[image: C:\Users\WangJL\Desktop\BPG-页眉.jpg]
Copyright Information of the Article Published Online
	TITLE
	Intestinal heme absorption in hemochromatosis gene knock-out mice

	AUTHOR(s)
	Abas H Laftah, Robert J Simpson, Gladys O Latunde-Dada

	CITATION
	Laftah AH, Simpson RJ, Latunde-Dada GO. Intestinal heme absorption in hemochromatosis gene knock-out mice. World J Hematol 2017; 6(1): 17-23

	URL
	http://www.wjgnet.com/2218-6204/full/v6/i1/17.htm

	DOI
	http://dx.doi.org/10.5315/wjh.v6.i1.17

	OPEN ACCESS
	This article is an open-access article which was selected by an in-house editor and fully peer-reviewed by external reviewers. It is distributed in accordance with the Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which permits others to distribute, remix, adapt, build upon this work non-commercially, and license their derivative works on different terms, provided the original work is properly cited and the use is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/

	CORE TIP
	These results indicate that loss of hemochromatosis gene (Hfe) protein results in increased dietary heme iron absorption that further contributes to the iron loading of the liver and other tissues of mice. Enhanced heme iron intake by homozygous Hfe subjects may contribute to body iron overload and early manifestation of phenotypic traits. This may have implications for dietary recommendations on heme intake by hemochromatosis subjects to avert tissue iron loading.

	KEY WORDS
	Hemochromatosis gene; Heme; Gavage; Iron; Absorption

	COPYRIGHT 
	© The Author(s) 2017. Published by Baishideng Publishing Group Inc. All rights reserved.

	NAME OF JOURNAL
	World Journal of Hematology

	ISSN
	2218-6204 (online)

	PUBLISHER
	Baishideng Publishing Group Inc, 8226 Regency Drive, Pleasanton, CA 94588, USA

	WEBSITE
	http://www.wjgnet.com





























[bookmark: _GoBack]   Basic Study

Intestinal heme absorption in hemochromatosis gene knock-out mice

Abas H Laftah, Robert J Simpson, Gladys O Latunde-Dada

Abas H Laftah, Vascular Sciences, NHLI, Imperial Centre for Translational and Experimental Medicine, Imperial College London, London W12 0NN, United Kingdom
Robert J Simpson, Gladys O Latunde-Dada, Faculty of Life Sciences and Medicine, Division of Diabetes and Nutritional Sciences, King’s College London, London SE1 9NH, United Kingdom
Author contributions: All the authors contributed to the manuscript.
Correspondence to: Gladys O Latunde-Dada, PhD, Lecturer, Faculty of Life Sciences and Medicine, Division of Diabetes and Nutritional Sciences, King’s College London, Franklin Wilkins Building, 150 Stanford Street, London SE1 9NH, United Kingdom. yemisi.latunde-dada@kcl.ac.uk
Telephone: +44-20-88484256   Fax: +44-20-88484500
Received: August 29, 2016   Revised: November 18, 2016   Accepted: December 16, 2016
Published online: February 6, 2017

Abstract
AIM
To investigat the influence of hemochromatosis gene (Hfe) mutation on 59Fe labelled duodenal heme absorption in mice.
METHODS
Heme absorption was measured in Hfe wild type and Hfe(-/-) mice by the duodenal tied loop and by oral gavage methods. The mRNA expression of heme oxygenase (HO-1), Abcg2 and Flvcr1 genes and levels were determined by quantitative polymerase chain reaction.
RESULTS
Heme absorption was significantly increased in homozygous Hfe(-/-) mice despite significant hepatic and splenic iron overload. While duodenal HO-1 mRNA was highly expressed in the wild type and Hfe(-/-) heme-treated group following 24 h heme administration, Flvcr1a mRNA decreased. However, Abcg2 mRNA expression levels in duodenum remained unchanged. 
CONCLUSION
Heme absorption was enhanced in Hfe(-/-) mice from both duodenal tied-loop segments and by oral gavage methods. HO-1 mRNA levels were enhanced in mice duodenum after 24 h of heme feeding and may account for enhanced heme absorption in Hfe(-/-) mice. Implications for dietary recommendations on heme intake by Hfe subjects to modulate iron loading are important clinical considerations.
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Core tip: These results indicate that loss of hemochromatosis gene (Hfe) protein results in increased dietary heme iron absorption that further contributes to the iron loading of the liver and other tissues of mice. Enhanced heme iron intake by homozygous Hfe subjects may contribute to body iron overload and early manifestation of phenotypic traits. This may have implications for dietary recommendations on heme intake by hemochromatosis subjects to avert tissue iron loading. 

INTRODUCTION
Dietary iron intake from both heme and non-heme sources is a key homeostatic step in iron metabolism, of which deficiency or enhanced absorption is associated with iron disorders in populations all over the world[1]. Heme from animal sources contributes about 10%-25% of total food iron and has a higher bioavailability (about 15%-38%) than non-heme iron[2] in humans. The absorption mode and molecular mechanism of both forms of iron are disparate. While non-heme iron is transported by a divalent metal transporter, a proton coupled symporter, heme is presumed to be transited into the enterocytes by endocytosis (passive pinocytosis or active receptor mediation), or proteins[3,4], that are yet to be fully characterised since HCP1 is a high affinity folate transporter[5]. Internalised heme is trafficked from the cytoplasm into endosomes[6] where it is catabolised by heme oxygenase (HO-1) to yield ferrous iron that converges with the labile non-heme iron pool for transit into circulation by ferroportin, the efflux regulatory protein[7]. On the other hand, basolateral efflux of intact heme has been shown in guinea pigs, and this may be via Flvcr1 or Abcg2[8].
Hereditary hemochromatosis (HH) constitutes heterogeneous mutations of genes in the hepcidin regulatory pathway. Homozygous C282Y mutation in Hemochromatosis gene (Hfe) is predominant in about 1:300 of Caucasian populations[9]. Coincidentally these populations are, in general, avid consumers of meat and animal products. HH patients are characterized by increased heme and non-heme iron absorption from the diet[10] coupled with excessive iron accumulation in parenchyma cells of the liver and the heart. This occurs because of low hepcidin expression due to loss of function of Hfe[11,12]. Hfe protein is vital for iron-sensing in the signal transduction cascade regulating hepcidin expression. Low serum hepcidin in Hfe patients permits sustained functional expression of ferroportin. Consequently, there is enhanced efflux of non-heme and heme iron by ferroportin into circulation[13,14]. There is, however, disparity in the phenotypic expression of HH which may be due to influences of other modifier genes, dietary factors or physiological iron requirements of the subjects[15]. Consequently, iron loading in HH subjects varies in severity[16,17]. Mouse strains have been shown to modulate phenotypic variability of Hfe severity[13]. 
Epidemiological studies generally agree that red meat consumption leads to higher iron stores in humans[18,19]. Moreover, dietary heme iron intake was found to be associated with high serum ferritin levels in HH subjects[18]. Of particular interest, however, is the question as to whether Hfe patients could benefit from dietary modifications of iron intake during treatment by phlebotomy. 
Further work is needed to elucidate the effects of the loss of Hfe on the regulation of intestinal heme absorption[20]. Mouse knock-out models, however have contributed immensely to significant advances in understanding iron metabolism and disorders. The study, therefore, set out to investigate the effects of Hfe knock-out genotype on heme absorption in mice.

MATERIALS AND METHODS
Reagents 
Chemicals and biochemicals were of Analar grade and were from either BDH-Merck Ltd (Poole, Dorset) or Sigma Chemical Company Ltd (Poole). 59Fe (supplied as ferric chloride) was from PerkinElmer Life and Analytical Sciences (Wellesley, MA, United States, specific activity 185 GBq/g). 59Fe-heme was prepared as described in[21]. To make 59Fe-heme, a male Wistar rat was injected ip with 3.7 MBq 59Fe citrate and housed in a metabolic cage for 1 wk. The animal was bled and the red cells washed three times in 10 volumes of saline and then lysed in 10 volumes of distilled water. Heme was then isolated from the haemoglobin by crystallization using the method of Labbe and Nishada[22].

Animals 
Animal care and the regulation of scientific procedures met the criteria laid down by the United Kingdom “Animals (Scientific Procedures) Act 1986”. Mice were housed in a light- and a temperature-controlled room with ad libitum access to standard pelleted diet and water unless stated. Hfe(-/-) breeders (C57/BL6 background strain; donated by Srai K, Department of Biochemistry and Molecular Biology, Royal Free and University College Medical School, London, United Kingdom) were mated and subsequently genotyped by polymerase chain reaction (PCR). Wild-type and Hfe(-/-) homozygote breeders were established to produce age-matched male mice for experimental study. Mice at 3-5 wk of age were maintained on either iron-deficient (3 mg iron per kilogram) diet ad libitum during the treatment with either arginate (control) or heme:Arginate (200 mg/L heme and 3.3 mmol/L arginate) in drinking water for 24 h. 

Iron absorption by tied loops in mice
In vivo Fe absorption was measured in tied-off duodenal segments as described previously[23]. In brief, the experiments were conducted in anaesthetised mice. A duodenal segment was tied at both ends followed by the injection of 59Fe-heme arginate (100 mol/L) into the tied-off segment. The segment was placed back into the abdominal cavity. After 10 min incubation, the duodenal segment was flushed with an ice-cold saline solution and weighed. Blood, liver and spleen were collected. Radioactivity in tissue samples and blood was measured using a gamma counter (1282 Compugamma; LKB Wallac, Turku, Finland), while carcasses were counted for radioactivity by a high-resolution bulk sample counter (J and P Engineering, Reading, United Kingdom). Radioactivity in the duodenum is referred to as mucosal retention while radioactivity in the carcass and other tissues is regarded as mucosal transfer (MT). TMU is the amount of total radioactive Fe absorbed from the gut lumen, and the percentage of MT (% MT) is the relative amount of Fe transfer into the body in comparison with total Fe uptake. 

Heme iron absorption in mice after intragastric administration by gavage method
Food was withheld from the mice for 12 h prior to the oral dose, but they had free access to distilled drinking water during that period. Mice were then given 100 L of physiological solution freshly prepared to contain heme:arginate labelled with 18 kBq 59Fe (FeCl3, in 0.1 M-hydrochloric acid, 1835 MBq/mg Fe; PerkinElmer) to provide target dosages of 4 mmol/kg body weight. This was gavaged as a single dose through the oesophagus and directly into the stomach of the animal through a 40 mm 13 gauge olive-tipped needle. No food was given to the animals after dosing and until tissue collection. The mice were then killed at approximately the same time (of 30 min) after the oral dose was administered. The abdomen was opened and after blood collection via a 1 mL syringe through a puncture into the heart, the whole gut was removed, externally rinsed, and divided into the stomach, duodenum, jejunum, ileum, caecum and colon. The lumen of each section was flushed gently with 3 mL of cold saline (9 g sodium chloride/L). Each section and the collected wash were counted for 1 min in a twin channel -counter (LKB, Wallac 1280, Helsinki, Finland). The carcass, minus gut, liver, spleen, kidney and blood, was counted in a high-resolution bulk sample counter for 2 min.
In the present study, it was found that 30 min were sufficient time to allow for passage of approximately 50% of the radiolabelled dose through the duodenum. Mucosal uptake of 59Fe-heme measured only in the duodenum and jejunum were defined as the proportion of the initial dose of the label retained by the carcass plus duodenal and jejunal wall after dosing. Mucosal transfer at a given time was defined as the amount of 59Fe in the carcass expressed as a percentage of the mean mucosal uptake[24].

PCR amplification procedures
Total RNA was extracted from tissue samples using Trizol reagent (Invitrogen, United Kingdom) according to manufacturer’s instructions. Quantitative RT-PCR was carried out using an ABI Prism 7000 detection system in a two-step protocol with SYBR Green (ABI, Life Technologies, United Kingdom). The efficacy of the amplification was confirmed by a melting curve analysis and gel electrophoresis to confirm the presence of a single product. Quantitative measurement of each gene was derived from a standard curve constructed from known amounts of PCR product. The results were calculated by the ΔCt method that expresses the difference in threshold for the target gene relative to that of 18S RNA.

Statistical analysis
Data are presented as means with their standard deviations. The comparison of multiple groups for significant effects of two variables was determined by two-way ANOVA with a Bonferroni post hoc test. P < 0.05 was considered as significant. All statistical analyses were performed using GraphPad Prism 4 software (GraphPad Software, Inc., La Jolla, CA, United States). 

RESULTS
Heme absorption
Heme absorption, determined by the tied loop method was greater in Hfe(-/-) knockout mice than in control wild type mice (WT) (Figure 1). This was due to a significant increase in both the uptake and transfer phases of absorption. Moreover, a similar trend of absorption was observed when heme absorption was determined by oral gavage (Figure 2). Following the oral administration of 59Fe-heme, intestinal uptake and transfer were elevated in Hfe(-/-) compared to WT after 30 min of heme administration.

Gene expression studies
To analyze the expression of genes involved in heme metabolism and transport, WT and Hfe(-/-) mice were administered arginate (control) or heme:arginate (200 mg/L heme and 3.3 mmol/L arginate) in drinking water for 24 h. Hfe(-/-) mice treated with heme and maintained on iron-deficient diets for 24 h showed an induction of HO-1 expression (Figure 3A). The increase in HO-1 expression in the duodenum of mice on the control iron-deficient diet was not significant (Figure 3A). Flvcr1 mRNA level was lower in the duodenum of WT than Hfe(-/-) in mice fed the control iron-deficient diet. Flvcr1 mRNA levels were significantly down regulated after 24 h heme feeding in drinking water (Figure 3B). Abcg2 mRNA expression levels, however, were not significantly altered by heme feeding in drinking water (Figure 3C). 

Serum and tissue iron levels
Serum and tissue iron status was determined in the mice after 24 h of heme feeding. Consistent with the literature, serum iron and transferrin saturation were significantly higher in Hfe(-/-) than WT (Table 1). Contrary to expectation, however, feeding heme to WT or Hfe(-/-) mice for 24 h showed no effect on serum iron and transferrin saturation (Table 2). 
Endogenous non-heme iron levels in liver and spleen homogenates from Hfe(-/-) mice were significantly higher than WT (Figure 4; P < 0.001). Non-heme iron levels in liver homogenates were not significantly influenced by heme feeding. Although liver showed a trend towards being increased in Hfe(-/-) mice.

DISCUSSION
Heme as an exogenous source of iron is significant in nutrition because it is highly bioavailable for absorption by the gastrointestinal tract. In systemic metabolism, however, heme is derived endogenously from de novo biosynthesis for vital metabolic functions. Consequently, modulation of cytosolic, vesicular, membrane or plasma heme transport is regulated by a variety of extracellular and intracellular proteins[25,26]. While the luminal high affinity heme transport protein is not yet defined, heme absorption is enhanced in HH subjects and it is regulated by iron stores albeit by an order of magnitude less than non-heme iron absorption[10,27].
The current study demonstrates that heme feeding stimulates iron absorption in Hfe KO mice and provides evidence of increased iron storage in the spleen and hepatocytes of the mice. 59Fe-Heme arginate absorption from the duodenal loop of the mice was significantly enhanced in Hfe(-/-) mice after 10 min of exposure (Figure 1). This trend was also confirmed in mice that were given 59Fe-heme arginate by gavage and measuring absorption after 30 min (Figure 2). Hfe has been shown to have an impact on cellular iron trafficking and, indirectly, on intestinal iron absorption. The direct effects of Hfe on heme iron absorption are not clear. Alternatively, low levels of iron in the enterocyte of Hfe mice might induce heme absorption via increased HO-1 expression. It has been speculated that heme degradation by HO-1 might be the rate-liming step of heme absorption in the gut because the HO-1 activity was found to increase during Fe deficiency[28]. Increased heme iron absorption after 24 h, shown in Figure 1, might be induced by enhanced expression of HO-1 (Figure 3A). Augmented catabolism of heme by HO-1 consequently may increase the inorganic iron pool that can be chaperoned into systemic circulation. It has also been speculated that a fraction of the heme in the enterocyte might be transferred intact into the circulation by the heme efflux proteins Flvcr or Abcg2. The expression of Flvcr1 was down-regulated in Hfe mice (Figure 3B). Other modifiers such as TfR1 or TfR2 could interact with Hfe directly or, more likely, modify iron loading through independent mechanisms to increase or depress the effects of Hfe. This possibly might be due to hepatocyte regulation of hepcidin expression. A two-fold decrease was observed in hepcidin mRNA levels in the Hfe(-/-) mice used in the current study[29]. Reduced expression of hepcidin in Hfe(-/-) phenotype would lead to the maximal functional capability of FPN, hence the enhanced absorption of iron[30] in Hfe(-/-) mice. Hepcidin levels in the liver correlate negatively with serum ferritin which in humans is a biomarker of iron intake and iron status. 
The increase in plasma iron and percentage transferrin saturation after feeding heme for 24 h might have contributed to increased liver and spleen non-heme iron levels in Hfe(-/-). The phenotype of HH patients of European descent attests to the higher iron absorption due to enhanced duodenal expression of transport proteins despite high iron stores[31]. Previous studies have attempted to use low iron intake and inhibitors of iron absorption as dietary strategies to ameliorate the rate of tissue Fe deposition in Hfe patients[32].
While the feeding of high heme diet did not increase serum and hepatic iron levels of both Hmox1fl/fl and Hmox1Vil-Cre mice[33], Hfe knock-out mice demonstrated increased HO-1 expression and enhanced heme absorption in the current study. Mouse strain differences have been shown to determine the severity of tissue iron deposition in Hfe knockout model of HH[13]. There might be species or strain differences in the absorption of heme iron, an earlier study however, showed that mice have the least heme absorption capacity, while canines are the highest (dog > guinea pig > rat > mouse)[34]. Moreover, to sustain heme in solution, heme arginate was used in the current study to measure absorption[35]. This study has identified HO-1 as a key candidate in the regulation of heme iron transport in the gastrointestinal tract of mice. Increased HO-1 expression in Hfe KO mice contributes to enhanced heme iron absorption.
Enhanced heme iron intake by homozygous Hfe subjects may contribute to body iron overload and early manifestation of phenotypic traits. This may have implications for dietary recommendations on heme intake by HH subjects to avert tissue iron loading. Moreover, since high intake of red meat has been associated with an elevated amount of iron in the body and increased risk of metabolic diseases, an emerging consensus, in general, suggests reduced red meat consumption by the populace.

COMMENTS
Background
Hemochromatosis patients are characterized with high level of heme- and inorganic iron absorption from the diet coupled with excessive iron accumulation in parenchyma cells of the liver and the heart due to low hepcidin expression.
Research frontiers
Enhanced heme iron intake by homozygous Hfe subjects may contribute to body iron overload and early manifestation of phenotypic traits. Moreover, since high intake of red meat has been associated with elevated amount of iron in the body and increased risk of metabolic diseases, an emerging consensus, in general, suggests reduced red meat consumption by the populace. 
Innovations and breakthroughs
These results indicate that loss of Hfe protein results in increased dietary heme iron absorption that further contributes to the iron loading of the liver and other tissues of mice. This may have implications for dietary recommendations on heme intake by HH subjects to avert tissue iron loading.
Applications
Implications for dietary recommendations on heme intake by Hfe subjects to modulate iron loading are important clinical considerations.
Terminology
HH: Hemochromatosis; Hfe: Hemochromatosis gene; Flvcr1: Feline Leukemia Virus Subgroup C Cellular Receptor 1; HO-1: Hemoxygenase-1; Abcg2: ATP-Binding Cassette, Subfamily G, Member 2; MR: Mucosal retention; MT:Mucosal transfer,TMU:Total mucosal uptake.
Peer-review
It is a very well written manuscript investigating the influence of Hfe mutation on Fe labeled duodenal heme absorption in mice and showing that heme absorption was enhanced from both duodenal tied-loop segments and by oral gavage methods. 
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Figure Legends
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Figure 1  Tied loop mucosal uptake of 59Fe-heme (100 mol/L) in wild type and hemochromatosis gene(-/-) mice. Iron absorption was determined using tied-off duodenal segments. Data are means ± SD for 5 mice in each group (P < 0.05). MR: Mucosal retention; MT: Mucosal transfer; TMU: Total mucosal uptake of 59Fe from in vivo tied-off duodenal segments; Hfe: Hemochromatosis gene.
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Figure 2  Heme absorption in wild type and hemochromatosis gene(-/-) mice by gavage method. Mice were orally gavaged with 59Fe-heme (100 mol/L) after an overnight fast. Mice were sacrificed 30 min after the oral dose was administered and tissues were collected as detailed in Methods. Values are mean ± SD, n = 5 per group. 
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Figure 3  HO-1, Flvcr and Abcg2 mRNA expression in wild type and hemochromatosis gene(-/-) mice fed control diet or heme for 24 h. Real-time polymerase chain reaction of mRNA of the genes from the duodenum of WT and Hfe(-/-) were determined and normalised -actin (Actb) mRNA. Statistical analysis was performed by 2-way ANOVA with Bonferroni post-hoc test (aP < 0.05 and bP < 0.001). Hfe: Hemochromatosis gene; WT: Wild type.
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Figure 4  Tissue iron levels of mice. Effect of 24 h heme feeding on liver (A) or spleen (B) non-heme iron levels (nmol/mg) of WT and Hfe(-/-) mice. Results are means ± SD for 6-8 mice in each group (bP < 0.005). Hfe: Hemochromatosis gene; WT: Wild type.
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Table 1  Primer sequences of genes

Forward

Reverse

Mouse Flvcr1

5’-CAGTTGATAGTCGGGTAGATCCAA-3' 5'-ACACCGGCTTCTTCAGAGTGA-3’

Mouse Abcg2

5’-TCGCAGAAGGAGATGTGTTGAG-3 5CCAGAATAGCATTAAGGCCAGG-3’

Mouse HO-1

5’-CAAGGAGGTACACATCCAAGCC-3' 5'-TACAAGGAAGCCATCACCAGCT-3’

Mouse 18S

5’-GAATTCCCAGTAAGTGGCGGG-3' 5'-GGGCAGGGACTTAATCAACG-3’








































Table 2  Iron parameters of wild type and hemochromatosis gene(-/-) mice after 24 h of feeding heme


Serum iron (mol/L)

% Transferrin saturation


Control

25.3 ± 4.4

32.1 ± 6.5

WT

Heme-24 h

26.8 ± 3.1

35.9 ± 7.9






Control

49.8 ± 5.0

59.8 ± 6.1

Hfe(-/-)

Heme-24 h

  50.5 ± 10.6

  61.0 ± 10.4

Hfe: Hemochromatosis gene; WT: Wild type.
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