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Abstract
Introduction
The biotransformation of minerals through glycosylation by microorganisms, such as yeast or probiotics, can
produce nutrients bound to a food matrix, potentially enhancing their bioavailability. This study aimed to
compare the absorption kinetics of iron bound to a glycoprotein matrix (GPM) with those of ferrous
bisglycinate chelate (FBC) and ferrous fumarate (FF).

Methods
In a double-blind, crossover design, 17 participants ingested 11 mg of iron in one of three forms: GPM

(Pharmachem Innovation, Kearny, NJ, USA), FBC (Ferrochel®, Balchem Corp., Montvale, NJ, USA), or FF
(FerroPharma Chemicals Ltd, Hungary). Blood samples were collected at baseline and 30-, 60-, 90-, 120-,
180-, 240-, 300-, 360-, 420-, and 480-minutes post-ingestion. Water intake was standardized throughout the
protocol, and an iron-free snack was provided at four hours post-ingestion. Pharmacokinetic analysis was
performed, with key outcome variables including the incremental area under the concentration vs. time
curve (iAUC), maximum concentration (Cmax), and time to maximum concentration (Tmax). The a priori
significance level was set at p < 0.05.

Results
Linear mixed-effects models indicated statistically significant effects of the GPM condition for both raw iron
concentrations and changes from baseline (p = 0.03). On average, participants had iron concentrations that
were 27.1 mcg/dL (95% CI: 2.8 to 51.4) higher after consuming GPM iron compared to the FF reference
condition. Changes in iron concentrations from the baseline were 16.6 mcg/dL (95% CI: 1.5 to 31.7) higher
after GPM consumption compared to FF. In contrast, iron concentrations and changes in iron levels after
FBC consumption did not significantly differ from those observed with FF. Significant effects of time were
also observed in both linear mixed-effects models. When expressed as percentage changes from baseline,
iron concentrations in the GPM condition were 9.4% to 35.0% higher than FF and 5.9% to 32.6% higher than
FBC. Pharmacokinetic analysis revealed a significant effect of condition on the iAUC (p = 0.047), but no
significant effects for Cmax (p = 0.15) or Tmax (p = 0.81). Post hoc tests for the iAUC indicated a trend (p =
0.07) for a difference between the GPM and FBC conditions, but no significant differences between GPM and
FF (p = 0.17) or FBC and FF (p = 0.75).

Conclusion
These findings suggest that iron bound to a glycoprotein matrix can improve absorption kinetics without
any associated side effects. This data could have important implications for addressing iron deficiency or
absorption disorders in a variety of populations.

Categories: Preventive Medicine, Public Health, Nutrition
Keywords: absorption, iron, postbiotic, supplement, whole-food nutrients

Introduction
Iron is an essential mineral for human health, supporting critical physiological functions such as oxygen
transport, energy metabolism, and cellular division [1,2]. Iron is the most abundant trace mineral in our
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body [3]. It participates in redox reactions, making it vital for the function of metalloproteins, including
hemoglobin and cytochromes [4]. A sufficient daily intake of iron is necessary to maintain iron homeostasis,
with maximal bioavailability typically ranging from 14% to 18%, depending on age and sex [5,6].

An estimated two billion people are at risk for iron deficiency, with a global prevalence of 56% among
preschool-aged children and 69% among non-pregnant women of reproductive age [7]. Iron deficiency in
developing countries is often due to inadequate dietary intake and infections like schistosomiasis, while in
developed countries, it is commonly linked to chronic blood loss or conditions that impair intestinal
absorption, such as celiac disease. Chronic iron deficiency can lead to symptoms such as fatigue, shortness
of breath, brittle nails, delayed wound healing, and dry mouth [8,9]. The World Health Organization
recognizes iron deficiency as the leading cause of anemia [10]. Iron deficiency anemia (IDA) can result in
impaired cognitive function and adverse pregnancy outcomes [9,11]. Populations at higher risk for
IDA include infants, preschool-aged children, menstruating or pregnant women, vegans, frequent blood
donors, and the elderly, particularly those with chronic conditions like kidney disease [9]. Treatment
typically involves oral iron supplementation, intravenous iron, or red blood cell transfusion in severe cases
[9,11].

Iron exists in two forms in the diet: heme and nonheme [1]. Both are absorbed by enterocytes in the
duodenum and proximal jejunum. Heme iron is absorbed as an intact molecule, while nonheme iron is
absorbed in its reduced (ferrous) form. Transmembrane proteins facilitate iron uptake and efflux into the
portal circulation, while ferritin stores iron in enterocytes and hepatocytes. Iron is recycled through the
phagocytosis of dying erythrocytes, and circulating iron binds to transferrin for delivery to tissues [12,13].
Iron homeostasis is tightly regulated by the hormone hepcidin, with most iron used by erythrocytes for
hemoglobin synthesis [14]. Nonheme iron constitutes about 90% of dietary iron and is found in plant-based
foods like nuts, grains, fruits, and vegetables, while heme iron is found in animal products such as red meat,
poultry, and fish [1]. Although heme iron represents only about 10% of dietary iron, it is absorbed more
efficiently than nonheme iron and may account for up to 40% of total absorbed iron [6]. Nonheme iron
absorption is inhibited by polyphenols, phytates, and animal proteins like casein, whey, and egg white.
Additionally, calcium reduces the absorption of both heme and nonheme iron. Conversely, nonheme iron
absorption is enhanced by co-ingestion of meat, fish, poultry, or dietary vitamin C, which reduces nonheme
iron from its ferric (Fe3+) to ferrous (Fe2+) form, which is more readily absorbed [1]. Iron absorption can also
be enhanced through fortification with highly bioavailable compounds [6]. Conditions like achlorhydria,
atrophic gastritis, Helicobacter pylori infection, celiac disease, small bowel resection, and post-gastrectomy
or vagotomy can impair iron absorption due to reduced gastric acidity [12].

Historically, fermentation has been used to preserve foods. The fermentation of carbohydrates produces
short-chain fatty acids, which lower the pH and inhibit the growth of pathogenic bacteria. Many different
cultures around the world have developed a variety of fermented foods, including sauerkraut (fermented
cabbage, Germany), kimchi (fermented vegetables, Korea), miso and natto (fermented soybeans, Japan),
tempeh (fermented soy, Indonesia), and fermented dairy products like lassi (India), kefir, and yogurt.
Consumption of fermented foods has been linked to promoting a healthy gut microbiome, with increased gut
microbiota diversity associated with improved nutrient absorption [15]. A common issue with both organic
and inorganic iron supplements is their limited absorption, with about 90% of the iron remaining
unabsorbed in the intestines [16]. This excess iron can cause various side effects, including nausea, bloating,
vomiting, constipation, diarrhea, abdominal pain, and darkened stools. Incorporating minerals into a
glycoprotein matrix (GPM) through double fermentation with yeast and probiotics has been shown to
significantly enhance nutrient absorption. For example, a study demonstrated that GPM-bound zinc
increased absorption by 40% [17].

This study aimed to compare the bioavailability of GPM-bound iron with two other commonly used
supplemental iron forms: ferrous bisglycinate chelate (FBC) and ferrous fumarate (FF). The investigators
hypothesized that GPM-bound iron would improve iron absorption and result in higher blood levels after
acute ingestion without causing gastrointestinal distress.

This article was previously presented as a poster with published abstract at the International Society of
Sports Nutrition National Conference on June 18, 2024.

Materials And Methods
Experimental design
A double-blind, randomized crossover study was conducted at the University of Mary Hardin-Baylor (UMHB),
Belton, TX, USA, in accordance with the Declaration of Helsinki guidelines. All procedures were approved by
the Institutional Review Board of the University of Mary Hardin-Baylor (IRB approval number 259, date of
approval: September 27, 2023). Participants visited the Human Performance Lab on three separate occasions
after fasting for at least 10 hours and abstaining from caffeine and exercise for 24 hours prior to each session
(see Figure 1). Each participant completed an eight-hour absorption trial under three conditions: GPM-
bound iron, FBC, and FF. Participants ingested a blinded pill with water, and blood samples were collected
prior to ingestion and at 30, 60, 90, 120, 180, 240, 300, 360, 420, and 480 minutes post-ingestion. The order
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of dietary supplement ingestion was randomized, with a one-week washout period between each testing
session.

FIGURE 1: The consortium diagram includes the screening and
allocation process for the participants in this trial as well as the
numbers regarding those who voluntarily removed themselves from the
trial.

Participants
The participants in this study were 17 overall healthy men and women, aged 18 to 45 years (22.71 ± 3.7 yrs,

176.2 ± 10.3 cm, 83.0 ± 14.24 kg, 26.6 ± 3.6 kg/m2) (see Table 1). To qualify for participation in this study,

participants had to have a normal body weight (body mass index (BMI) of 19-24.99 kg/m2) and engage in
recreational physical activity, as defined by the American College of Sports Medicine guidelines. Participants
were not allowed to consume any nutritional supplements known to affect the measures of the current study
for at least six weeks prior to participation, including pro-, post- and prebiotics, as well as digestive
enzymes. Exclusion criteria included individuals who were currently being treated for or diagnosed with a
gastrointestinal, cardiac, respiratory, circulatory, musculoskeletal, metabolic, immune, autoimmune,
psychiatric, hematological, neurological, or endocrinological disorder. Also excluded were participants
whose body mass had deviated by more than 2% in the previous 30 days, as well as participants who were
unwilling to abstain from alcohol, nicotine, and caffeine for 12 hours prior to each visit. Participants were
randomized using random.org to first consume one of the three conditions, followed by the other
conditions, each after a one-week wash-out period.
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 All (n=17) M (n=9) F (n=8)

 Min Max Mean SD Min Max Mean SD Min Max Mean SD

Age (y) 19.0 35.0 22.7 3.7 19.0 23.0 21.4 1.1 20.0 35.0 24.1 5.0

Height (cm) 160.8 194.8 176.2 10.3 174.3 194.8 181.4 7.3 160.8 191.5 170.3 10.3

Weight (kg) 56.0 106.0 83.0 14.2 77.4 106.0 91.6 8.9 56.0 94.2 73.3 13.0

Body Mass Index (kg/m2) 21.5 33.1 26.6 3.6 23.2 30.4 27.8 2.2 21.5 33.1 25.3 4.4

TABLE 1: Participant characteristics

Experimental protocol
On the day of experimental testing, participants arrived at the laboratory following an overnight fast. All
experimental testing sessions occurred between 7 a.m. and 8 a.m. and individual participant start times were
repeated on the remaining arms of the crossover design. The occurrence of adverse events was recorded
throughout completion of the study visits. Adverse events were collected through spontaneous reporting by
the study participants, clinical evaluation or interaction of a research team member with a study participant,
and through questionnaires prior to and 480 minutes post-ingestion. The GI Health questionnaires
evaluated stomachache, abdominal pain or cramps, bloating, subjective impression of rectal gas excretion
and nausea, and ranked side effects on a scale from 0 (no symptoms) to 5 (severe symptoms) [18]. In
addition, participants were asked to rank the severity of dizziness, headache, fast or racing heart rate, heart
skipping or palpitations, shortness of breath, nervousness, blurred vision, and other unusual or adverse
effects on a scale from 0 (none) to 5 (very severe). Participants rested semi-supine for placement of a Teflon
catheter into an antecubital vein for multiple blood sampling. The catheter was kept patent by flushing with
2-3 mL of 0.9% sodium chloride. Following baseline sampling, participants ingested their respective
supplement with 177 mL of cold water. Thereafter, blood samples were taken at 30, 60, 90, 120, 180, 240,
300, 360, 420, and 480 minutes post-ingestion. Whole blood was collected and transferred into Becton
Dickson (BD) 8.5 mL tubes (BD SST Vacutainer, Becton, Dickinson and Company, Franklin Lakes, USA) for
obtaining serum and subsequently centrifuged at 1500 g for 15 minutes at room temperature. The resulting
refrigerated serum samples were transported to Quest Diagnostic for analysis. Participants ingested the
supplement with 177 mL of water immediately after the initial blood collection. The participant then
received 59 mL of water every 60 minutes until hour 4, when the participant received an iron-free snack and
then again, resumed water consumption at every hour for the remaining four hours. The snack included two
servings of Club™ Crackers Snack Stacks (Kellogg Sales Co., USA; 28 g each) and two Member’s Mark™ Light
String Cheese Sticks (Sam’s West, Inc., USA; 48 grams). The total caloric intake was 240 calories with 12 g of
protein, 20 g of carbohydrates, and 11 g of fat. Subsequently, a one-week wash-out period was implemented
before participants were crossed over to the other supplement and repeated the experimental protocol for
the two remaining conditions.

Plasma iron analysis
Serum samples were analyzed for plasma iron levels using an FDA-approved method on a Beckman Coulter
AU system via spectrometry with Beckman Coulter Iron (total) reagent kit and calibrators (Quest Diagnostics
Nichols Institute, Chantilly, VA). Serum samples were analyzed in duplicate and placed on the automated
analyzer using manufacturer assay instructions. This Beckman Coulter assay unitizes a variation of the
methods described by Schade and colleagues [19] using TPTZ (2,4,6-Tri-(2-pyridyl)-5-triazine) as the
chromogen. Transferrin-bound iron dissociates in an acidic medium into free ferric ions and apo-transferrin
which are further reduced to the ferrous state using hydrochloric acid and sodium ascorbate. A blue colored
complex that can bichromatically (600/800 nm) detect is formed when the ferrous ions react with TPTZ and
the absorbance is directly proportional to the serum iron concentration.

Supplementation
All three iron treatments, GPM iron containing 5% Iron (GPM, Pharmachem Innovations, Kearny, NJ, USA),
ferrous bisglycinate chelate (FBC, Ferrochel®, Balchem Corp., Montvale, NJ, USA), and ferrous fumarate (FF,
FerroPharma Chemicals Ltd, Hungary) contained the equivalent of 18 mg of elemental iron, which
represents 100% of the daily value for adults based on FDA guidelines [20]. These treatments were
administered in the form of one 0.5 gram uncoated tablet. GPM iron was produced using FF as the iron
source, and a carbohydrate and protein substrate. Saccharomyces cerevisiae yeast strains were cultured
under heat during the initial phase. After several hours of fermentation, the active nutrient (iron) was added
to the cultured broth, initiating the growth phase. The yeast absorbed the iron and incubated it aerobically
into its cell structure, forming a matrix around the active nutrient. During the final autolysis phase, enzymes
and probiotic bacteria were added at low heat for several hours to complete the digestion process. After this
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phase, the product was further processed to yield the final powdered glycoprotein-bound active nutrient.

Statistical analysis
Iron concentrations were examined for outliers (i.e., values above Q3 + 1.5 x IQR or below Q1 - 1.5 x IQR).
Out of 561 total values (17 participants x 11 time points x 3 conditions), four total outliers (0.7%) were
present, with three being baseline values (two in GPM condition and one in FBC condition) and one being a
30-minute post-ingestion value in the FBC condition. These four values were replaced with the mean
concentrations within the specified condition and time point. Data were subsequently analyzed in R (version
4.3.1; R statistical software, R Foundation for Statistical Computing, Vienna, Austria) using linear mixed-
effects models (nlme package, v. 3.1-162) to determine the relationship between the dependent variable,
iron concentrations, and the independent variables condition and time [21]. This approach accommodated
the hierarchical structure of the data, where multiple measurements are nested within each subject and are
further categorized by experimental conditions and time points. The fixed-effects portion of the model
assessed the main effects of condition and time, as well as their interaction. To account for individual
variability and potential correlations among repeated measures within the same participant over time,
random effects were incorporated into the model. Specifically, a random intercept for each participant was
specified, allowing for individual deviations from the overall mean iron level, and a random slope for time
within each subject was included to capture individual-specific changes over time. Additionally, correlation
between measurements taken at different time points within the same participant and experimental
condition were allowed through an autoregressive order 1 (AR(1)) correlation structure. The restricted
maximum likelihood (REML) estimation method was utilized to estimate the model parameters, which
provides unbiased estimates of fixed effects and more robust estimates of variance components, particularly
with smaller sample sizes [22]. Model assumptions were examined through graphical methods (i.e., residuals
vs. fitted plots and quantile-quantile plots). Data were visualized using the ggplot2 package (v. 3.5.0) with
within-subject error bars for line plots [23,24]. Separate models were fit for raw iron concentrations and, to
account for potential differences at baseline, raw changes in iron concentrations from baseline. In both
models, the FF group was specified as the reference condition, and time=0 was the reference time point.

For the pharmacokinetic analysis, the incremental area under the concentration vs. time curve (iAUC) was
calculated using the method of Brouns et al. [25]. The PKNCA package (v. 0.10.2) was used to establish the
maximum observed concentration (Cmax) and time of maximum observed concentration (Tmax) [26]. When
statistical assumptions of normality were met, data were analyzed using one-way analysis of variance with
repeated measures. Cmax data were analyzed accordingly. However, due to normality violations and outliers,
iAUC values were analyzed by the non-parametric Friedman test, with Wilcoxon signed-rank post hoc tests.
Due to the nature of the data, Tmax values were also analyzed using the non-parametric Friedman test.
These analyses were performed using the rstatix package (v. 0.7.2) [27]. For outcomes analyzed using one-
way analysis of variance, Cohen’s d effect sizes were calculated. For outcomes analyzed using the Friedman
test, Kendall’s W effect sizes were calculated. For all tests, statistical significance was accepted at p < 0.05,
and p-values between 0.05 and 0.1 were considered trends.

Results
Serum iron concentrations
Linear mixed effects model terms indicated that there were statistically significant effects of the GPM
condition, both for raw iron concentrations and changes from the baseline (p=0.03 for each; Figure 2, Table
2). On average, participants had iron concentrations that were 27.1 (95% CI: 2.8 to 51.4) mcg/dL higher after
GPM consumption as compared to the reference condition (i.e., FF consumption). Additionally, changes in
iron concentrations from the baseline were 16.6 (95% CI: 1.5 to 31.7) mcg/dL higher after GPM consumption
as compared to the reference condition. In contrast, iron concentrations and iron changes after FBC
consumption did not significantly differ from the reference condition. Significant effects of time were also
observed in both linear mixed effects models. The magnitude indicated that, on average, each one-minute
interval corresponded to an increase in 0.1 (95% CI: 0.05 to 0.15) mcg/dL in iron concentrations, holding
other terms constant. When expressed as percent changes in iron concentrations from the baseline, values
in the GPM condition were 9.4 to 35.0% higher than FF and 5.9 to 32.6% higher than FBC (see Table 2).
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FIGURE 2: Iron concentrations. Raw iron concentrations (A) and raw
changes in iron concentrations (B) are displayed. In linear mixed-effects
models for each outcome, there was a statistically significant effect of
the GPM condition (*), indicating higher iron concentrations in GPM as
compared to the reference model.
GPM: glycoprotein matrix-bound iron; FBC: ferrous bisglycinate chelate; FF: ferrous fumarate
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Time (min) GPM vs. FF GPM vs. FBC FF vs. FBC

0 0 0 0

30 9.4 6.3 -3.1

60 22.3 5.9 -16.4

90 28.7 11.2 -17.5

120 30.2 21.4 -8.8

180 32.7 28.9 -3.8

240 35.0 32.6 -2.4

300 29.8 26.2 -3.6

360 14.5 14.9 0.4

420 25.1 21.3 -3.8

480 24.6 17.5 -7.2

TABLE 2: Differences in percent changes in iron concentrations from the baseline. For each
comparison of conditions, the difference in the percent change in iron concentrations from the
baseline is displayed.
GPM: glycoprotein matrix-bound iron; FBC: ferrous bisglycinate chelate; FF: ferrous fumarate

Pharmacokinetics
In the pharmacokinetic analysis, a significant effect of condition on the iAUC was observed (p=0.047; see
Figure 3 and Table 3), without statistically significant effects of condition for Cmax (p=0.15) or Tmax
(p=0.81). Post hoc tests indicated a trend (p=0.07) for a difference between the iAUC in the GPM and FBC
conditions, without differences between GPM and FF (p=0.17) or FBC and FF (p=0.75). For the iAUC, the
magnitude of the effect size for the GPM condition was “moderate” as compared to both FBC and FF (see
Table 4).
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FIGURE 3: Pharmacokinetic analysis. Analysis of the incremental area
under the curve (iAUC), maximal observed concentration (Cmax), and
time of maximal observed concentration (Tmax) are displayed. A
statistically significant effect of condition was observed for iAUC, with
post hoc tests indicating a trend (p=0.07, indicated by †) for a difference
between iAUC in the GPM and FBC conditions, without differences
between GPM and FF (p=0.17) or FBC and FF (p=0.75).
GPM: glycoprotein matrix-bound iron; FBC: ferrous bisglycinate chelate; FF: ferrous fumarate
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Outcome Condition Mean SD Median IQR p

iAUC (mcg/dL x 480 min)

GPM 15,594 10,720 13,778 7,275

0.047FF 12,237 8,133 9,844 7,373

FBC 12,127 8,967 10,313 7,200

Cmax (mcg/dL)

GPM 188 55 185 67

0.152FF 153 54 150 51

FBC 168 51 163 69

Tmax (min)

GPM 263 130 240 240

0.807FF 288 156 360 300

FBC 293 161 300 360

TABLE 3: Pharmacokinetic results
iAUC and Tmax were analyzed using the Friedman test due to statistical assumption violations for one-way repeated measures ANOVA or due to the
nature of the data. Cmax was analyzed using one-way repeated measures ANOVA.

 iAUC: incremental area under the curve; Cmax: maximal observed concentration; Tmax: time of maximal observed concentration; GPM: glycoprotein
matrix-bound iron; FBC: ferrous bisglycinate chelate; FF: ferrous fumarate; IQR: interquartile range

Outcome Comparison Effect Size1 Magnitude2

iAUC

GPM vs. FF 0.34 Moderate

GPM vs. FBC 0.44 Moderate

FF vs. FBC 0.09 Small

Cmax

GPM vs. FF 0.45 Small

GPM vs. FBC -0.19 Negligible

FF vs. FBC 0.33 Small

Tmax

GPM vs. FF 0.11 Small

GPM vs. FBC 0.19 Small

FF vs. FBC 0.11 Small

TABLE 4: Effect sizes
1For outcomes analyzed using one-way analysis of variance (Cmax), Cohen’s d effect sizes are presented. For outcomes analyzed using the Friedman
test (iAUC and Tmax), Kendall’s W effect sizes are presented. 2Magnitudes are generated by the rstatix R package (v. 0.7.2) [26].

iAUC: incremental area under the curve; Cmax: maximal observed concentration; Tmax: time of maximal observed concentration; GPM: glycoprotein
matrix-bound iron; FBC: ferrous bisglycinate chelate; FF: ferrous fumarate

Side effect monitoring
No side effects were reported. Specifically, for all side effects (nausea, abdominal pain, bloating, gas,
diarrhea, dizziness, headache, racing heart, palpitations, shortness of breath, nervousness, and blurred
vision) at all time points in each condition, all participants provided ratings of zero.

Discussion
In the current study, GPM-bound iron demonstrated increased absorption, leading to higher blood levels
after ingestion, with no reports of gastrointestinal distress. Given the essential role of iron in a variety of
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vital bodily functions, including the transportation of oxygen, metabolic energy, immunity, and DNA
replication and repair [1], the number of individuals with deficient iron levels is alarming. Approximately
two billion people around the world are affected by iron deficiency and IDA, with iron deficiency reported as
the underlying cause of 30 million disability-adjusted life-years (DALYs) [28,29]. Iron deficiency can impair
cognitive and physical development in infants and adversely affect fetal growth and gestational length in
pregnant women [30]. Given iron’s crucial role in supporting various vital functions across the lifespan, it is
critical to find strategies to reduce the number of individuals worldwide who are impacted by iron deficiency.
One promising approach, as highlighted in the current research, is to develop mechanisms that maximize
iron bioavailability and absorption.

Reducing the risk of IDA largely depends on improving iron bioavailability [1]. Several dietary factors are
known to influence iron bioavailability with the most notable enhancers being the co-ingestion of ascorbic
acid, targeting animal-based foods as the source for iron, and iron fortification [1,6]. Over the past few
decades, methods to improve iron bioavailability have been subject to increasing research [31-33]. Recent
studies have explored additional potential enhancers, such as the administration of an extract of black
pepper, which has been shown to enhance iron bioavailability [34,35]. The impact of fermentation to
enhance the iron bioavailability has also been demonstrated as effective in multiple studies [36-38]. 

Our study showed that GPM-bound iron significantly increased iron concentrations compared to FF, by up to
35%, and FBC, by up to 33%, confirming the previously observed improvement in mineral absorption using
GPM technology [15]. The results are particularly meaningful, as FBC has previously been reported to have at
least twice the bioavailability of conventional iron salts and has been associated with fever-related adverse
events [39-42]. This data has potential implications as a means of increasing hemoglobin and ferritin
concentrations, especially in groups at risk of iron deficiency such as children, pregnant women, and
athletes.

GPM nutrients are derived from a nutrient-rich broth that is cultured and bio-transformed through
glycosylation by microorganisms, including probiotics and yeast. The incorporation of inorganic minerals
into the GPM food matrix results in a slower, sustained release of zinc compared to inorganic mineral salts
[15]. In our study, we compared GPM iron with organic salts (such as fumarate) and amino acid chelates (like
bisglycinate) and found that GPM iron did not exhibit a slower absorption profile. Given that
gastrointestinal symptoms, including constipation, nausea, and diarrhea, are commonly associated with iron
intake [43], it is important to note that all three forms were well tolerated with no gastrointestinal
discomfort reported. Additionally, when participants were asked about other side effects, such as headaches,
no adverse events were reported in any treatment group.

GPM contains postbiotics, and repeated ingestion of GPM iron may further enhance absorption by
improving gut microbiota composition, which in turn can boost nutrient absorption. The International
Scientific Association of Probiotics and Prebiotics (ISAPP) defines a postbiotic as "a preparation of
inanimate microorganisms and/or their components that confers a health benefit" [44]. Postbiotics must
include intact cells or cell fragments and be produced from bacteria through a deliberate killing process (e.g.,
heat, radiation, or lysis). GPMs are manufactured through a double-fermentation process involving yeast
and probiotics, with the probiotics undergoing heat treatment to ensure their inactivation. In addition to
enhancing nutrient absorption, postbiotics like heat-killed Lacticaseibacillus rhamnosus CRL1505 also offer
immune benefits [45]. Furthermore, postbiotics have been shown to support mood and reduce fatigue [46].

The strengths of this study include the crossover design, which allows for the removal of the inter-subject
variability across groups and reduces the impact of covariates [47]. As the study was double-blinded,
participants were unaware of which supplement they were given, as were the study investigators, which
minimizes the risk of introducing potential bias. As FBC has previously been shown to demonstrate
improved bioavailability over FF [48], this strengthens the results of the current study as the GPM condition
was found to have greater iron serum levels when compared to the FBC and FF conditions.

This trial does present some possible limitations to the experimental design and findings. This is a single-
dose study, and it is not known how long-term consumption could influence the absorption kinetics in a
single dose as a result of chronic exposure or cumulative ingestion effects. Initially, no food was consumed
in the first half of this trial; thus, possible interactions with concurrent food intake could be present, altering
absorption rates. The duration of measurement also presents a possible limitation as absorption likely
continues past the eight-hour window studied here. Data presented here show absorption differences using
tablets; thus, future studies should investigate how different delivery formats (e.g. capsule, suspension, etc.)
impact absorption rates. This study used healthy individuals and investigated subpopulations that are
anemic or women during their menstrual cycle to check if initially lower iron concentration impact iron
absorption would be warranted. Another limitation of this study is the small/moderate sample size; thus,
more research is needed on this topic. Additionally, future research should evaluate if bioavailability is
influenced by the dose of iron.

Conclusions
Iron bound to a GPM significantly increases absorption compared to two commonly consumed and readily
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available forms of iron supplementation. This effect is observed in the peak concentration of serum iron
following acute ingestion, where it outperforms both FBC and FF. GPM iron was well tolerated without any
gastrointestinal tract distress.

Appendices
Gastrointestinal symptoms questionnaire
https://docs.google.com/document/d/12BZRsjLQGBH1ksgXj6iy-6UA_u5ghb45/edit?
usp=sharing&ouid=116138793772992713231&rtpof=true&sd=true

Additional Information
Author Contributions
All authors have reviewed the final version to be published and agreed to be accountable for all aspects of the
work.

Concept and design:  Ariane H. Secrest, Lem W. Taylor, Charlene Norgan Radler, Jaci Kelly, Nikolas
Keratsopoulos, Alyssa Faterkowski, Katelyn Kolodziejczyk, Mathis Rollin, Robert Mills, Mandy E. Parra, Ralf
Jäger, Martin Purpua, Grant M. Tinsley

Drafting of the manuscript:  Ariane H. Secrest, Lem W. Taylor, Charlene Norgan Radler, Jaci Kelly, Nikolas
Keratsopoulos, Alyssa Faterkowski, Katelyn Kolodziejczyk, Mathis Rollin, Robert Mills, Mandy E. Parra, Ralf
Jäger, Martin Purpua, Grant M. Tinsley

Critical review of the manuscript for important intellectual content:  Ariane H. Secrest, Lem W. Taylor,
Jaci Kelly, Nikolas Keratsopoulos, Alyssa Faterkowski, Katelyn Kolodziejczyk, Mathis Rollin, Robert Mills,
Mandy E. Parra, Martin Purpua, Grant M. Tinsley

Acquisition, analysis, or interpretation of data:  Lem W. Taylor, Jaci Kelly, Nikolas Keratsopoulos, Alyssa
Faterkowski, Katelyn Kolodziejczyk, Mathis Rollin, Robert Mills, Mandy E. Parra, Grant M. Tinsley

Supervision:  Jaci Kelly, Mandy E. Parra

Disclosures
Human subjects: Consent for treatment and open access publication was obtained or waived by all
participants in this study. University of Mary Hardin-Baylor Institutional Review Board issued approval 259.
The protocol #259, Comparative Differences of Nutrient Absorption in Iron has been approved by the
Institutional Review Board on 09/07/2023. The clinical trial is registered with clinicaltrials.gov, ID number:
NCT06738199. Animal subjects: All authors have confirmed that this study did not involve animal subjects
or tissue. Conflicts of interest: In compliance with the ICMJE uniform disclosure form, all authors declare
the following: Payment/services info: All authors have declared that no financial support was received
from any organization for the submitted work. Financial relationships: Ralf Jäger and Martin Purpua
declare(s) personal fees from Ashland. Lem W. Taylor declare(s) a grant from Ashland. He is the primary
investigator for an externally funded grant. Other relationships: All authors have declared that there are
no other relationships or activities that could appear to have influenced the submitted work.

Acknowledgements
This study was funded by an external grant awarded to the investigators of the Human Performance Lab at
the University of Mary Hardin-Baylor by Pharmachem Innovations, Inc. All testing was conducted in the
Human Performance Lab in the School of Exercise & Sports Science at the University of Mary Hardin-Baylor.
We would like to thank all participants of the study, lab assistants, volunteers, sponsors, and student
workers involved in this study. This study was not preregistered with an analysis plan in an independent,
institutional registry.

References
1. Piskin E, Cianciosi D, Gulec S, Tomas M, Capanoglu E: Iron absorption: factors, limitations, and

improvement methods. ACS Omega. 2022, 7:20441-56. 10.1021/acsomega.2c01833
2. Godswill AG, Somtochukwu IV, Ikechukwu AO, Kate EC: Health benefits of micronutrients (vitamins and

minerals) and their associated deficiency diseases: a systematic review. Int J Food Sci. 2020, 3:1-32.
10.47604/ijf.1024

3. Sánchez M, Sabio L, Gálvez N, Capdevila M, Dominguez-Vera JM: Iron chemistry at the service of life .
IUBMB Life. 2017, 69:382-8. 10.1002/iub.1602

4. Crichton R: The essential role of iron in biology . Iron Metabolism. John Wiley & Sons, Ltd, United Kingdom;
2016. 22:70. 10.1002/9781118925645.ch2

5. U.S. Department of Health and Human Services: Iron fact sheet for health professionals . (2024). Accessed:
November 23, 2024: https://ods.od.nih.gov/factsheets/iron-healthprofessional/.

 

2025 Secrest et al. Cureus 17(3): e80224. DOI 10.7759/cureus.80224 11 of 13

https://docs.google.com/document/d/12BZRsjLQGBH1ksgXj6iy-6UA_u5ghb45/edit?usp=sharing&ouid=116138793772992713231&rtpof=true&sd=true
https://dx.doi.org/10.1021/acsomega.2c01833
https://dx.doi.org/10.1021/acsomega.2c01833
https://dx.doi.org/10.47604/ijf.1024
https://dx.doi.org/10.47604/ijf.1024
https://dx.doi.org/10.1002/iub.1602
https://dx.doi.org/10.1002/iub.1602
https://dx.doi.org/10.1002/9781118925645.ch2
https://dx.doi.org/10.1002/9781118925645.ch2
https://ods.od.nih.gov/factsheets/iron-healthprofessional/
https://ods.od.nih.gov/factsheets/iron-healthprofessional/


6. Hurrell R, Egli I: Iron bioavailability and dietary reference values . Am J Clin Nutr. 2010, 91:1461S-7S.
10.3945/ajcn.2010.28674F

7. Lynch S, Pfeiffer CM, Georgieff MK, et al.: Biomarkers of nutrition for development (BOND)-iron review . J
Nutr. 2018, 148:1001S-67S. 10.1093/jn/nxx036

8. Winter WE, Bazydlo LA, Harris NS: The molecular biology of human iron metabolism . Lab Med. 2014, 45:92-
102. 10.1309/lmf28s2gimxnwhmm

9. Muckenthaler MU, Rivella S, Hentze MW, Galy B: A red carpet for iron metabolism . Cell. 2017, 168:344-61.
10.1016/j.cell.2016.12.034

10. Stevens GA, Beal T, Mbuya MN, Luo H, Neufeld LM: Micronutrient deficiencies among preschool-aged
children and women of reproductive age worldwide: a pooled analysis of individual-level data from
population-representative surveys. Lancet Glob Health. 2022, 10:e1590-9. 10.1016/S2214-109X(22)00367-9

11. Recalcati S, Gammella E, Buratti P, Doni A, Anselmo A, Locati M, Cairo G: Macrophage ferroportin is
essential for stromal cell proliferation in wound healing. Haematologica. 2019, 104:47-58.
10.3324/haematol.2018.197517

12. Camaschella C: Iron deficiency. Blood. 2019, 133:30-9. 10.1182/blood-2018-05-815944
13. World Health Organization: Anaemia. (2023). Accessed: November 23, 2024: https://www.who.int/news-

room/fact-sheets/detail/anaemia..
14. Kumar A, Sharma E, Marley A, Samaan MA, Brookes MJ: Iron deficiency anaemia: pathophysiology,

assessment, practical management. BMJ Open Gastroenterol. 2022, 9: 10.1136/bmjgast-2021-000759
15. Jäger R, Mohr AE, Carpenter KC, et al.: International Society of Sports Nutrition position stand: probiotics . J

Int Soc Sports Nutr. 2019, 16:62. 10.1186/s12970-019-0329-0
16. Sharp PA: Intestinal iron absorption: regulation by dietary & systemic factors . Int J Vitam Nutr Res. 2010,

80:231-42. 10.1024/0300-9831/a000029
17. Jäger R, Purpura M, Davis J, et al.: Glycoprotein matrix zinc exhibits improved absorption: a randomized

crossover trial. Nutrients. 2024, 16:10.3390/nu16071012
18. Svedlund J, Sjödin I, Dotevall G: GSRS--a clinical rating scale for gastrointestinal symptoms in patients with

irritable bowel syndrome and peptic ulcer disease. Dig Dis Sci. 1988, 33:129-34. 10.1007/BF01535722
19. Schade AL, Oyama J, Reinhart RW, Miller JR: Bound iron and unsaturated iron-binding capacity of serum;

rapid and reliable quantitative determination. Proc Soc Exp Biol Med. 1954, 87:443-8. 10.3181/00379727-87-
21407

20. FDA: Daily value on the nutrition and supplement facts labels . (2024). Accessed: November 23, 2024:
https://www.fda.gov/food/nutrition-facts-label/daily-value-nutrition-and-supplement-facts-labels..

21. Pinheiro J, Bates D, DebRoy S, et al.: Nlme: Linear and Nonlinear Mixed Effects Models. 3.1R Package . 2023.
10.32614/CRAN.package.nlme

22. Schall R: Estimation in generalized linear models with random effects . Biometrika. 1991, 78:719-27.
10.1093/biomet/78.4.719

23. Cousineau D: Confidence intervals in within-subject designs: a simpler solution to Loftus and Masson's
method. Tutor Quant methods Psychol. 2005, 1:42-5. 10.20982/tqmp.01.1.p042

24. Morey R: Confidence intervals from normalized data: a correction to Cousineau (2005) . Tutor Quant
Methods Psychol. 2008, 4:61-4. 10.20982/tqmp.04.2.p061

25. Brouns F, Bjorck I, Frayn KN, Gibbs AL, Lang V, Slama G, Wolever TM: Glycaemic index methodology . Nutr
Res Rev. 2005, 18:145-71. 10.1079/NRR2005100

26. Denney W, Duvvuri S, Buckeridge C: Simple, automatic noncompartmental analysis: the PKNCA R package .
J Pharmacokinet Pharmacodyn. 2015, 42:65. 10.1007/s10928-015-9432-2

27. Kassambara A: Pipe-Friendly Framework for Basic Statistical Tests. 0.7R Package 2023 . 2023.
10.32614/CRAN.package.rstatix

28. Mantadakis E, Chatzimichael E, Zikidou P: Iron deficiency anemia in children residing in high and low-
income countries: risk factors, prevention, diagnosis and therapy. Mediterr J Hematol Infect Dis. 2020,
12:e2020041. 10.4084/MJHID.2020.041

29. Global, regional, and national disability-adjusted life-years (DALYs) for 359 diseases and injuries and
healthy life expectancy (HALE) for 195 countries and territories, 1990-2017: a systematic analysis for the
Global Burden of Disease Study 2017. Lancet. 2018, 392:1859-922. 10.1016/S0140-6736(18)32335-3

30. Scholl TO: Maternal iron status: relation to fetal growth, length of gestation, and iron endowment of the
neonate. Nutrition Rev. 2011, 69:23-9. 10.1111/j.1753-4887.2011.00429

31. Guo L, Harnedy PA, Li B, et al.: Food protein-derived chelating peptides: biofunctional ingredients for
dietary mineral bioavailability enhancement. Trend Food Sci Technol. 2014, 37:92-105.
10.1016/j.tifs.2014.02.007

32. Liu F, Ma C, Gao Y, McClements DJ: Food-grade covalent complexes and their application as nutraceutical
delivery systems: a review. Compr Rev Food Sci Food Saf. 2017, 16:76-95. 10.1111/1541-4337.12229

33. McClements DJ, Zou L, Zhang R, Salvia-Trujillo L, Kumosani T, Xiao H: Enhancing nutraceutical
performance using excipient foods: designing food structures and compositions to increase bioavailability.
Compr Rev Food Sci Food Saf . 2015, 14:824-47. 10.1111/1541-4337.12170

34. Fernández-Lázaro D, Mielgo-Ayuso J, Córdova Martínez A, Seco-Calvo J: Iron and physical activity:
bioavailability enhancers, properties of black pepper (Bioperine®) and potential applications. Nutrients.
2020, 12:10.3390/nu12061886

35. Majeed M, Vaidyanathan P, Kiradi P, Majeed S, Vuppla K: An evaluation of bioavailabiity enhancement of
organic elemental iron with bioperine in rabbits. Ijppr Human. 2016, 5:72-9.

36. Proulx AK, Reddy MB: Fermentation and lactic acid addition enhance iron bioavailability of maize . J Agric
Food Chem. 2007, 55:2749-54. 10.1021/jf0630015

37. Samtiya M, Aluko RE, Puniya AK, Dhewa T: Enhancing micronutrients bioavailability through fermentation
of plant-based foods: a concise review. Fermentation. 2021, 7:63. 10.3390/fermentation7020063

38. Scheers N, Rossander-Hulthen L, Torsdottir I, Sandberg AS: Increased iron bioavailability from lactic-
fermented vegetables is likely an effect of promoting the formation of ferric iron (Fe(3+)). Eur J Nutr. 2016,
55:373-82. 10.1007/s00394-015-0857-6

 

2025 Secrest et al. Cureus 17(3): e80224. DOI 10.7759/cureus.80224 12 of 13

https://dx.doi.org/10.3945/ajcn.2010.28674F
https://dx.doi.org/10.3945/ajcn.2010.28674F
https://dx.doi.org/10.1093/jn/nxx036
https://dx.doi.org/10.1093/jn/nxx036
https://dx.doi.org/10.1309/lmf28s2gimxnwhmm
https://dx.doi.org/10.1309/lmf28s2gimxnwhmm
https://dx.doi.org/10.1016/j.cell.2016.12.034
https://dx.doi.org/10.1016/j.cell.2016.12.034
https://dx.doi.org/10.1016/S2214-109X(22)00367-9
https://dx.doi.org/10.1016/S2214-109X(22)00367-9
https://dx.doi.org/10.3324/haematol.2018.197517
https://dx.doi.org/10.3324/haematol.2018.197517
https://dx.doi.org/10.1182/blood-2018-05-815944
https://dx.doi.org/10.1182/blood-2018-05-815944
https://www.who.int/news-room/fact-sheets/detail/anaemia.
https://www.who.int/news-room/fact-sheets/detail/anaemia.
https://dx.doi.org/10.1136/bmjgast-2021-000759
https://dx.doi.org/10.1136/bmjgast-2021-000759
https://dx.doi.org/10.1186/s12970-019-0329-0
https://dx.doi.org/10.1186/s12970-019-0329-0
https://dx.doi.org/10.1024/0300-9831/a000029
https://dx.doi.org/10.1024/0300-9831/a000029
https://dx.doi.org/10.3390/nu16071012
https://dx.doi.org/10.3390/nu16071012
https://dx.doi.org/10.1007/BF01535722
https://dx.doi.org/10.1007/BF01535722
https://dx.doi.org/10.3181/00379727-87-21407
https://dx.doi.org/10.3181/00379727-87-21407
https://www.fda.gov/food/nutrition-facts-label/daily-value-nutrition-and-supplement-facts-labels.
https://www.fda.gov/food/nutrition-facts-label/daily-value-nutrition-and-supplement-facts-labels.
https://dx.doi.org/10.32614/CRAN.package.nlme
https://dx.doi.org/10.32614/CRAN.package.nlme
https://dx.doi.org/10.1093/biomet/78.4.719
https://dx.doi.org/10.1093/biomet/78.4.719
https://dx.doi.org/10.20982/tqmp.01.1.p042
https://dx.doi.org/10.20982/tqmp.01.1.p042
https://dx.doi.org/10.20982/tqmp.04.2.p061
https://dx.doi.org/10.20982/tqmp.04.2.p061
https://dx.doi.org/10.1079/NRR2005100
https://dx.doi.org/10.1079/NRR2005100
https://dx.doi.org/10.1007/s10928-015-9432-2
https://dx.doi.org/10.1007/s10928-015-9432-2
https://dx.doi.org/10.32614/CRAN.package.rstatix
https://dx.doi.org/10.32614/CRAN.package.rstatix
https://dx.doi.org/10.4084/MJHID.2020.041
https://dx.doi.org/10.4084/MJHID.2020.041
https://dx.doi.org/10.1016/S0140-6736(18)32335-3
https://dx.doi.org/10.1016/S0140-6736(18)32335-3
https://dx.doi.org/10.1111/j.1753-4887.2011.00429
https://dx.doi.org/10.1111/j.1753-4887.2011.00429
https://dx.doi.org/10.1016/j.tifs.2014.02.007
https://dx.doi.org/10.1016/j.tifs.2014.02.007
https://dx.doi.org/10.1111/1541-4337.12229
https://dx.doi.org/10.1111/1541-4337.12229
https://dx.doi.org/10.1111/1541-4337.12170
https://dx.doi.org/10.1111/1541-4337.12170
https://dx.doi.org/10.3390/nu12061886
https://dx.doi.org/10.3390/nu12061886
https://www.researchgate.net/publication/301360719_2016_A_evaluation_of_bioavailabiity_enhancement_of_organic_elemental_Iron_with_BioPerine_in_rabbits
https://dx.doi.org/10.1021/jf0630015
https://dx.doi.org/10.1021/jf0630015
https://dx.doi.org/10.3390/fermentation7020063
https://dx.doi.org/10.3390/fermentation7020063
https://dx.doi.org/10.1007/s00394-015-0857-6
https://dx.doi.org/10.1007/s00394-015-0857-6


39. Duque X, Martinez H, Vilchis-Gil J, et al.: Effect of supplementation with ferrous sulfate or iron bis-
glycinate chelate on ferritin concentration in Mexican schoolchildren: a randomized controlled trial. Nutr J.
2014, 13:71. 10.1186/1475-2891-13-71

40. Bovell-Benjamin AC, Viteri FE, Allen LH: Iron absorption from ferrous bisglycinate and ferric trisglycinate
in whole maize is regulated by iron status. Am J Clin Nutr. 2000, 71:1563-9. 10.1093/ajcn/71.6.1563

41. Pineda O, Ashmead HD: Effectiveness of treatment of iron-deficiency anemia in infants and young children
with ferrous bis-glycinate chelate. Nutrition. 2001, 17:381-4. 10.1016/S0899-9007(01)00519-6

42. Milman N, Jønsson L, Dyre P, Pedersen PL, Larsen LG: Ferrous bisglycinate 25 mg iron is as effective as
ferrous sulfate 50 mg iron in the prophylaxis of iron deficiency and anemia during pregnancy in a
randomized trial. J Perinat Med. 2014, 42:197-206. 10.1515/jpm-2013-0153

43. Lo JO, Benson AE, Martens KL, et al.: The role of oral iron in the treatment of adults with iron deficiency .
Eur J Haematol. 2023, 110:123-30. 10.1111/ejh.13892

44. Salminen S, Collado MC, Endo A, et al.: The International Scientific Association of Probiotics and Prebiotics
(ISAPP) consensus statement on the definition and scope of postbiotics. Nat Rev Gastroenterol Hepatol.
2021, 18:649-67. 10.1038/s41575-021-00440-6

45. Fujiki K, Kamiya T, Takagaki K, Yoshitaka I: Effects of food containing heat-killed lactobacillus rhamnosus
CRL1505 on immune function and physical conditions-a randomized, double-blinded placebo-controlled,
parallel-group study. Jpn Pharmacol Ther. 2023, 51:941-9.

46. Kerksick CM, Moon JM, Jäger R: It’s dead! can postbiotics really help performance and recovery? a
systematic review. Nutrients. 2024, 16:10.3390/nu16050720

47. Jones B, Kenward MG: Design and Analysis of Cross-Over Trials . Chapman and Hall/CRC, New York; 2014.
10.1201/b17537

48. Fischer JA, Cherian AM, Bone JN, Karakochuk CD: The effects of oral ferrous bisglycinate supplementation
on hemoglobin and ferritin concentrations in adults and children: a systematic review and meta-analysis of
randomized controlled trials. Nutr Rev. 2023, 81:904-20. 10.1093/nutrit/nuac106

 

2025 Secrest et al. Cureus 17(3): e80224. DOI 10.7759/cureus.80224 13 of 13

https://dx.doi.org/10.1186/1475-2891-13-71
https://dx.doi.org/10.1186/1475-2891-13-71
https://dx.doi.org/10.1093/ajcn/71.6.1563
https://dx.doi.org/10.1093/ajcn/71.6.1563
https://dx.doi.org/10.1016/S0899-9007(01)00519-6
https://dx.doi.org/10.1016/S0899-9007(01)00519-6
https://dx.doi.org/10.1515/jpm-2013-0153
https://dx.doi.org/10.1515/jpm-2013-0153
https://dx.doi.org/10.1111/ejh.13892
https://dx.doi.org/10.1111/ejh.13892
https://dx.doi.org/10.1038/s41575-021-00440-6
https://dx.doi.org/10.1038/s41575-021-00440-6
https://www.pieronline.jp/content/article/0386-3603/51060/941#:~:text=Objectives A randomised%2C double%E2%80%93blind%2C placebo%E2%80%93controlled%2C parallel%E2%80%93group study was,immune function and physical condition of healthy subjects.
https://dx.doi.org/10.3390/nu16050720
https://dx.doi.org/10.3390/nu16050720
https://dx.doi.org/10.1201/b17537
https://dx.doi.org/10.1201/b17537
https://dx.doi.org/10.1093/nutrit/nuac106
https://dx.doi.org/10.1093/nutrit/nuac106

	Glycoprotein Matrix-Bound Iron Improves Absorption Compared to Ferrous Bisglycinate Chelate and Ferrous Fumarate: A Randomized Crossover Trial
	Abstract
	Introduction
	Methods
	Results
	Conclusion

	Introduction
	Materials And Methods
	Experimental design
	FIGURE 1: The consortium diagram includes the screening and allocation process for the participants in this trial as well as the numbers regarding those who voluntarily removed themselves from the trial.

	Participants
	TABLE 1: Participant characteristics

	Experimental protocol
	Plasma iron analysis
	Supplementation
	Statistical analysis

	Results
	Serum iron concentrations
	FIGURE 2: Iron concentrations. Raw iron concentrations (A) and raw changes in iron concentrations (B) are displayed. In linear mixed-effects models for each outcome, there was a statistically significant effect of the GPM condition (*), indicating higher iron concentrations in GPM as compared to the reference model.
	TABLE 2: Differences in percent changes in iron concentrations from the baseline. For each comparison of conditions, the difference in the percent change in iron concentrations from the baseline is displayed.

	Pharmacokinetics
	FIGURE 3: Pharmacokinetic analysis. Analysis of the incremental area under the curve (iAUC), maximal observed concentration (Cmax), and time of maximal observed concentration (Tmax) are displayed. A statistically significant effect of condition was observed for iAUC, with post hoc tests indicating a trend (p=0.07, indicated by †) for a difference between iAUC in the GPM and FBC conditions, without differences between GPM and FF (p=0.17) or FBC and FF (p=0.75).
	TABLE 3: Pharmacokinetic results
	TABLE 4: Effect sizes

	Side effect monitoring

	Discussion
	Conclusions
	Appendices
	Gastrointestinal symptoms questionnaire

	Additional Information
	Author Contributions
	Disclosures
	Acknowledgements

	References


