. One reason might be the amount of soluble iron in FePP
digesta, uFePP digesta, and FePO, digesta was statistically equivalent. Another possibility
might be the dose-response relationship. Since the iron solubility of FePP samples at 700mg
Fe/kg level was much higher than that of FePP samples at 40mg Fe/kg, it was possible that
the iron bioavailability of FePP could be greatly raised at higher fortification levels. Third,
since the minimum concentration of iron detected by ICP-OES equipment is around 0.2
mg/L, the iron concentrations of samples’ supernatant (0.13-0.19 mg/L) were lower than 0.2
mg/L except for the iron concentrations of high ratio FePP supernatant (0.27-0.29 mg/L).
Thus, the sensitivity and accuracy of instrument might be reduced in this case.
Theoretically, micronized particle size of iron fortificants had higher iron bioavailability
than the regular size iron, while uFePP (2.4 pm) was not superior in iron solubility or ferritin
response to regular size FePP in this study. It might be because puFePP was not co-extruded
with enhancers and rice flour. In line with our results, there was no significant difference in
the relative bioavailability value between pFePP (2.5 pm) and regular FePP (21um) in a rat
study.?” In an African clinical trial, the Hb concentrations of iron-deficient children were
not improved by a 6-month pFePP (2.5um) treatment.?’! Another possible explanation was
that the particle size of uFePP was still too large to be absorbed. Sakaguchi et al. found that
large puFePP (5.2 pm) had an inferior Hb gain to FeSOy in rats, while small pFePP (0.3um)

202

was as well bioavailable as FeSO, in Hb gain.*”* In another clinical trial, isotopic puFePP

(0.3um) also had the equivalent iron absorption to FeSO, in infant cereal and yoghurt.?%
In the present study, the molar ratio of the enhancers was the principal determinant of
iron bioavailability. The formulations of FePP and FePO, with a high molar ratio CA and
TSC are promising food aid strategies for humans. CA and TSC are readily absorbed in
the gastrointestinal tract as an energy resource for human body. Citrate is an intermediary
in the tricarboxylic acid cycle to break down pyruvate through glycolysis. Most citrate
can be reabsorbed in kidney. The rest is excreted through the urine.?°42% CA and TSC
may react with Fe?T to generate an anti-caking iron complex, iron citrate (FeCgH;OgNa).
They can prevent the iron polymerization through their carboxylic bonds and hydroxyl

bonds. Ferric citrate has good bioavailability and is generally recognized safe for use in

food aid.?%42% Sun et al. mixed the CA with the extractive of Tegillarca granosa, a kind
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of seafood. It was suggested that citric acid could enhance the cellular iron absorption,
because CA might reduce the attractive force of hydrogen bonds and disturb the secondary
structures of Tegillarca proteins.?!" Salovaara et al. also investigated that CA could increase
the Fe3™ uptake in the Caco-2 cell model. CA might chelate iron and lower pH value by
carboxyl bonds and hydroxyl bonds. 2?1?12 Palika et al., conducted a Caco-2 cell experiment
and reported that CA could improve iron absorption in milk at 1:1 molar ratio.?'® Except
for CA and TSC, other organic acids can be effective as well. Taking Glahn’s study as an
example, a high ferritin level was observed in Caco-2 cells exposed to FeSO, and citric acid,
while ascorbic acid had a better ferritin response.?'* More animal studies and clinical trials

are needed to refine the iron formulations.

5.5 Conclusion

The iron bioavailability of FePP and FePO, was improved with high molar ratio (1:0.3:5.5)
CA and TSC.
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Figure 5.1: Flow chart of food processing strategies
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Figure 5.2: Classic dual-chamber system

Iron solubility (%)

HFePP  LFePP  HFePOs  |FspO, HFePP LFePP  HFePO, LFePO,  HyFePP LuFePP  7FePP  ZFePQ,  ZuFePP

Co-extruded rice flour samples

Mixed extruded-rice flour samples (700 mg Fe/ kg rice flour)
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MNote: Mean+SEM, n=3. Values with different letters were significantly different (p<0.05).

Figure 5.3: Iron solubility of Fe-fortified samples at 700 mg/kg level (Experiment 1)
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Figure 5.4: Iron solubility of Fe-fortified samples at 40 mg/kg level (Experiment 2)
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Figure 5.5: Ferritin concentrations
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Table 5.1: Impact factors on iron bioavailability

ID Impact factors Catalog 1 Catalog 2
Iron type FePP FePO,
2 Molar ratio of Fe, CA, 1:0.3:5.5 (high molar 1:0.1:2.1 (low molar ratio)
and TSC ratio)
3  Food Processing strategy Co-extruded Mixed
4 Particle size of iron additives = Regular FePP (20 pm) Micronized FePP (nFePP)
[2.4 pm]

Table 5.2: Parameters of extruders

Parameter Pilot-scale Lab-scale
Volumetric capacity (m?) 0.056 None
Preconditioner shaft speed (rpm) 379 None
Average residence time (minute) 2.8 None
Barrel temperature (°C) 25-90 40-90
Screw diameter (mm) 52 18

L/D ratio 16 29

Feed speed (kg/h) 80 2.76
Screw speed fixed (rpm) 300 350
Circular die 3.7 3.1

Knife blades rotating speed (rpm) 530 Cut by hand
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Table 5.3: Sample design and iron fortification levels (700 mg/kg)

Sample Fe Fe com- Analyt- Fe enh- Enhan- Molar Molar Food pro-
1D comp- pound ical Fe ancer cer ratio ratio cessing
onent concen- element com- concen- (Fe: en- level method
tration concen- pound tration hancer)
(mg/kg) tration (mg/kg)
(mg/kg)
1 FePP 2820 713 CA 720 1:0.3 High  Co-extruded
TSC 20280 1:5.5
2 FePP 2820 725 CA 240 1:0.1 Low Co-extruded
TSC 7740 1:2.1
3 FePO, 2420 700 CA 720 1:0.3 High  Co-extruded
TSC 20280 1:5.5
4 FePO, 2420 688 CA 240 1:0.1 Low Co-extruded
TSC 7740 1:2.1
5 FePP 2820 823 CA 720 1:0.3 High  Mixed
TSC 20280 1:5.5
6 FePP 2820 767 CA 240 1:0.1 Low Mixed
TSC 7740 1:2.1
7 FePO4, 2420 673 CA 720 1:0.3 High  Mixed
TSC 20280 1:5.5
8 FePO, 2420 625 CA 240 1:0.1 Low Mixed
TSC 7740 1:2.1
9 uFePP 2820 875 CA 720 1:0.3 High  Mixed
TSC 20280 1:5.5
10 uFePP 2820 910 CA 240 1:0.1 Low Mixed
TSC 7740 1:2.1
11 FePP 2820 683 None None None Zero  Mixed
12 FePO, 2420 616 None None None Zero  Mixed
13 pFePP 2820 927 None None None Zero  Mixed
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Table 5.4: Sample design and iron fortification levels (40 mg/kg)

Sample Fe com- Food Minor Addition- Analytical Enhancer
ID ponent processing mixing al extrud- Fe element molar
method product ed rice concent- ratio
(minor concent- flour ration level
mixing ration (mg/100g) (mg/kg)
product) (mg/100g) (major mix-
(ing product)
1 FePP Co-extruded  4.92 95.08 56.9 High
2 FePP Co-extruded  5.06 94.94 48.7 Low
3 FePO, Co-extruded  4.26 95.74 54.2 High
4 FePOy4 Co-extruded 5.3 94.7 51.1 Low
5 FePP Mixed 4.86 95.14 41.9 High
6 FePP Mixed 5.22 94.78 47.3 Low
7 FePO,  Mixed 5.94 94.06 50.2 High
8 FePOy4 Mixed 6.4 93.6 45.9 Low
9 uFePP  Mixed 4.58 95.42 52.2 High
10 uFePP  Mixed 4.4 95.6 56.9 Low
11 FePP Mixed 5.86 94.14 50.2 Zero
12 FePO,  Mixed 6.5 93.5 60.3 Zero
13 uFePP Mixed 4.32 95.68 42.1 Zero
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Table 5.5: Formulation of electrolyte solution and simulated digestion fluid

Electrol- Electro- Electrolyte Electrolyte SSF (ele- SGF (ele- SIF (electro-

yte Name lyte Mo- Molecular solution ctrolyte ctrolyte lyte solution
lecular Weight concentra- solution solution mL /water L)
Formula (g/mol) tion (M) mL/) mL/
water L)  water L)
Potassium KCI 74.6 0.5 37.75 17.25 17
chloride
Potassium KH,PO, 136 0.5 9.25 2.25 2
dihydrogen
phosphate
Sodium NaHCO3 &4 1 17 31.25 106.25
hydrogen
carbonate
Sodium NaCl 58.44 2 None 29.5 24
chloride
Magnesium MgCls 203.3 0.15 1.25 1 2.75
chloride (H20)6
hexahydrate
Ammonium (NHy)s 96 0.5 0.15 1.25 None
carbonate  COj
Calcium CaCl, 147 0.3 0.0625 0.0125 0.1
chloride (H20)4
dihydrate
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Table 5.6: Iron solubility and ferritin concentrations

Sample Fe Molar Iron solubility Iron Ferritin
ID component ratio level (%) (700mg/ solubility concen-

kg level) (%) (40mg/  tration (ng/

kg level) mg protein)

1 FePP High 43.141.728 2.940.15% 25.824-3.824
2 FePP Low 8.340.27°¢ 1.940.147 12.44+0.60°P
3 FePOy High 4.740.164 1.840.097 25.46+4.694B
4 FePO, Low 1.440.04¢f 1.74£0.107 7.14+0.99PF
5 FePP High 14.342.34P 2.3+0.12° 18.87+3.49BC
6 FePP Low 4.741.254 1.940.117 8.3440.90PF
7 FePO, High 3.740.504¢ 1.740.077 22.64+3.9648
8 FePOy Low 2.4+0.4649¢f 1.940.087 11.25+0.96°P
9 pFePP High 4.140.18d¢ 1.740.077 12.90£0.99¢P
10 pFePP Low 2.240.294f 1.6+£0.227 4.63+0.29"
11 FePP Zero 1.440.34° 1.6+0.067 6.56+£1.59PE
12 FePOy Zero 0.540.15f 1.340.05° 3.0540.54"
13 pFePP Zero 0.440.01f 1.840.077 4.47+1.08"
Control None None None None 3.924+0.67F

Note: Mean+SE, n=3. Values with different letters were significantly different (p<0.05).
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Chapter 6

Conclusions and Future Prospects

In the preclinical systemic review with pairwise meta-analysis, the overall Hb effect of
NaFeEDTA was superior to that of FeSO,. Ferrous fumarate was equivalent to FeSOy.

In the clinical systemic review with network meta-analysis, NaFeEDTA, ferrous fumarate,
and FePP were more effective than placebo, and NaFeEDTA was more effective than FeSOy.
The rank order of Hb effect was NaFeEDTA >ferrous fumarate>FePP>FeSO,>electrolytic
iron>placebo. Thus, NaFeEDTA, ferrous fumarate, FePP and FeSO, fortifiactions were
effective treatments in Hb for people with iron deficiency anemia or healthy people with
high risk of iron deficiency anemia. In grain-based trials, NaFeEDTA was suggested to
be the most effective treatment in Hb, followed by ferrous fumarate, FePP and FeSO, in
population aged under 18 years old.

However, the results of preclinical and clinical systemic reviews were supposed to be
applied with caution as conditional recommendations due to unsolvable risk of biases, high
heterogeneities, limited information, and insufficient data.

In the first cell-culture study, we observed that the micronized iron (0.4 ym) was not be
absorbed by Caco-2 cellls. INFOGEST digesta did not clog the dialysis membrane. Thus,
the dual-chamber system with dialysis membrane and INFOGEST digesta was the most
reliable iron bioassay. In addition, NaFeEDTA had higher ferritin response than FeSO, in
precooked corn flour. All of combination formulations were effective iron fortifications. The
combination of NaFeEDTA and FeSO,4 at low weight ratio (2:11) had the highest ferritin
concentration.

In the second cell-culture study, we investigated that ferritin concentrations of FePP and
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FePOy could be increased with high molar ratio (1:0.3:5.5) CA and TSC in extruded rice
flours.

In conclusion, the findings of systematic reviews and in vitro studies found that NaFeEDTA
had the higher bioavailability than FeSO,. The dual-chamber system with dialysis membrane
and digesta was the most reliable iron bioassay. The combination of NaFeEDTA and FeSOy,
at low weight ratio had the highest bioavailability among the combination samples. The iron
bioavailability of FePP and FePO, was improved with high molar ratio (1:0.3:5.5) CA and
TSC. The results of our secondary studies and primary studies on iron bioavailability were
consistent.

New primary studies will be included every 3-5 years to update the meta-analysis results.
Meanwhile, more in vitro studies and in vivo animal studies will be conducted in our lab to
upgrade the bioavailability of iron fortifications. Double-blind randomized control trials with
large sample-size will be carried out to verify the efficacy of iron fortifications in humans.
Moreover, observational research such as Cohort studies, Case-control studies and Cross-
sectional studies will be performed to draw inferences from retrospective and prospective
data.

Nowadays, a large amount of innovative technology has promoted the development of
preclinical and clinical research on iron bioavailability. Recent insights show that iron ab-
sorption could be manipulated by prolyl hydroxylase inhibitors. They not only promote the
production of endogenous erythropoietin, but also decrease the hepcidin level through the
stimulation of dietary iron uptake.?'® Solid lipid nanoparticles can also overcome the barri-
ers on iron bioavailability. Hong et al. assessed the solubility of solid Fe-lipid nanoparticle
using the static digestion method. 80% of iron could be released in simulated intestinal
condition.?'® Similarly, Hosny et al. conducted a pharmacokinetic experiment in rabbits.
Solid FeSOy-lipid nanoparticle had four-fold iron bioavailability compared with the marketed
FeSO, tablet.?'” Regarding digestion model, dynamic digestion methods and semi-dynamic
digestion methods have been recently developed due to the kinetic limitations of static diges-
tion model. Kong and Singh built a dynamic digestion model that could mimic the stomach
peristole, stomach emptying, and gastrointestinal secretions using a latex vessel and some
rollers driven by a motor.?!® Compared with the dynamic digestion model, the semi-dynamic
digestion method is simpler and more feasible. The simulated gastrointestinal solutions can
be added at a constant rate by a microinjection syringe pump. Gastric chyme is taken from

the bottom of container with a serological pipette to mimic the stomach emptying. Cabero et
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al. assessed the nutrient level of milk and dairy-based food using the semi-dynamic digestion
method. They observed that more nutrient could be released into the small intestine at an
early stage of digestion.?!%??0 Regarding Caco-2 cell monolayer, the conventional protocol
required 2-3 weeks of Caco-2 cell monolayer culture. Corning company provided a 3- to 5-day
of protocol for the Caco-2 cell monolayer culture using growth factors (epidermal growth fac-
tor and fibroblast growth factors), hormones (e.g. steroid hormones), and metabolites (e.g.,
insulin). The Caco-2 cell differentiation was assessed by brush border peptidase activity,
alkaline phosphatase activity, and P-glycoprotein activity. Increased brush border pepti-
dase activity, increased alkaline phosphatase activity, and functional P-glycoprotein activity
proved that Corning’s protocol was a feasible, productive, and convenient method of Caco-2
cell monolayer culture. 2222 Likewise, the application of gene editing technology can build
more and more advantageous cell models and animal models for iron bioavailability research.
In Yu’s experiment, CRISPR-Cas 9 was employed to knock out the divalent metal trans-
porter 1 (DMT1) of Caco-2 cells, which were subsequently treated with ferrous bisglycinate
(Fe-Gly) and FeSO,4. They reported that the cellular iron could be significantly increased
with Fe-Gly treatment. Fe-Gly was absorbed by enterocytes through DMT1 pathway. The
high expression of zinc-regulated transporter and iron-regulated transporter-like protein 14
might be the compensatory response to DMT1 deficiency.??* Jackson et al., utilized the hu-
manized mouse model and non-invasive Magnetic Resonance Imaging to assess the hepatic
iron content of mouse. They developed a new animal model that was more similar to human
pathophysiology, and then hepatic iron was suggested to be a promising biomarker for the
early diagnosis of IDA.?%

In 1980, the WHO declared that smallpox was eliminated. Hopefully, nutritional iron

deficiency anemia will also be eradicated soon with the efforts of scientists.
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Appendix B

Material list and supply list

Material list

1.

© o N o Ot LN

10.

Human salivary a-amylase, Sigma Aldrich Co (A3176).
Lipase from porcine pancreas, Sigma Aldrich Co (L3126).
Porcine pepsin, Sigma Aldrich Co (P7000).
Porcine pancreatin, Sigma Aldrich Co (P7545).
Bovine bile, Sigma Aldrich Co (B3883).
3,3’,5-Triiodo-L-thyronine sodium salt, Sigma Aldrich Co (T6397).
Epidermal growth factor, Sigma Aldrich Co (E4127).
Hydrocortisone-Water Soluble, Sigma Aldrich Co (H0396).
Insulin, Sigma Aldrich Co (P3768).

PIPES disodium salt, Sigma Aldrich Co (P3768),

Piperazine-1,4-bis (2-ethanesulfonic acid) disodium salt. Liquid PIPES may be better.

11.
12.
13.
14.
15.
16.
17.
18.
19.

Sodium selenite, Sigma Aldrich Co (55261).

Citric acid, Sigma Aldrich Co (C0759).

Trisodium citrate, Sigma Aldrich Co (S1804).
NaFeEDTA, Sigma Aldrich Co (EDFS).

FeSO,4-TH,0, Sigma Aldrich Co (F8633).

Ferrous fumarate, Fisher Scientific (18-602-691).

6 M HCI, Fisher Scientific (H16805).

NaOH, Fisher Scientific (A1839536).

Isopropyl Alcohol (C3H8O), Fisher Scientific (LC157502).
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20. Cell culture flask T25, Fisher Scientific(10-126-28), Corning™ 430639.

21. Cell culture flask T75, Fisher Scientific(07-202-000), Corning™ 430641U.
22. Cell culture flask T225, Fisher Scientific(14-826-80),Falcon 353138.

23. Insert,Fisher Scientific (07-000-388), Greiner Bio-one 0.4 pm 657640.

24. 6-well plate, Fisher Scientific (720080), Costar 3506.

25. Cryovial, Fisher Scientific (22-010-1119), Globe scientific 3002.

26. HEPES, Fisher Scientific (15-630-080),
N-2-hydroxyethylpiperazine-N’-2-ethanesulphonic acid, 1M, Gibco™ 15630080.
27. Potassium chloride, Fisher Scientific (AAA116620B).

28. Potassium dihydrogen phosphate, Fisher Scientific (AA1159430).

29. Sodium hydrogen carbonate, Fisher Scientific (AC447102500).

30. Sodium chloride, Fisher Scientific(S271-500).

31. Magnesium chloride hexahydrate, Fisher Scientific (AA1228836).

32. Ammonium carbonate, Fisher Scientific (AC401130250).

33. Calcium chloride dihydrate,Fisher Scientific (AC423520250).

34. Ethanol, Fisher Scientific(BP28184), Absolute (200 Proof).

35. Caco-2 cells, American Type Culture Collection (ATCC) (HTB-37).

36. Dulbecco’s Phosphate Buffered Saline, ATCC (30-2200) No calcium or magnesium.
37. Dimethylsulfoxide (DMSO), ATCC (4-X).

38. Trypsin-EDTA Solution, ATCC, 30-2101,0.25% Trypsin/0.53 mM EDTA.
39. Trypsin-EDTA Solution, Gemini Bio (400151), 0.25% Trypsin/0.53 mM EDTA.
40. Minimum Essential Medium, Gibco (10370021), NEAA, no glutamine.

41. Dulbecco’s Modified Eagle’s Medium, Gibco (11965084),

High Glucose, L-glutamine, no sodium pyruvate.

42. L-Glutamine, Gibco (25030149),200 mM.

43. Collagen, Corning (354236).

44. Bottle top filter, Corning (430626),150mL.

45. Dialysis membrane, Spectrum Laboratories (Spectra/Por 7 Pretreated RC),
Catalog: 888-11026-EA. 45 mm Flat Width. Mfg. Part # 132123.

Dialysis Tubing 15,000 MWCO.

46. Ferritin ELISA Assay Kit, Eagle Biosciences (FRR31-K01).

47. Fetal bovine serum, R&D Systems (S12450).

48. Protein assay kit, Bio-Rad Laboratories Inc (5000116).
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49. Protein stand II, Bio-Rad Laboratories Inc (5000007).

50. ZellShield, Minerva Biolabs (13-0050), Antibiotic/antimycotic.

51. Silicone O-Ring, Uxcell (a18111400ux0199).

This item is 100% silica gel and doesn’t contain butyl rubber.

52. Deionized water, Kansas State University, Chemistry Storeroom.

53. Corn flour, International Grains and cereal Limited Liability Company, Texas,
USA(P.A.N.).

Precooked white corn flour.

54. Rice flour, RIVLAND Partnership, Houston, Texas.

55. FePP, Wright Enrichment Inc., Lafayette, LA.

56. pFePP, Wright Enrichment Inc., Lafayette, LA.

57.FePO,4, Wright Enrichment Inc., Lafayette, LA.

Supply list

Pipetter 20, 50, 100, 200 pL, 0.5 1 mL, Fisher brand.
Pipet tips 20, 50, 100, 200 pL, 0.5 1 mL, Fisher brand.
Microtiter plate, Fisher brand.

Disposable reagent reservoir, Fisher brand.

Tube 2, 5, 15, 50 mL, Fisher brand.

Disposable serological pipet 1, 5, 10, 25mL, Fisher brand.
Transfer pipet (disposable polyothylene), Fisher brand.
Cell scraper, Fisher brand.

S A e B

Tweezer, Fisher brand.

—
e}

. Vortex mixer, Fisher Scientific.

—_
—_

. Heat Core Magnetic Stirring Hotplate, Fisher Scientific.

—
[\

. Hemocytometer, Fisher Scientific.

—_
w

. pH meter, Fisher Scientific.

-
s

. Analytical Scale, Fisher Scientific.

—_
ot

. Vortex mixer, Fisher Scientific.

—
(=2

. Convection hot-air oven, Fisher Scientific.

—
J

. Vacuum pump, Fisher Scientific.
. -80 °C freezer, Fisher Scientific.
. Tube rack, Thermo Scientific™ (Resmer Manufacturing Technology)

—_ =
© oo
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20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.

100 place storage-box, Thermo Scientific™.

Mr. Forsty cryo 1 °C freezing container, Thermo Scientific™.

Liquid nitrogen dewar, Thermo Scientific™.

Autoclave, Tuttnauer Brinkmann 3850M.

Water bath and sonicator, Branson 2510.

Low speed centrifuge, Cgoldenwall, 80-2 table top low speed centrifuge.
High speed centrifuge, Eppendorf 5810R.

Electric Pipette Controller, EP-PRO BOBX9P7SXT.

Multichannel pipetter, Rainin.

Bleach, Clorox.

Trypan blue, Cytiva HyClone.

Microplate reader, BioTek Synergy HT.

Rocking Platform, Vavntor VWR.

Laboratory Incubator Shaker, 211DS, Labnet international, Inc.

Dry sterilizer, Germinator 500.

Microscope, Nikon.

Biological Safety Cabinets, NUAIR , Class II Type A2.

Cog incubator, Forma Scientific, Inc. Listed laboratory equipment 446U.
Coy tank, Matheson.

Dry sterilizer, Germinator 500.

Lab-scale twin-screw extruder, Micro-18, American Leistritz Extruder Corp., Somerville.
Pilot-scale twin-screw extruder,TX-52, Wenger Manufacturing, Sabetha, KS.
Coffer mill, Moongiantgo Grain Grinder.

Hammer mill, Fitzpatrick DKASO012.

Mixer, Hobart A200.

Gas-fired dryer, 4800, Wenger Manufacturing, Sabetha, KS.

Garden scissor, Amazon.

Stainless steel filter, Amazon.
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