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Introduction

Iron is an important trace element in the human body. The 
absorption of iron is strictly controlled through hepcidin, 
while there are no efficient physiologic mechanisms to 
excrete iron from the body. Under conditions where iron 
metabolism is disturbed, such as in transfusion‑dependent 
patients with thalassemia major, myelodysplastic syndromes, 
aplastic anemia, or sickle cell disease, excessive iron 
deposition occurs in the liver, heart, and endocrine organs, 
resulting in reactive oxygen species  (ROS) through the 
Fenton and Haber–Weiss reaction.[1] ROS can attack 
components of cells[2,3] and further induce organ dysfunction, 
such as liver fibrosis, cirrhosis, hepatic carcinoma,[2] 
myocarditis, pericarditis,[4] and other diseases.[4‑8]

In the liver of chronic hepatitis C  (CHC) patients, iron 
deposition has been found in both hepatocytes and 
reticuloendothelial cells[9‑13] although the mechanism is not 
fully clarified. Like other viruses, hepatitis C virus (HCV) 

needs constituents of host cells to proliferate, and iron is 
one of the most important constituents. Many studies have 
explored the connection between iron overload and HCV life 
cycle with differing results. Some studies have found that 
iron promotes HCV replication,[14,15] while others have shown 
that iron suppresses HCV replication.[16‑19] Most of the studies 
suggest the positive role of iron on HCV translation.[20‑23] 
To summarize the interactions between HCV and iron, and 
understand the mechanisms of iron overload in CHC, we 
searched articles published in the PubMed databases up to 
January 28, 2017, to gain an in‑depth understanding and 
knowledge of relevant areas.
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Iron Metabolism and Homeostasis

In the human body, iron is critical for maintaining the 
fundamental function of many proteins.[24‑28] Iron in 
the diet is absorbed through divalent metal transporter 
1 (DMT1),[29] a multi‑transmembrane protein, or heme carrier 
protein 1[29] on duodenal and jejunal enterocytes.[30] It is then 
exported by the ferroportin  (FPN) to bind to transferrin 
in the bloodstream,[31,32] and taken to the erythroblasts for 
erythropoiesis. Iron that is not utilized can also be stored as 
ferritin or hemosiderin[29] in enterocytes, macrophages, and 
hepatocytes. There are no efficient physiologic mechanisms 
to excrete iron, a little iron (about 2 mg per day) is lost by 
sloughing of intestinal epithelial cells, desquamation of skin 
and urinary cells, blood loss, and sweat.[33]

Iron homeostasis in the human body is mainly regulated 
by the hepcidin/FPN and iron‑regulatory protein/
iron‑responsive element (IRP/IRE) systems. Hepcidin is a 
peptide hormone mainly secreted by the liver.[29] When iron 
levels increase, hepcidin negatively regulates iron levels 
by binding to the FPN and promoting the internalization 
and degradation of FPN.[34] This reduces the amount of 
iron absorbed by enterocytes, released by hepatocytes, 
and recycled from macrophages, and finally reduces 
transferrin levels in the bloodstream. In contrast, when 
iron levels decrease, hepcidin is downregulated to improve 
transferrin levels. Transferrin receptor 1  (TfR1)[35] and 
bone morphogenetic protein 6 receptor (BMP‑6R)[29,36] can 
sense transferrin saturation  (TS) and tissue iron content, 
respectively, further regulating hepcidin concentration. 
Hepcidin can also be affected by other factors, including 
inflammation, erythropoietic activity of the bone marrow, 
and the oxygen tension within hepatocytes.[29] While hepcidin 
regulates systemic iron metabolism transcriptionally and 
posttranslationally, cellular iron metabolism is regulated 
by the IRP/IRE system posttranscriptionally. The IRP/IRE 
system alters the expression of iron‑metabolism‑related 
proteins, such as ferritin, FPN, hypoxia‑inducible factor 
2α (HIF2α/EPAS1), DMT1, TfR1, and other proteins.[37]

Iron Overload in Chronic Hepatitis C Patients

About 170 million people worldwide are infected with 
HCV.[38] It is widely accepted that CHC is associated with 
iron overload. Many studies have found iron deposition in 
the liver,[9‑13] and in both hepatocytes and reticuloendothelial 
cells.[10‑12] Di Bisceglie et  al.[11] were the first to find 
elevated serum ferritin and iron levels in patients with 
chronic hepatitis  (both chronic hepatitis B and CHC). 
Subsequently, in 1999, a study of 209 CHC patients found 
liver iron accumulation detected by liver biopsy in 42.1% 
of patients, the majority of which was mild liver iron 
accumulation (35.4% of the 209 CHC patients). Those with 
liver iron accumulation had significantly higher levels of 
serum iron  (SI), ferritin, and TS; liver iron accumulation 
was also found to have a significant relationship with 
the severity of histological activity based on METAVIR 

classification and cirrhosis.[10] In a study of 100 consecutive 
patients with HCV infection who underwent liver biopsy, 
19  patients were found to be hepatic iron stain positive, 
which is associated with Stage III or IV fibrosis. Fifty‑five 
patients had at least one abnormal value of SI, ferritin, or 
TS. In multivariate analysis, the only independent predictive 
factor of severe hepatic fibrosis was serum ferritin. The 
serum ferritin value and tissue iron stain had a significantly 
positive correlation.[39] These two studies[10,39] demonstrate 
that elevated serum ferritin is associated with iron overload 
status. However, elevated serum ferritin can also be caused 
by hepatic inflammation.[40] In 1994, a study of 123 chronic 
hepatitis patients  (including 63 CHC patients) found 
increased SI, iron saturation, and ferritin in CHC patients, 
while no evidence of hepatic iron accumulation could be 
found in any of these patients. In this study, serum ferritin 
was elevated in the absence of liver iron overload, which 
indicates that elevated serum ferritin may also be caused by 
inflammation itself. Thus, elevated ferritin reflects hepatic 
iron accumulation, as well as hepatic inflammation, and also 
predicts severe hepatic fibrosis. In other words, hepatic iron 
accumulation can lead to elevated ferritin, while elevated 
ferritin is not only induced by hepatic iron accumulation but 
also caused by hepatic inflammation. Thus, serum ferritin 
levels only serve as a reference to evaluate liver iron status 
in CHC patients, and liver biopsy is the gold standard for 
diagnosis of iron overload.

The Effect of Hepatitis C Virus Infection on 
Iron Metabolism

So far, plenty of studies have been devoted to exploring 
the mechanism as to how HCV leads to iron overload. It 
is generally accepted that HCV alters iron metabolism by 
reducing the level of hepcidin.[13,41‑48] Fujita et al.[43] measured 
hepcidin messenger RNA (mRNA) levels in liver samples 
from 56 patients with HCV infection, and revealed that the 
expression of hepcidin is strongly correlated with serum 
ferritin and the degree of iron deposition in liver tissues. The 
hepcidin‑to‑ferritin ratio was significantly lower in HCV(+) 
patients than HBV(+) patients or controls.[43] Girelli et al.[44] 
detected s‑hepcidin (the 25‑amino acid bioactive peptide in 
serum) levels in 81 untreated CHC patients and 57 controls 
with a rigorous definition of normal iron status and found that 
s‑hepcidin was significantly lower in CHC patients than in 
controls. In CHC patients, s‑hepcidin levels are significantly 
correlated with serum ferritin and histological total iron 
score. Tsochatzis et  al.[45] examined the determinants of 
serum hepcidin and liver hepcidin mRNA levels and their 
association with histological lesions in 96  patients with 
CHC and 30 controls; they concluded that serum hepcidin 
was significantly lower in patients with CHC compared to 
healthy controls, and that liver hepcidin mRNA levels did not 
differ between patients and controls. A study using FL‑N/35 
transgenic mice harboring the HCV polyprotein also found 
decreased hepcidin expression in the liver, accompanied by 
an increase in FPN expression in the duodenum, spleen, and 
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liver. This suggests that HCV proteins may directly lead to 
increased duodenal iron absorption, macrophage iron release, 
and hepatic iron accumulation.[42] Elevated duodenal FPN 
levels[47] and a significant relationship between HCV and 
hepcidin[48] in CHC patients were also found by other studies. 
All of these studies suggest that hepcidin may play a pivotal 
role in the pathogenesis of iron overload in patients with CHC.

There are many studies examining the mechanism by 
which CHC suppresses hepcidin expression. Kohjima 
et al.[49] analyzed iron‑metabolism‑related gene expression 
profiles in 100 patients with CHC (genotype 1b, n = 50; 
genotype  2, n  =  50) and 18 living donors of liver 
transplantation. They found that expression of genes 
related to iron absorption  (transferrin, and DMT1), iron 
export (FPN), cellular iron metabolism (IRP1 and IRP2), and 
hepcidin‑regulation  (BMPR1, BMPR2, and hemojuvelin) 
were significantly higher, indicating that HCV affects the 
expression of iron‑metabolism‑related genes, leading to 
iron accumulation in hepatocytes. Besides, patients with a 
sustained virological response (SVR) had significantly lower 
transcription and protein expression levels of hepcidin, FPN, 
BMPR2, and hemojuvelin before therapy, indicating the 
importance of hepatocytic iron retention for viral response 
during pegylated interferon plus ribavirin treatment. Almost 
all HCV proteins, including core, E1, E2, NS3, NS4A, NS4B, 
and NS5A, have been shown to regulate hepcidin expression 
through signal transducer and activator of transcription 3, 
mitogen-activated protein kinase, or BMP/SMAD signaling 
pathways,[50] and increased histone deacetylase activity,[41] 
which further clarifies the mechanism of decreased levels 
of hepcidin caused by HCV.

The Effect of Iron on Hepatitis C Virus 
Replication and Translation

Like other viruses, HCV needs constituents of host cells to 
replicate and translate, and iron is one of the most important 
constituents. It is indispensable for several basic metabolic 
processes in viruses, as well as in mammalian cells, as 
described in many studies.

Kakizaki et al.[14] were the first to analyze the effect of iron on 
HCV replication in vitro. In 2000, they cultured a nonneoplastic 
HCV‑infected human hepatocyte line (PH5CH8) treated with 
FeSO4 and proved that iron can promote HCV replication in 
liver cells. In 2016, Foka et al.[15] found that iron‑overloaded 
macrophages was infected with HCV when co‑cultured 
with HCV‑infected human hepatoma cell line  (Huh7.5). 
These iron overloaded macrophages also enhanced HCV 
replication in co‑cultured HCV‑infected Huh7.5 cells through 
reversed ferritin “flow” from macrophages to Huh7.5 cells. 
Macrophages without overloaded iron was also infected 
with HCV and enhance HCV replication in Huh7.5 cells, 
but the rate of infection was slower and the effect on HCV 
replication was weaker.

On the other hand, several studies have found that iron 
suppresses HCV replication. A study using Huh7 cells in 

2005 concluded that iron could inhibit HCV replication by 
inactivating the RNA polymerase NS5B, without significant 
effect on translation.[16] Fillebeen et  al.[17] concluded that 
iron could decrease HCV replication by reducing the 
activity of NS5B in Huh7.5.1 cells, similar to the result of 
the study in 2005. A later study, in 2011, again found that 
increased iron status and down‑regulated hepcidin inhibited 
HCV replication.[18] Another study also found that iron 
administration could suppress HCV replication in vitro.[19]

The studies described above hold different opinions toward 
the effect of iron on HCV replication. This may be due 
to different cell types. Besides, in clinical practice, CHC 
with primary or secondary iron overload have different 
prognoses. CHC patients with hereditary iron overload 
due to hemochromatosis gene mutations have increased 
SVRs to antiviral therapy,[51] when excess iron deposits 
in parenchymal cells and macrophages become iron 
deficient.[52] In contrast, iron overload secondary to CHC 
or other chronic liver diseases significantly aggravates the 
disease,[1] when excess iron deposits in macrophages.[53] It 
seems that the iron content of macrophages is associated 
with the clinical outcome of disease, because iron overload 
may impair the immune function of macrophages through 
oxidative stress.[54]

Although the role of iron in promoting or suppressing 
HCV replication is debatable, there are few controversies 
about the effect of iron on HCV translation. Apart from a 
group in the USA that reported that iron suppresses HCV 
translation through increasing heme oxygenase‑1 in vitro[55] 
and another group[16] that found no effect of iron on HCV 
translation, all other studies confirm the positive role of iron 
on HCV translation,[20‑23] but the mechanisms are not fully 
understood. Expression of HCV is predominantly controlled 
at the translational level, which involves the interaction 
between cellular translation initiation factors and a specific 
mRNA stem‑loop structure –  the internal ribosome entry 
site  (IRES) – within the 5’ untranslated region.[56] Iron is 
reported to stimulate the expression of eukaryotic initiation 
factor 3  (eIF3), thus enhancing HCV IRES‑dependent 
translation both in HepG2 cells and HCV‑infected patients, 
whereas iron chelation reverses it in  vitro.[20] Another 
group also found that hepatic iron load promotes HCV 
translation initiation in vitro with the mechanism involving 
iron‑dependent increased expression of eIF3. Expression 
of another element, La protein, is also significantly 
increased by hepatic iron load which can promote HCV 
translation. Expression of both eIF3 and La protein can be 
partially inhibited by the iron chelator deferoxamine.[21,22] 
Cho et al.[23] also found that iron changes the affinities of 
common cellular factors to HCV IRES which modulates 
HCV IRES‑dependent translation. In summary, iron can 
regulate HCV IRES‑dependent translation by increasing 
expression levels of associated factors.

The outcome of iron perturbation varies according to HCV 
genotype. Translation of both HCV 1b and HCV 2b is 
significantly increased after iron treatment, while translation 
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of HCV 6a shows little difference. Compared with 
subtype 1b, HCV 6a has a modified eIF3 binding site within 
hairpin III.[20] It is reported that hepatic iron levels are higher 
in patients infected with subtype 1b than those in patients 
infected with subtypes 2a or 2b, which may explain the 
different responses of HCV genotypes to iron overload.[57]

Nowadays, liver biopsy is the gold standard for diagnosis of 
hepatic iron overload, and there are no uniform diagnostic 
criteria about extracellular iron concentration. Most of the 
studies described in the paper used cell models incubated in 
ferric or ferrous iron solutions with maximum concentrations 
ranging from 50 to 300 µmol/L, whether they reach the 
standard of iron overload is difficult to judge. Therefore, 
whether these results from in  vitro research could be 
suggestive to understand the effect of iron on HCV is still 
debatable.

Conclusions

Each part of iron metabolism, including absorption, 
restoration, recycling, and utilization, is regulated by 
hepcidin and the IRE/IRP system. There is no efficient 
way to eliminate iron from the body, so any abnormality 
in the process of iron metabolism may lead to excessive 
iron burden. The relationship between HCV and iron 
overload is complicated  [Figure 1]. Many studies have 

observed iron overload in patients with CHC, and most 
suggest that decreased hepcidin expression, as well as 
increased HCV protein‑mediated expression of other iron 
metabolism‑related genes, play a role. As to the detailed 
mechanism of HCV proteins inducing iron overload, 
there is still much to discover. In turn, as an essential 
element for all living bodies, iron can also affect the 
life cycle of HCV. Nearly all studies so far confirm the 
positive role of iron on HCV translation, while the role 
of iron in promoting or suppressing HCV replication is 
still unclear. More work is needed to understand this, 
and the mechanisms by which iron affects HCV life 
cycle. Excessive iron can produce hydroxyl radicals and 
other ROS, further inducing organ dysfunction. Iron 
chelation therapy can reverse the negative effect of iron 
overload, which offers important information for clinical 
application.
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Figure 1: Relationship between HCV infection and iron overload. HCV reduces the levels of hepcidin, and elevates the levels of FPN, resulting 
in elevated iron absorbed by enterocytes and iron deposition in hepatocytes and macrophages. Although the role of iron in HCV replication 
is disputable, it is strongly suggested the positive effect of iron on HCV translation by increasing expression of both eIF3 and La protein, and 
changing the affinities of common cellular factors to HCV IRES. This positive effect can be partially inhibited by iron chelators. HCV: Hepatitis 
C virus; FPN: Ferroportin; SI: Serum iron; TS: Transferrin saturation; IRES: Internal ribosome entry site; eIF3: Eukaryotic initiation factor 3; 
↑: Upregulated; ↓: Downregulated.



Chinese Medical Journal  ¦  April 5, 2017  ¦  Volume 130  ¦  Issue 7870

References
1.	 Isom  HC, McDevitt  EI, Moon  MS. Elevated hepatic iron: A 

confounding factor in chronic hepatitis C. Biochim Biophys Acta 
2009;1790:650‑62. doi: 10.1016/j.bbagen.2009.04.009.

2.	 Milic S, Mikolasevic I, Orlic L, Devcic E, Starcevic‑Cizmarevic N, 
Stimac D, et al. The role of iron and iron overload in chronic liver 
disease. Med Sci Monit 2016;22:2144‑51. doi: 10.12659/msm.896494.

3.	 Prá D, Franke SI, Henriques JA, Fenech M. Iron and genome stability: 
An update. Mutat Res 2012;733:92‑9. doi: 10.1016/j.mrfmmm. 
2012.02.001.

4.	 Taher  AT, Musallam  KM, Inati  A. Iron overload: Consequences, 
assessment, and monitoring. Hemoglobin 2009;33 Suppl 1:S46‑57. 
doi: 10.3109/03630260903346676.

5.	 Russo  V, Rago  A, Papa  AA, Nigro  G. Electrocardiographic 
presentation, cardiac arrhythmias, and their management in 
ß‑thalassemia major patients. Ann Noninvasive Electrocardiol 
2016;21:335‑42. doi: 10.1111/anec.12389.

6.	 Pelusi C, Gasparini DI, Bianchi N, Pasquali R. Endocrine dysfunction 
in hereditary hemochromatosis. J Endocrinol Invest 2016;39:837‑47. 
doi: 10.1007/s40618‑016‑0451‑7.

7.	 Park J, Lee DG, Kim B, Park SJ, Kim JH, Lee SR, et al. Iron overload 
triggers mitochondrial fragmentation via calcineurin‑sensitive signals 
in HT‑22 hippocampal neuron cells. Toxicology 2015;337:39‑46. doi: 
10.1016/j.tox.2015.08.009.

8.	 Cheng  Z, Zhou  B, Shi  X, Zhang  Y, Zhang  L, Chen  L, et  al. 
Extrahepatic manifestations of chronic hepatitis C virus infection: 
297 cases from a tertiary medical center in Beijing, China. Chin Med 
J 2014;127:1206‑10. doi: 10.3760/cma.j.issn.0366‑6999.20132988.

9.	 Price L, Kowdley KV. The role of iron in the pathophysiology and 
treatment of chronic hepatitis C. Can J Gastroenterol 2009;23:822‑8. 
doi: 10.1155/2009/290383.

10.	 Hézode C, Cazeneuve  C, Coué O, Roudot‑Thoraval  F, Lonjon  I, 
Bastie  A, et  al. Liver iron accumulation in patients with chronic 
active hepatitis C: Prevalence and role of hemochromatosis gene 
mutations and relationship with hepatic histological lesions. J Hepatol 
1999;31:979‑84. doi: 10.1016/s0168‑8278(99)80308‑0.

11.	 Di Bisceglie  AM, Axiotis  CA, Hoofnagle  JH, Bacon  BR. 
Measurements of iron status in patients with chronic hepatitis. 
Gastroenterology 1992;102:2108‑13. doi: 10.1016/0016‑5085(92) 
90339‑Z.

12.	 Olynyk  JK, Reddy  KR, Di Bisceglie  AM, Jeffers  LJ, Parker  TI, 
Radick JL, et al. Hepatic iron concentration as a predictor of response 
to interferon alfa therapy in chronic hepatitis C. Gastroenterology 
1995;108:1104‑9. doi: 10.1016/0016‑5085(95)90209‑0.

13.	 Hörl WH, Schmidt A. Low hepcidin triggers hepatic iron accumulation 
in patients with hepatitis C. Nephrol Dial Transplant 2014;29:1141‑4. 
doi: 10.1093/ndt/gft467.

14.	 Kakizaki  S, Takagi  H, Horiguchi  N, Toyoda  M, Takayama  H, 
Nagamine  T, et  al. Iron enhances hepatitis C virus replication in 
cultured human hepatocytes. Liver  2000;20:125‑8. doi: 10.1034/j. 
1600‑0676.2000.020002125.x.

15.	 Foka  P, Dimitriadis  A, Karamichali  E, Kyratzopoulou  E, 
Giannimaras  D, Koskinas  J, et  al. Alterations in the iron 
homeostasis network: A  driving force for macrophage‑mediated 
hepatitis C virus persistency. Virulence 2016;7:679‑90. doi: 
10.1080/21505594.2016.1175700.

16.	 Fillebeen C, Rivas‑Estilla AM, Bisaillon M, Ponka P, Muckenthaler M, 
Hentze MW, et al. Iron inactivates the RNA polymerase NS5B and 
suppresses subgenomic replication of hepatitis C Virus. J Biol Chem 
2005;280:9049‑57. doi: 10.1074/jbc.M412687200.

17.	 Fillebeen  C, Pantopoulos  K. Iron inhibits replication of infectious 
hepatitis C virus in permissive Huh7.5.1  cells. J  Hepatol 
2010;53:995‑9. doi: 10.1016/j.jhep.2010.04.044.

18.	 Bartolomei G, Cevik RE, Marcello A. Modulation of hepatitis C virus 
replication by iron and hepcidin in Huh7 hepatocytes. J Gen Virol 
2011;92(Pt 9):2072‑81. doi: 10.1099/vir.0.032706‑0.

19.	 Yano M, Ikeda M, Abe K, Dansako H, Ohkoshi S, Aoyagi Y, et al. 
Comprehensive analysis of the effects of ordinary nutrients on 
hepatitis C virus RNA replication in cell culture. Antimicrob Agents 
Chemother 2007;51:2016‑27. doi: 10.1128/aac.01426‑06.

20.	 Theurl I, Zoller H, Obrist P, Datz C, Bachmann F, Elliott RM, et al. Iron 
regulates hepatitis C virus translation via stimulation of expression 
of translation initiation factor 3. J Infect Dis 2004;190:819‑25. doi: 
10.1086/422261.

21.	 Liu Y, An D, Sun R, Jin L, Wang Q. Inhibition of translation initiation 
factors might be the potential therapeutic targets for HCV patients 
with hepatic iron overload. Med Hypotheses 2012;78:142‑3. doi: 
10.1016/j.mehy.2011.10.011.

22.	 Wang Q, Liu Y, An D, Diao H, Xu W, He X, et  al. Regulation of 
hepatitis C virus translation initiation by iron: Role of eIF3 and 
La protein. Virus Res 2012;167:302‑9. doi: 10.1016/j.virusres. 
2012.05.014.

23.	 Cho  H, Lee  HC, Jang  SK, Kim  YK. Iron increases translation 
initiation directed by internal ribosome entry site of hepatitis C virus. 
Virus Genes 2008;37:154‑60. doi: 10.1007/s11262‑008‑0250‑0.

24.	 Sun  F, Cheng  Y, Chen  C. Regulation of heme biosynthesis and 
transport in metazoa. Sci China Life Sci 2015;58:757‑64. doi: 
10.1007/s11427‑015‑4885‑5.

25.	 Paganelli MO, Grossi AB, Dores‑Silva PR, Borges JC, Cardoso DR, 
Skibsted  LH. Limited proteolysis of myoglobin opens channel in 
ferrochelatase‑globin complex for iron to zinc transmetallation. Food 
Chem 2016;210:491‑9. doi: 10.1016/j.foodchem.2016.04.109.

26.	 He C, Jiang S, Jin H, Chen S, Lin G, Yao H, et al. Mitochondrial 
electron transport chain identified as a novel molecular target of SPIO 
nanoparticles mediated cancer‑specific cytotoxicity. Biomaterials 
2016;83:102‑14. doi: 10.1016/j.biomaterials.2016.01.010.

27.	 Shah  MB, Jang  HH, Wilderman PR, Lee D, Li S, Zhang Q, et  al. 
Effect of detergent binding on cytochrome P450  2B4 structure as 
analyzed by x‑ray crystallography and deuterium‑exchange mass 
spectrometry. Biophys Chem 2016;216:1‑8. doi: 10.1016/j.bpc. 
2016.05.007.

28.	 Drakesmith H, Prentice A. Viral infection and iron metabolism. Nat 
Rev Microbiol 2008;6:541‑52. doi: 10.1038/nrmicro1930.

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

30.	 Silva B, Faustino P. An overview of molecular basis of iron metabolism 
regulation and the associated pathologies. Biochim Biophys Acta 
2015;1852:1347‑59. doi: 10.1016/j.bbadis.2015.03.011.

31.	 Abboud  S, Haile  DJ. A  novel mammalian iron‑regulated 
protein involved in intracellular iron metabolism. J  Biol Chem 
2000;275:19906‑12. doi: 10.1074/jbc.M000713200.

32.	 Chen H, Attieh ZK, Dang T, Huang G, van der Hee RM, Vulpe C. 
Decreased hephaestin expression and activity leads to decreased 
iron efflux from differentiated Caco2  cells. J  Cell Biochem 
2009;107:803‑8. doi: 10.1002/jcb.22178.

33.	 Hunt JR, Zito CA, Johnson LK. Body iron excretion by healthy men 
and women. Am J Clin Nutr 2009;89:1792‑8. doi: 10.3945/ajcn. 
2009.27439.

34.	 Nemeth  E, Tuttle  MS, Powelson  J, Vaughn  MB, Donovan  A, 
Ward DM, et al. Hepcidin regulates cellular iron efflux by binding to 
ferroportin and inducing its internalization. Science 2004;306:2090‑3. 
doi: 10.1126/science.1104742.

35.	 Gao  J, Chen  J, De Domenico  I, Koeller  DM, Harding  CO, 
Fleming  RE, et  al. Hepatocyte‑targeted HFE and TFR2 control 
hepcidin expression in mice. Blood 2010;115:3374‑81. doi: 10.1182/
blood‑2009‑09‑245209.

36.	 Hentze MW, Muckenthaler MU, Galy B, Camaschella C. Two to tango: 
Regulation of mammalian iron metabolism. Cell 2010;142:24‑38. 
doi: 10.1016/j.cell.2010.06.028.

37.	 Wilkinson N, Pantopoulos K. The IRP/IRE system in vivo: Insights 
from mouse models. Front Pharmacol 2014;5:176. doi: 10.3389/
fphar.2014.00176.

38.	 Shepard  CW, Finelli  L, Alter  M. Global epidemiology of hepatitis 
C virus infection. Lancet Infect Dis 2005;5:558‑67. doi: 10.1016/
s1473‑3099(05)70216‑4.

39.	 Metwally MA, Zein CO, Zein NN. Clinical significance of hepatic 
iron deposition and serum iron values in patients with chronic 
hepatitis C infection. Am J Gastroenterol 2004;99:286‑91. doi: 
10.1111/j.1572‑0241.2004.04049.x.

40.	 Arber N, Konikoff FM, Moshkowitz M, Baratz M, Hallak A, Santo M, 



Chinese Medical Journal  ¦  April 5, 2017  ¦  Volume 130  ¦  Issue 7 871

et  al. Increased serum iron and iron saturation without liver iron 
accumulation distinguish chronic hepatitis C from other chronic liver 
diseases. Dig Dis Sci 1994;39:2656‑9. doi: 10.1007/bf02087705.

41.	 Miura K, Taura K, Kodama Y, Schnabl B, Brenner DA. Hepatitis C 
virus‑induced oxidative stress suppresses hepcidin expression through 
increased histone deacetylase activity. Hepatology 2008;48:1420‑9. 
doi: 10.1002/hep.22486.

42.	 Nishina S, Hino K, Korenaga M, Vecchi C, Pietrangelo A, Mizukami Y, 
et al. Hepatitis C virus‑induced reactive oxygen species raise hepatic 
iron level in mice by reducing hepcidin transcription. Gastroenterology 
2008;134:226‑38. doi: 10.1053/j.gastro.2007.10.011.

43.	 Fujita  N, Sugimoto  R, Takeo  M, Urawa  N, Mifuji  R, Tanaka  H, 
et  al. Hepcidin expression in the liver: Relatively low level in 
patients with chronic hepatitis C. Mol Med 2007;13:97‑104. doi: 
10.2119/2006‑00057.Fujita.

44.	 Girelli D, Pasino M, Goodnough JB, Nemeth E, Guido M, Castagna A, 
et al. Reduced serum hepcidin levels in patients with chronic hepatitis 
C. J Hepatol 2009;51:845‑52. doi: 10.1016/j.jhep.2009.06.027.

45.	 Tsochatzis  E, Papatheodoridis  GV, Koliaraki  V, Hadziyannis  E, 
Kafiri G, Manesis EK, et al. Serum hepcidin levels are related to the 
severity of liver histological lesions in chronic hepatitis C. J Viral 
Hepat 2010;17:800‑6. doi: 10.1111/j.1365‑2893.2009.01244.x.

46.	 Sikorska  K, Romanowski  T, Stalke  P, Izycka Swieszewska  E, 
Bielawski  KP. Association of hepcidin mRNA expression with 
hepatocyte iron accumulation and effects of antiviral therapy in 
chronic hepatitis C infection. Hepat Mon 2014;14:e21184. doi: 
10.5812/hepatmon.21184.

47.	 Ma  L, Zou  T, Yuan  Y, Lv  J, Dong  X, Yang  G, et  al. Duodenal 
ferroportin is up‑regulated in patients with chronic hepatitis C. PLoS 
One 2014;9:e110658. doi: 10.1371/journal.pone.0110658.

48.	 El Said HW, Abou Seif KH, Ahmed YS, Abou Elleil HA, El Said TW, 
Behairy MA, et al. The relationship of serum hemojuvelin and hepcidin 
levels with iron level and erythropoietin requirement in prevalent 
hepatitis C virus positive hemodialysis patients. Nephrology (Carlton) 

2017. [Epub ahead of print]. doi: 10.1111/nep.13010.
49.	 Kohjima M, Yoshimoto T, Enjoji M, Fukushima N, Fukuizumi K, 

Nakamura  T, et  al. Hepcidin/ferroportin expression levels involve 
efficacy of pegylated‑interferon plus ribavirin in hepatitis C 
virus‑infected liver. World J Gastroenterol 2015;21:3291‑9. doi: 
10.3748/wjg.v21.i11.3291.

50.	 Georgopoulou U, Dimitriadis A, Foka P, Karamichali E, Mamalaki A. 
Hepcidin and the iron enigma in HCV infection. Virulence 
2014;5:465‑76. doi: 10.4161/viru.28508.

51.	 Bonkovsky HL, Naishadham D, Lambrecht RW, Chung RT, Hoefs JC, 
Nash  SR, et  al. Roles of iron and HFE mutations on severity and 
response to therapy during retreatment of advanced chronic hepatitis 
C. Gastroenterology 2006;131:1440‑51. doi: 10.1053/j.gastro. 
2006.08.036.

52.	 Pietrangelo A. Medical progress – Hereditary hemochromatosis – A 
new look at an old disease. New Engl J Med 2004;350:2383‑97. doi: 
10.1056/NEJMra031573.

53.	 Andrews  NC. Disorders of iron metabolism. N  Engl J Med 
1999;341:1986‑95. doi: 10.1056/NEJM199912233412607.

54.	 Cao  XL, Zhao  MF, Li  DG, Xing  Y, Zhang  YC, Chen  J, et  al. 
Establishment of macrophage model of iron overload in  vitro and 
the injury induced by oxidative stress on macrophage with iron 
overload  (in Chinese). Natl Med J China 2016;96:129‑33. doi: 
10.3760/cma.j.issn.0376‑2491.2016.02.012.

55.	 Hou WH, Rossi L, Shan Y, Zheng JY, Lambrecht RW, Bonkovsky HL. 
Iron increases HMOX1 and decreases hepatitis C viral expression in 
HCV‑expressing cells. World J Gastroenterol 2009;15:4499‑510. doi: 
10.3748/wjg.15.4499.

56.	 Hellen CU, Pestova TV. Translation of hepatitis C virus RNA. J Viral 
Hepat 1999;6:79‑87. doi: 10.1046/j.1365‑2893.1999.00150.x.

57.	 Izumi N, Enomoto N, Uchihara M, Murakami T, Ono K, Noguchi O, 
et al. Hepatic iron contents and response to interferon‑alpha in patients 
with chronic hepatitis C. Relationship to genotypes of hepatitis C 
virus. Dig Dis Sci 1996;41:989‑94. doi: 10.1007/bf02091542.


