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ABSTRACT 

Background: Iron is an essential mineral required for multiple metabolic actions in precise 

concentrations to avoid oxidative toxicity. Recent evidence suggests a novel nutrient-sensitive 

myokine, erythroferrone, may also act as a systemic iron regulator. This pilot study aims to 

investigate whether the duration of regular fasting lengths prior to exercise influences 

erythroferrone and muscle iron uptake. Methods: C57BL6 mice were divided into 3 groups with 

feeding windows relative to exercise: 1) ad libitum; 2) 6 hour window immediately post-

exercise; 3) 6 hour window 5 hours post-exercise. Mice were exercised 5 days per week 

(Monday-Friday) for 8 weeks. Quadriceps erythroferrone and transferrin receptor-1 was assessed 

via PCR. Soleus sections were stained with a modified Perls’ stain for iron content. Results: 

Erythroferrone and transferrin expression was not different between groups. Soleus iron content 

did not differ between groups. Conclusion: Fasting length prior to exercise does not seem to 

influence muscle iron content. 
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INTRODUCTION 

Iron is an essential mineral with biological functions intertwined with bioenergetics and 

metabolism. Because excessive iron can cause oxidative damage, complex regulatory 

mechanisms must precisely control levels within a narrow homeostatic range. In fact, these 

regulatory mechanisms governing iron absorption and recycling are still being unraveled.  

One puzzling example is the effect of fasting on these regulatory pathways. An acute fast 

has been shown to reduce systemic iron levels even in the presence of hypoferremia. Regular 

fasts such as during Ramadan, are often cautioned in anemic populations due to the potential 

worsening of anemia; interestingly, being sedentary while undergoing a Ramadan fast seems to 

preserve hemoglobin levels in the presence of reduced erythrocyte counts whereas exercising 

while fasting reduces both hemoglobin and red blood cell counts (Hosseini & Hejazi, 2013). 

Time-restricted feeding, a form of intermittent fasting similar to Ramadan where daily food 

intake is restricted to a 4-8 hour window, is growing in popularity within fitness communities 

and may influence these regulatory pathways. Considering muscles have a high energy demand, 

this mineral may be of particular importance to muscle physiology, especially in the context 

when fasting is combined with exercise.  

In 2012, a novel myokine, myonectin, was found in mice and characterized as C1q/TNF-

related protein (CTRP)-15 (Seldin, Peterson, Byerly, Wei, & Wong, 2012). The expression of 

this myokine was found to be increased by exercise; differentially expressed in red and white 

muscles; and responsive to nutrient availability. In 2014, CTRP15 was later identified, and 

referred to as erythroferrone (ERFE), as a secretory product in bone marrow by another group of 

investigators that demonstrated its critical role as a hepcidin suppressor which subsequently 
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increases the bioavailability of iron for hemoglobin production by erythrocytes (Kautz et al., 

2014).  

Given the conceivable importance of iron to muscle physiology and the emergence of this 

“nutrient-sensitive” myokine as a potential regulator of iron homeostasis, this pilot study seeks to 

explore the chronic influences of a common dietary regimen, time-restricted feeding (TRF), in 

combination with aerobic exercise on muscle iron uptake outcomes.  

Biological Iron 

Iron is an essential mineral and the most abundant heavy metal in the human body 

making up approximately 0.00006% by mass (Freese & Savage, 2012). Within the human body, 

as well as many other multicellular organisms, iron can be found incorporated into heme and 

hemoproteins, in various arrangements of iron-sulfur clusters, or in a free cationic state. Most 

commonly iron is found at the center of a heme cofactor (a coordination complex including a 

cyclic tetrapyrrole) most often associated with hemoglobin or myoglobin proteins. Iron-sulfur 

clusters are often recognized as redox centers of ferredoxins for electron transport. Though very 

uncommon due to its high reactivity, free cationic iron can be found in the ferrous (Fe2+) or ferric 

(Fe3+) state. For a more detailed overview of the biological forms and functions of iron, please 

see the review by Abbaspour et al. (Abbaspour, Hurrell, & Kelishadi, 2014).  

While the contribution of iron to oxygen transport is fairly well understood (Pittman, 

2011), its fundamental role in energy production should not be overlooked. Fe-S clusters are 

precisely arranged in ferredoxins of the electron transport chain so that electrons can 

spontaneously jump from cluster to cluster from lowest to highest redox potential in order to 

facilitate a H+ movement against its concentration gradient (Ramsay, 2019). Moreover, these Fe-

S clusters serve as cofactors for the iron regulatory proteins (IRP1 and IRP2) (Cardenas-
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Rodriguez, Chatzi, & Tokatlidis, 2018). IRP1 without its Fe-S cluster can affect translational 

activities by binding to iron-responsive-elements (IRE) contained on some mRNA which can 

either inhibit translation initiation or stabilize the nucleic acid and prevent degradation, 

depending on the location of the IRE. When IRP1 contains its Fe-S cluster, it has an aconitase 

activity which catalyzes the conversion of citrate, a key metabolic regulator, to isocitrate. 

Alternatively, IRP2 has recently been shown to modulate the switch from aerobic glycolysis to 

oxidative phosphorylation (H. Li et al., 2019). These functions underscore the importance of iron 

to cellular and tissue fuel selection—an important role for skeletal muscle (Hargreaves & Spriet, 

2020), a primary consumer of metabolic fuels and contributor to systemic fuel levels. 

Ultimately many of these functions of iron revolve around the iron’s ability occupy a 

range of oxidation states and/or change affinity for diatomic oxygen. Given these central themes 

of biological iron, it is reasonable to assume iron plays a role in muscle physiology (Beard, 2001; 

Halon-Golabek, Borkowska, Herman-Antosiewicz, & Antosiewicz, 2019; Stugiewicz et al., 

2016; van der Meer, van der Wal, & Melenovsky, 2019). Because free cationic iron is highly 

reactive and toxic at even low concentrations, systemic transportation of iron must be tightly 

controlled until ready to be used or stored by the tissue. Furthermore, there are no known 

excretion mechanisms (beyond hemorrhagic bleeding) so iron absorption and interorgan iron 

exchange must be tightly controlled. 

Regulation of Iron Homeostasis 

Heme iron is overwhelmingly the most common form of iron. Iron can also be found in 

numerous other tissues throughout the body. That said, aside from bone marrow or the spleen, 

iron is also commonly found in  liver, muscle, heart, and kidney (Navas & Córdova, 2000; 

Wakeham & Halenz, 1936). These metabolically active tissues may have also adapted 



 
 

4 
 

mechanisms to further fine-tune iron stores through resident macrophages (Winn, Volk, & Hasty, 

2020). On the other hand, the brain has a high energy demand but does not readily store iron to 

prevent neurodegeneration likely fueled by the high reactivity. Considering the broad demand for 

iron throughout the body and narrow therapeutic window, a better understanding of iron 

regulation is critical to understanding this unique trace mineral. 

Ingested iron is brought into intestinal cells most often through the divalent metal 

transporter (DMT1) as ferrous iron or through an incompletely understood mechanism involving 

the uptake of heme iron (Figure 1). Intracellular iron is stored either in ferritin or hemosiderin. 

Iron is exported out of cells through the ferroportin transporter. Systemic transport occurs while 

bound to transferrin. Extra-intestinal uptake of iron is most often through transferrin:transferrin 

receptor uptake. Systemic transport and absorption of iron is regulated through hepcidin, a liver 

hormone that results in the removal of ferroportin from the basolateral membrane. For a more 

detailed overview of iron regulation, please refer to the review by Anderson and Frazer 

(Anderson & Frazer, 2017). 

While the liver is the most highly concentrated iron tissue, others have suggested muscle 

may contain similar amounts of iron when considering the large contribution of muscle mass to 

overall body weight (Torrance, Charlton, Schmaman, Lynch, & Bothwell, 1968). 

Modulation of Iron Regulation by Fasting and Exercise 

Interest in intermittent fasting has increased over the last two decades, as much research 

has suggested numerous beneficial effects on metabolism, such as prevention of pancreatic fat 

deposition and improved insulin secretion (Quiclet et al., 2019); transcriptomic changes in the 

liver (Ng et al., 2019); and improvements to insulin sensitivity and skeletal muscle glucose 

uptake (Jones et al., 2020). Moreover, in the past decade, interest in intermittent fasting has 
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expanded into the mainstream, particularly within fitness communities (Rosenbloom, 2014). 

Intermittent fasting can be subclassified into alternate day fasting, time-restricted feeding, or a 

derivative of these. While there has been an abundance of health-related research centered 

around different fasting regimens, little research has investigated the effects on iron regulation 

which may have a contributory role in these processes, particularly within skeletal muscle.  

While no studies were found investigating the effects of chronic intermittent fasting on 

iron regulation, many studies have examined the acute impact of fasting or starvation on this 

topic. However, results from many of these studies seem conflicting or counterintuitive. For 

example, one study suggests serum iron increases with fasting in healthy individuals (Nguyen, 

Buse, Baskin, Sadrzadeh, & Naugler, 2017)—a finding expected to be accompanied by 

reductions in hepcidin. However, another study found hepcidin levels to increase with fasting in 

humans (Troutt et al., 2012). In fact, other preclinical studies report similar findings in that 

despite iron deficiency in mice, fasting can cause increases in hepcidin expression (Y. Li, Booth, 

Feng, & Fleming, 2014; Vecchi et al., 2014). Recently Luo and colleagues suggested iron 

bioavailability may be increased by upregulating liver ferroportin expression and not 

significantly changing hepcidin expression levels with acute fasting (Luo et al., 2020).  

With regards to acute exercise, hepcidin increases after exercise (Peeling et al., 2017; 

Peeling et al., 2014) and the magnitude of hepcidin response post exercise appears to be 

dependent on pre-exercise status of iron and circulating pro-inflammatory cytokines (Domínguez 

et al., 2018). Similar to fasting, no studies were found investigating the chronic effects of 

exercise training on iron regulation.  

While most studies focus on the effects of fasting on the liver and the master iron 

regulator, hepcidin, a novel myokine may also play an important role in iron homeostasis. In 
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2012, Seldin et al. reported on the novel myokine, myonectin, as a nutrient-sensitive and 

exercise-induced muscle secretory product derived from the Fam132b gene (Seldin et al., 2012). 

In 2014, Kautz et al. reported on this same protein product derived from erythroblasts in the bone 

marrow and termed it erythroferrone—a key suppressor of hepcidin that allows for the increase 

in bioavailable iron for developing erythrocytes (Kautz et al., 2014). More recently, Little et al. 

investigated the effects of muscle erythroferrone deficiency using a knock-out mouse model on 

general hematogenous iron parameters including hemoglobin and hematocrit as well as liver 

hepcidin expression. Their findings suggested erythroferrone deficiency did not alter any 

hematogenous parameters or hepcidin levels under basal, non-stressed condition (Little et al., 

2019). That said, this pilot study seeks to investigate the stress of fasting with exercise on 

erythroferrone expression and variables of muscle iron uptake. 
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METHODS 

Animals and Experimental Design 

The study was approved by the University of Memphis IACUC (Protocol# 0833) 

(Appendix A). Thirty-six male C57BL6 mice were purchased from Envigo (Indianapolis, 

Indiana) at 6 weeks of age. Mice were randomly pair caged in polycarbonate cages and given ad 

libitum access to water. Mice were separated into individual cages if mice observed fighting. 

Mice were housed in a temperature and light controlled room. Because mice are naturally 

nocturnal animals, the light:dark cycle was reversed so as to match active phases with 

investigators; lights were off (active phase) between 0600-1800. 

Once received, mice underwent a three-week entrainment period during which they were 

given ad libitum access to food and water. At the end of the three-week entrainment period, mice 

were randomly placed into one of three intervention groups (n=12) wherein the time of food 

access relative to exercise was manipulated. That is, one group had ad libitum access to food 

(Control); one group only had access to food for a 6 hour period immediately after exercise 

cessation (TRF-Immediate); and one group only had access to food for a 6 hour period 5 hours 

after exercise cessation (TRF-Delayed). 

Following the three-week entrainment period, mice ran five times per week (Monday 

through Friday) on a motorized treadmill (Exer 3/6; Columbus Instruments, Columbus, Ohio). 

The treadmill was set at a 10% incline for the daily exercise. Throughout the study, mice 

performed a 15-minute warmup during which they ran for 5 minutes at 5m/min, 5 minutes at 

10m/min, and 5 min at 15m/min. During the first week of exercise, the speed was increased to 

20m/min for only 30 minutes following the warmup. From the second week through the end of 

the study, mice ran at 20m/min for 45 minutes following the warmup. Exercise was performed in 
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the morning between 0600 and 0900. TRF-Delayed ran between 0600-0700, TRF-Immediate ran 

between 0700-0800, and Control ran between 0800-0900. An overview of the study design can 

be seen in Figure 2. 

All mice were fed a growing rodent chow (AIN-93G, Research Diets, New Brunswick, 

New Jersey). This diet contained approximately 212 mg of ferric citrate per kg of food (Table 1). 

This was equivalent to approximately 48 mg Fe per kg of food which meets the dietary 

requirement needs for C57BL6J mice (Sorbie & Valberg, 1974) and the standards set forth by 

the American Institute of Nutrition 1977 (Report of the American Institute of Nutrition ad hoc 

committee on standards for nutritional studies, 1977). 

To test the effects of time-restricted feeding windows relative to exercise, mice were split 

into three dietary intervention groups. The control group had ad libitum access to food, the TRF-

Immediate group had access to food immediately after exercise between 0800 and 1400, and the 

TRF-Delayed group had access to food five hours after exercise between 1200 and 1800.  

Mice were sacrificed following their normal exercise bout in a fasted state. Control mice 

had access to food prior to exercise; however, food was not returned post-exercise. Both fasting 

groups performed exercise in the fasted state, as usual, and neither group was allowed access to 

food post-exercise. Immediately following exercise cessation, mice were injected with 

Puromycin and sacrificed 30 minutes later. The left soleus muscle was stored in formalin. The 

right quadriceps muscle was snap frozen in liquid nitrogen. Tibia length was also recorded and 

used as a control for muscle size. 

RNA Isolation and qPCR 

Expression for erythroferrone and transferrin receptor-1 was measured in quadriceps 

muscles. GAPDH was assessed as the housekeeping gene of this tissue. The erythroferrone 
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primer sequences were the same as those used by others (Seldin et al., 2012). Transferrin 

Receptor-1 and GAPDH primers were designed using the NCBI Primer Blast library and will be 

commercially produced (IDT, Coralville, IA). Primer sequences are listed in Table 2. 

Tissues were homogenized in approximately 750µL Trizol. Total RNA was extracted 

from the homogenate by the addition of chloroform:isoamyl alcohol (24:1). RNA was 

resuspended in RNAse free water, reprecipitated using sodium acetate and isopropanol, and 

washed with 75% ethanol three times. Isolated RNA was resuspended in water and quantified 

using a Nanodrop LITE (ThermoFisher Scientific, Waltham, MA). cDNA was prepared using 

0.5µg of isolated RNA on a SimpliAmp thermocycler (A24812, Thermo Applied Biosystems, 

Waltham, Massachusetts, USA). cDNA was then mixed with forward and reverse primers for the 

intended target gene and Absolute Blue SYBR Green qPCR master mix. qPCR was performed 

on a QuantStudio 6 (Thermo Applied Biosystems, Waltham, Massachusetts, USA). The 2ΔΔCt 

method was used to determine changes in gene expression between intervention groups. 

Histology 

Right soleus muscle was collected and placed in 10% buffered formalin phosphate before 

being processed with the following protocol: 70% ethanol 15 min, 90% ethanol 15 min, 100% 

ethanol 15 min, 100% ethanol 15 min, 100% ethanol 30 min, 100% ethanol 45 min, Histoprep 20 

min, Histoprep, 20 min, Histoprep 45 min, paraffin wax at 60°C 30 min, paraffin wax at 60°C 30 

min, paraffin wax at 60°C 45 min.  

Processed tissues were then embedded in Paraffin using the Leica EG 1160 embedding 

unit. Embedded tissues were cut into 10 micrometer (µm) thick sections on the Microm HM 315 

and placed onto a 45°C water bath. The sections were mounted onto charged uncoated glass 

slides. After an overnight drying process the tissue sections were stained with a modified 
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Prussian Blue staining procedure previously described (Sands, Leung-Toung, Wang, Connelly, 

& LeVine, 2016). 

Histological Image Processing 

Images were acquired with a Zeiss AxioScope Imager M2 fixed with an Axiocam Mr5. 

After the whole section image was acquired, a 400um2 red box was added to the image in the 

Zeiss software. The full image processing algorithm can be found in Appendix B. Briefly, the red 

channel was extracted and the number of pixels in the 400um2 red box was computed from this 

image. A linear gradient with 20 unique red-green-blue (RGB) values between the darkest and 

lightest pixels contained within the tissue sample was created to compare images against. 

A hue-saturation-value (HSV) threshold was applied to the original image in order to 

create a mask of the tissue section. The background of the threshold/masked image was strongly 

blurred to reduce the transmission of any background bubbles or artifact. The coordinates of the 

mask were used to bring matching coordinates from the original image into the new image that 

was processed. Once the new image was created containing the threshed tissue section on a black 

background, the algorithm looped through all non-black pixels of a given image to obtain the 

RGB values. These RGB values were compared against the linear gradient created earlier in 

order to find the closest matching color in the linear gradient. The number of pixels closest 

matching each color in the linear gradient was counted and multiplied by a predefined factor.

 The factor was scaled so that lighter colors weighed less than darker colors. The sum of 

the image weighted pixel colors were used to compute the stain intensity. Stain intensity was 

then divided by the tissue area to report as the stain density.  
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Statistical Analysis 

Gene expression data are presented as mean ± SEM and tissue staining data are presented 

as mean ± SD. A repeated measures ANOVA was used to access differences across time and 

condition. A one-way ANOVA was used to compare across conditions. Tukey post hoc analysis 

may be used to examine interactions. GraphPad Prism 8 (San Diego, CA, USA) was used to 

analyze and graph all data with statistical significance set at p ≤ 0.05.   



 
 

12 
 

RESULTS 

Gene Expression 

We examined whether 8-weeks of time-restricted feeding with varying durations of 

fasting prior to a regular exercise bout influenced post-exercise transcription of potential muscle 

iron uptake markers, specifically transferrin receptor-1 and erythroferrone in quadriceps. All 

subjects followed their typical feeding patterns prior to exercise; that being, the control group 

had food access until they began exercising, TRF-Immediate group began exercising on a 16-

hour fast, and TRF-Delayed group began exercising on a 12-hour fast. Skeletal muscle tissue was 

collected approximately 30 minutes after completing their regular morning exercise with no 

subjects given food access post-exercise. There were no statistically significant differences in 

transferrin receptor-1 (p = 0.3427) or erythroferrone (p = 0.4963) expression between groups 

(Figure 3). 

Fasting Effects on Muscle Iron Staining 

In order to estimate muscle iron content between groups, we attempted to compare the 

tissue staining ‘density.’ Briefly, a modified Perls’ stain was used to identify ferric and ferrous 

iron in soleus muscles wherein darker staining indicates a higher presence of free iron. After 

algorithmically computing stain ‘density’ for each whole tissue section, we then sought to 

determine whether chronic time-restricted feeding combined with exercise altered muscle iron 

content. There were no statistically significant differences in staining density between groups (p 

= 0.8063) (Figure 4). 
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DISCUSSION 

The present study sought to investigate whether the fasting length prior to exercise 

influences muscle iron uptake. After 8-weeks of chronic ad libitum or time-restricted feeding 

immediately post- or 5-hours post-aerobic exercise cessation, we examined the expression of 

muscle erythroferrone and transferrin receptor-1 as well as histological iron staining. This study 

failed to demonstrate any significant differences relating to the fasting length prior to an acute 

exercise bout on ERFE or TrfR-1 transcription in quadriceps muscle or total muscle iron 

staining. The premise of this pilot study was built off previous findings that indicated ERFE (or 

myonectin) was a myokine that was sensitive to the fasted or ‘re-fed’ state; the later finding of 

erythroferrone as a systemic iron regulator; and the curious effect of fasting on iron homeostasis.  

In the initial ERFE characterization study, Seldin et al. found that skeletal muscle ERFE 

expression was greatly suppressed after a 12-hour fast in comparison to levels after a 2-hour 

refeeding period following a similar fast (Seldin et al., 2012). Surprisingly, our insignificant 

findings represent the opposite effect when combined with exercise in that our fasting groups had 

slightly higher ERFE expression levels (Figure 3). This may be due to the fact that the control 

group was sleeping and not eating prior to exercise and no group was allowed to eat post-

exercise. Because the control group was sleeping, they may have been in a somewhat ‘fasted’ 

state they had not become accustomed to following exercise and just prior to sacrifice. However, 

this conjecture is based off the differing effects of acute and chronic fasting adaptions on 

hepcidin reported by others since acute and/or chronic fasting data on ERFE is lacking. 

Most previous studies utilizing acute fasting periods similar to ours have reported liver 

hepcidin expression increases with acute fasts in mice (Y. Li et al., 2014; Vecchi et al., 2014)—a 

finding expected with low ERFE. Interestingly, one study validating a mass spectrometry-based 



 
 

14 
 

proteomics method used human plasma samples from an intermittent fasting trial (albeit more 

similar to alternate day fasting) and found plasma hepcidin abundance to be decreased after 8-

weeks of fasting (Harney et al., 2019). In regards to fasting effects on muscle iron, one study did 

find that after a 24 hour fast, transferrin receptor expression decreases and heme oxygenase-1 

expression increases in healthy, human skeletal muscle (Wijngaarden et al., 2014). This might 

suggest that rather than taking up additional iron, prolonged fasting skeletal muscle might 

attempt to recycle local iron stores, a role that might also contribute to muscle fiber type 

switching.  

If ERFE levels had been different between our dietary groups, it could be assumed that 

liver hepcidin would be suppressed causing an increase in bioavailable iron (Kautz et al., 2014). 

In fact, a previous study reported hepcidin suppression and muscle iron accumulation after 

recombinant human erythropoietin (EPO) administration (Robach et al., 2009)—EPO was later 

found to be a major erythroblast ERFE inducer (Robach et al., 2020). An increase in bioavailable 

iron (bound to transferrin) would theoretically be taken up by cells in need of iron. That is, when 

intracellular iron levels are low, there would be decreased iron-sulfur clusters used as cofactors 

for IRPs which can stabilize the TrfR mRNA and increase the likelihood of TrfR synthesis 

(Wilkinson & Pantopoulos, 2014). The present study did not indicate there were any differences 

in total iron staining between groups; thus, it could be inferred that there would not be any 

differences in TrfR protein expression since TrfR-1 expression was also not significantly 

different between groups.  

While aerobic exercise is known to induce muscle ERFE expression (Seldin et al., 2012), 

the only data regarding its effects on iron homeostasis are derived from a knockout mouse model 

and demonstrate no changes to hemoglobin or hematocrit levels (Little et al., 2019). Other 
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studies focusing on the effects of resistance exercise training on iron parameters use iron-

deficient rat models. These studies indicate resistance training decreases iron absorption without 

affecting whole body iron content, a finding authors hypothesized to be caused by increased iron 

recycling (Fujii, Matsuo, & Okamura, 2014). This group also investigated the effects of post-

exercise meal timing on hemoglobin concentration but found meal timing to have no effect on 

this outcome (Fujii, Matsuo, & Okamura, 2012). While our study used healthy mice, it is 

possible the use of an iron deficient population, like those mentioned previously, may have 

elicited more meaningful results. Especially since pre-exercise iron status seems to affect the 

EPO-ERFE-hepcidin axis after an intense aerobic exercise bout (Tomczyk et al., 2020).  

There were several limitations to the present study: 1) the sample size of analyzed 

samples was small; 2) the aerobic conditioning of subjects was highly variable which may have 

affected expression levels as the regular exercise bout may have been more strenuous for some 

samples than for others; 3) our ad libitum group did not consume any food immediately post-

exercise and prior to sacrifice; 4) the RNA expression was assessed on a mixed muscle type 

rather than a predominant white or red fiber; and 5) protein levels of TrfR-1 was not assessed. 

That being said, while the current study did not uncover an association between the 

fasting length prior to exercise and muscle iron uptake, other studies do not exclude the 

possibility. Because iron status seems to be easily manipulated with fasting lengths, the 

combination of fasting with intense aerobic exercise may potentiate effects on the EPO-ERFE-

hepcidin axis. As more research regarding the nutrient-sensitive erythroferrone emerges, a better 

understanding of the combined effects of fasting and exercise on iron regulation will be possible. 

Currently, research regarding erythroferrone as a myokine seem to be limited to its effects on 

modulating lipid stores and utilization (Little et al., 2019; Seldin et al., 2013) as well as insulin 
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resistance (Koohestani Sini, Afzalpour, Mohammadnia Ahmadi, Sardar, & Gorgani Firuzjaee; 

Pourranjbar, Arabnejad, Naderipour, & Rafie, 2018).  

  Future studies could be better designed to address whether an association between fasting 

length and exercise exists. Such a study might include a larger sample size, use of a run-to-

exhaustion and voluntary wheel running to control for aerobic conditioning variance, and 

allowing a control group to consume immediately post-exercise. Additionally, a more 

quantitative measure of muscle iron content could be accomplished with a colorimetric assay and 

use of a Western Blot analysis would help determine whether there are differences in muscle 

TrfR-1 synthesis. Furthermore, it has been recently suggested that tissue macrophages my act to 

fine-tune systemic and tissue iron levels through sequestration (Winn et al., 2020). Because 

exercise induces some muscle damage, there would likely be iron-bound myoglobin that would 

need to be taken up to avoid oxidative damage once iron is released from myoglobin. This may 

be mediated by resident macrophages which may further be affected by fasting as others have 

demonstrated fasting-induced metabolic changes to adipose macrophages (Kim et al., 2017). 

In conclusion, the present study failed to establish a relationship between fasting length 

prior to exercise and differences in muscle iron content. However, there are many avenues of 

research that could be utilized to more definitively conclude whether a relationship exists. 
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Appendix B: Image Processing Algorithm 
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Figure 1. Iron Absorption and Regulation. An overview of the major path iron absorption 

mechanisms. Hepcidin inhibits the absorption of iron by preventing iron efflux from intestinal 

cells (as well as macrophages and hepatocytes). Erythroferrone suppresses hepcidin expression 

and secretion from hepatocytes, thereby increasing the bioavailability of iron. 
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Figure 2. Study Design. An overview of the study design demonstrating the daily feeding 

patterns and weekly exercise of the mice. 
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Figure 3. Quadriceps muscle expression. mRNA expression levels of A) erythroferrone and B) 

transferrin receptor-1 were measured in the quadriceps muscle. Data are presented as means ± 

SEM. A one-way ANOVA was run on the 2-ΔΔCt of erythroferrone (p = 0.4963) and transferrin 

receptor-1 (p = 0.3427) to identify differences between groups. 
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Figure 4. Soleus Stain Density. Whole slide samples stained with a modified Perls’ stain to 

identify ferrous and ferric iron in soleus muscle. A) Top: Examples of slide images representing 

(from left to right) Control Group, TRF-Immediate Group, TRF-Delayed Group; Bottom: 

Processed image used to compute stain density. B) Stain density (p = 0.8063) displayed as mean 

± SD.  
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Table 1. Diet per 1000g 

 
Class description Ingredient Grams  
Protein Casein, Lactic, 30 Mesh 200 g 

Protein Cystine, L 3 g 

Carbohydrate Starch, Corn 397.49 g 

Carbohydrate Lodex 10 132 g 

Carbohydrate Sucrose, Fine Granulated 100 g 

Fiber Solka Floc, FCC200 50 g 

Fat Soybean Oil, USP 70 g 

Anti-oxidant tert-Butylhydroquinone (tBHQ) 0.01 g 

Mineral Sucrose, Fine Granulated 7.73597264 g 

Mineral Calcium Carbonate, Light, USP 12.49487505 g 

Mineral Potassium Phosphate, Monobasic 6.859931401 g 

Mineral Sodium Chloride 2.5899741 g 

Mineral Potassium Citrate, Monohydrate 2.477275227 g 

Mineral Potassium Sulfate 1.63098369 g 

Mineral Magnesium Oxide, Heavy, DC USP 839.9916001 mg 

Mineral Ferric Citrate 212.097879 mg 

Mineral Zinc Carbonate 57.74942251 mg 

Mineral Sodium Metasilicate 50.74949251 mg 

Mineral Manganese Carbonate Hydrate 22.0497795 mg 

Mineral Copper Carbonate 10.499895 mg 

Mineral Chromium Potassium Sulfate 9.799902001 mg 

Mineral Boric Acid 2.799972 mg 

Mineral Sodium Fluoride 2.099979 mg 

Mineral Nickel (II) Carbonate 1.0499895 mg 

Mineral Lithium Chloride, anhydrous 0.699993 mg 

Mineral Sodium Selenate 0.3499965 mg 

Mineral Potassium Iodate 0.3499965 mg 

Mineral Ammonium Molybdate Tetrahydrate 0.3499965 mg 

Mineral Ammonium (meta)vanadate 0.3499965 mg 

Vitamin Sucrose, Fine Granulated 9.719203 g 

Vitamin Vitamin E Acetate, 50% 149.9985 mg 

Vitamin Niacin (a.k.a. B3) 29.9997 mg 

Vitamin Vitamin B12, 0.1% Mannitol 24.99975 mg 

Vitamin Biotin, 1% 19.9998 mg 

Vitamin Pantothenic Acid, d, Calcium (a.k.a. B5) 15.99984 mg 

Vitamin Vitamin D3, 100,000 IU/gm 9.9999 mg 

Vitamin Vitamin A Acetate, 500,000 IU/gm 7.99992 mg 

Vitamin Pyridoxine HCl (a.k.a. B6) 6.99993 mg 

Vitamin Riboflavin (a.k.a. B2) 5.99994 mg 

Vitamin Thiamine HCl (a.k.a. B1) 5.99994 mg 

Vitamin Folic Acid 1.99998 mg 

Vitamin Phylloquinone (a.k.a. Vitamin K1) 0.799992 mg 

Vitamin Choline Bitartrate 2.5 g 
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Table 2. Primers used 

Erythroferrone 

Forward 5’→ 3’ TGCTTGGATGCTGTTCGTCAA 

Reverse 5’→ 3’ CAGATGGGATAAAGGGGCCTG 

Transferrin Receptor-1 

Forward 5’→ 3’ GGCGCTTCCTAGTACTCCCT 

Reverse 5’→ 3’ ATAGCCCAGGTAGCCACTCA 

GAPDH 

Forward 5’→ 3’ GTTGTCTCCTGCGACTTCA 

Reverse 5’→ 3’ TGCTGTAGCCGTATTCA 
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