Pathways underlying iron accumulation in human nonalcoholic fatty
liver disease1–3
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some investigators found an association of iron overload (6, 7)
and presence of HFE mutations (8) with more progressed
forms of NAFLD, this association was not confirmed by others (9 –11). Nevertheless, iron reduction therapy was found to
be beneficial with regard to NAFLD disease activity and insulin sensitivity (12, 13). Our knowledge of human iron metabolism has expanded over the past years because of the
identification of new molecules (14). Although cells acquire
iron via different pathways, which include the uptake of transferrin bound iron via transferrin receptors (TfRs) and of ferrous iron via the transmembrane protein divalent metal
transporter-1 (DMT-1), only one iron exporter has been characterized—the transmembrane protein ferroportin-1 (FP-1)
(15–17). After its transfer through the duodenal basolateral
membrane, iron undergoes oxidation by the membranebound, copper-containing ferroxidase hephaestin before being incorporated into transferrin for further transport in the
circulation (18). Hepcidin is a master iron-regulatory peptide
(19), which is secreted mainly by hepatocytes in response to
iron perturbations (20) and inflammation and hypoxia (21).
Hepcidin exerts its regulatory functions on iron homeostasis
via binding to FP-1, which thereby leads to FP-1 internalization, degradation, and thus to blockage of cellular iron export
(22). Important up-stream regulators of hepcidin expression
include hemojuvelin (HJV), a bone-morphogenetic protein
corecoeptor, (23) HFE, a nonclassic MHC class 1 molecule,
and TfR-2 (24)—a liver-specific iron uptake molecule. Mutations of these genes are associated with low hepcidin formation and hereditary iron overload syndromes (25). Importantly, although in quantitative terms the liver is the major
hepcidin-producing organ, macrophages (26, 27) and adipose
1

INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is the hepatic
manifestation of the metabolic syndrome and the most common cause of elevated liver enzymes in Western societies (1).
Hyperferritinemia has been frequently observed in patients
with the metabolic syndrome (2) and NAFLD (3). The term
insulin-resistance associated hepatic iron-overload syndrome was coined to describe the frequent association between hepatic steatosis and body iron overload (4). Typically,
in NAFLD, hepatic iron accumulation is mild and involves
hepatocytes as well as sinusoidal Kupffer cells (5). Although
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ABSTRACT
Background: Mild iron overload is frequently observed in nonalcoholic fatty liver disease (NAFLD).
Objective: We aimed to study putative pathways underlying iron
accumulation in NAFLD.
Design: Hepatic and duodenal expression of critical iron molecules
in NAFLD patients with (n ҃ 32) and without (n ҃ 29) iron overload,
hereditary hemochromatosis (n ҃ 10), and controls (n ҃ 20) were
investigated. Phlebotomy treatment was performed in 14 NAFLD
patients.
Results: The hepatic expressions of the iron-export protein
ferroportin-1 (FP-1) and of the iron-sensing molecule hemojuvelin
(HJV) were significantly lower in NAFLD patients. The mRNA
expression of the iron-regulatory peptide hepcidin was increased in
NAFLD patients with iron overload, which was paralleled by low
duodenal FP-1 expression. Hepatic mRNA and serum protein concentrations of tumor necrosis factor-␣ (TNF-␣) were increased in
NAFLD patients and were inversely correlated with both liver FP-1
and HJV mRNA and positively associated with body mass index and
hepatic hepcidin mRNA. Accordingly, TNF-␣ inhibited the FP-1
and HJV mRNA formation in HepG2 cells. Phlebotomy treatment of
NALFD patients reduced serum ferritin, transferrin saturation, and
TNF-␣ concentrations and improved liver function tests.
Conclusions: Iron accumulation in NAFLD may result from an impaired iron export due to down-regulation of FP1 and ineffective hepatic
iron sensing, as indicated by low HJV expression. TNF-␣ appears to
play a role in exerting these regulatory changes. Increased hepcidin
formation in iron-overloaded NAFLD patients, however, results in decreased duodenal FP-1 expression, whereas a reduction in liver FP-1
may perpetuate hepatic iron retention. Phlebotomy offers a safe and
efficient therapy for these metabolic disturbances.
Am J Clin Nutr
2008;87:1374 – 83.
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tissue (28) can also excrete hepcidin. Elevated serum concentrations of proinflammatory cytokines, such as tumor necrosis
factor-␣ (TNF-␣), have been observed in NAFLD (29) and
obesity (30). Moreover, TNF-␣ has been identified as an important regulator of iron homeostasis under inflammatory
conditions, mainly via its stimulatory effects on ferritin formation (31, 32). The aim of this study was to elucidate putative
mechanisms underlying iron accumulation in NAFLD by
studying the expression of iron homeostasis molecules in the
liver and duodenum.
SUBJECTS AND METHODS

Subjects

TABLE 1
Patients’ characteristics at baseline1
Group
Age (y)
HFE C282 heterozygous [n (%)]
HFE H63D heterozygous [n (%)]
Patients with NASH [n (%)]
Steatosis grade (0–3)
Siderosis grade (0–4)
HIC (g/g dry wt)
HII (mol 䡠 gҀ1 䡠 yҀ1)
Ferritin (mg/L)
Tf saturation (%)
AST (U/L)
ALT (U/L)
AP (U/L)
GGT (U/L)
BMI (kg/m2)
Fasting glucose (mg/dL)
Cholesterol (mg/dL)
Triglycerides (mg/dL)
HDL cholesterol (mg/dL)
LDL cholesterol (mg/dL)
Hemoglobin (g/dL)
Leukocytes (cells/mL)
Platelets (cells/mL)
ESR (mm/h)
1

NAFLD ѿ Fe
(n ҃ 32)

NAFLD
(n ҃ 29)

HH
(n ҃ 10)

Control
(n ҃ 20)

55.6 앐 9.62,3
4 (12.5)
6 (18.7)
6 (18.7)
1.4 앐 0.6
1.4 앐 0.7
1862.6 앐 948.53
0.59 앐 0.23
796.3 앐 313.63
38.5 앐 10.13
37.8 앐 15.5
53.1 앐 36.8
70.2 앐 16.6
79.5 앐 35.33
29.6 앐 3.33
115.6 앐 21.23
223.7 앐 44.3
184.7 앐 108.83
52.7 앐 16.13
143.5 앐 43.5
15.5 앐 1.3
6468 앐 1832
193 889 앐 33 648
5.3 앐 5.0

46.7 앐 14.64
3 (10.3)
6 (20.7)
5 (17.2)
1.6 앐 0.6
04
479.2 앐 231.84
0.24 앐 0.124
196.1 앐 117.74
25.2 앐 5.64
41.0 앐 19.6
59.8 앐 23.1
76.2 앐 20.7
85.5 앐 45.9
28.4 앐 4.6
102.9 앐 17.54
234.0 앐 51.8
175.2 앐 90.0
54.6 앐 18.6
147.8 앐 47.8
16.1 앐 1.4
7042 앐 1146
203 000 앐 41 642
4.8 앐 3.3

52.6 앐 11.2
0
0
1 (10)
0.5 앐 1.05
3.85 앐 0.35
7922.1 앐 4831.05
2.61 앐 1.335
2377.2 앐 1629.95
78.0 앐 12.05
34.0 앐 13.5
50.9 앐 22.6
107.2 앐 50.0
60.1 앐 87.2
25.6 앐 1.95
104.8 앐 17.45
199.8 앐 30.7
141.3 앐 95.8
55.3 앐 13.2
128.3 앐 32.3
15.1 앐 0.6
5524 앐 2435
204 333 앐 53 972
6.2 앐 4.6

45.6 앐 10.1
2 (10.0)
3 (15.0)
0
0
0
636.1 앐 203.4
0.34 앐 0.12
134.4 앐 94.3
26.7 앐 9.4
34.4 앐 11.7
50.9 앐 22.6
64.2 앐 32.0
51.2 앐 32.1
26.8 앐 2.5
94.7 앐 4.2
225.9 앐 46.6
103.0 앐 52.6
70.6 앐 21.5
141.0 앐 43.7
15.0 앐 1.6
5138 앐 2038
214 700 앐 63 577
5.1 앐 3.2

NASH, nonalcoholic steatohepatitis; HIC, hepatic iron content; HII, hepatic iron index; AST, aspartate aminotransferase; ALT, alanine aminotransferase;
AP, alkaline phosphatase; GGT, ␥-glutamyltransferase; Tf, transferrin; ESR, erythrocyte sedimentation rate; NAFLD, nonalcoholic fatty liver disease; ѿFe,
with iron overload; HH, hereditary hemochromatosis.
2
x 앐 SD (all such values).
3
Significant difference between controls and NAFLD ѿ Fe (P 쏝 0.05).
4
Significant difference between NAFLD and NAFLD ѿ Fe (P 쏝 0.05).
5
Significant difference between HH and NAFLD ѿ Fe (P 쏝 0.05).
Calculations for statistical differences were carried out by Student’s t test or Kruskal-Wallis test in the case of non-Gaussian distribution of variables and
adjusted by Bonferroni correction for multiple testing.
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Sixty-one patients with a diagnosis of NAFLD were included.
Ten patients with hereditary hemochromatosis (HH) homozygous for the C282Y mutation of the HFE gene were also studied.
Accordingly, subjects with a history of relevant alcohol intake
(쏜20g/d), viral hepatitis, autoimmune hepatitis, primary biliary
cirrhosis, Wilson disease, or ␣1-antitrypsin deficiency or taking
steatogenic medication were excluded.
None of the patients had signs of heart or renal insufficiency,
cancer, autoimmune diseases, or systemic infections. Patients
were considered to have NAFLD with iron overload when both

biochemical signs of iron overload— elevated serum ferritin
concentrations and hepatic iron deposition as indicated by positive Perls stain (0 – 4)—were detected. Accordingly, patients
with a histologic and clinical diagnosis of NAFLD and the absence of stainable iron and normal serum iron variables were
identified as having NAFLD without iron overload. Because
liver biopsy samples from truly healthy subjects could not be
obtained, 20 subjects (13 women, 7 men) who underwent liver
biopsy for unexplained elevation of liver enzymes were studied
as control subjects. These patients had no serologic or clinical
evidence of liver disease and normal liver histology. All control
subjects had normal biochemical iron variables and no liver iron
deposition. To screen for hemochromatosis-associated mutations in the HFE gene, C282Y, and H63D, genetic testing was
performed in all patients and controls as described (33). None of
the NAFLD patients studied were either homozygous for the
C282Y or H63D mutations or compound heterozygous, respectively. Ten HH patients were homozygous for the C282Y mutation in the HFE gene. All patients underwent percutaneous liver
biopsy, and the diagnosis of nonalcoholic steatohepatitis
(NASH) or NAFLD was established as detailed below. Twentysix NAFLD patients, 14 with and 12 without iron overload, and
10 control subjects underwent upper gastroduodenal endoscopy
as a part of the diagnostic workup or for suspected peptic ulcer
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disease. Written informed consent was obtained from all study
participants to use one biopsy specimen for scientific purposes.
The study was conducted in accordance with the ethical standards of the Helsinki Declaration of 1975 (revised in 1983).

resolved at a magnification of 25҂; and 4, massive granules
visible even at 10҂ magnification (35).

Histologic examination of liver biopsy samples

Venous blood was drawn after an overnight fast for determination of liver function, a full blood count, serum iron status
(including ferritin, transferrin, transferrin saturation, and serum
iron), C-reactive protein, erythrocyte sedimentation rate, and
fasting glucose and lipid concentrations by standardized, automated laboratory methods. Serum TNF-␣ was measured with the
use of Human TNF-␣/TNFSF1A (Quantikine HS ELISA; R&D
Systems, Minneapolis, MN), and the analysis was performed
according to the manufacturers’ instructions. Hepatic iron content (HIC) was measured by automated mass spectroscopy in
patients and healthy control subjects and was expressed as g/g
dry weight. The hepatic iron index was calculated as HIC/56/age
(mol/g/y).
RNA extraction from liver and duodenal biopsy samples
and quantitative real-time polymerase chain reaction
A small tissue portion of the liver biopsy sample was separated
and preserved for RNA and, when available, for protein extraction in Ambion’s RNAlater solution (Applera; Applied Biosystems, Brunnam Gebirge, Austria). Total RNA was extracted
from liver and duodenal tissue by using a guanidiniumisothiocynate-phenol-chloroform-based procedure, as described
previously (36). Reverse transcription was performed with 1 g

FIGURE 1. Hepatic mRNA expression of critical iron molecules in the control subjects (n ҃ 20), the patients with nonalcoholic fatty liver disease with
(NAFLDѿFe; n ҃ 29) and without (NAFLD; n ҃ 32) iron overload, and patients with hereditary hemochromatosis (HH; n ⫽ 10). mRNA from liver biopsy
samples was extracted, and the expression of genes of interest was determined by quantitative real-time polymerase chain reaction analysis. Values are expressed
as relative abundance normalized to ␤-actin cDNA concentrations and are presented as means (horizontal lines), 75th percentiles (boxes), and minimum to
maximum ranges (vertical lines). Calculations for statistically significant differences between groups were performed by Student’s t test and by nonparametric
Kruskal-Wallis test in the case of non-Gaussian distribution of variables. The values above each horizontal line denote the P values for the comparison of the
2 groups at the end of the line.
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The liver biopsy specimens were fixed in buffered formalin
and embedded in paraffin. Sections were stained with
hematoxylin-eosin, Mallory trichrome for morphologic evaluation, and Perls’ stain was used to determine the liver iron load. All
liver biopsy samples were at first analyzed independently by 2
pathologists unaware of the clinical data and the study objective
according to the criteria detailed below. In the case of differing
results from the histologic examination, samples were jointly
reassessed by these pathologists and the result agreed on was
used for the analysis. Liver biopsy samples were evaluated for the
degree of steatosis (0 –3), lobular inflammation (0 –3), and hepatocellular ballooning (0 –2) according to Kleiner et al (34).
NASH was diagnosed when the NASH Activity Score (NAS
score) was 욷5. A NAS score of 1–3 indicated NAFLD, and a
score of 4 indicated borderline NASH. In the present study,
patients with a NAS score of 4 were considered to have NASH.
Siderosis was determined semiquantitatively on histopathologic examination of Perls’ stained liver biopsy samples. A score
of 0 to 4 was determined: 0, granules absent or barely discernible
at a magnification of 400҂; 1, barely discernible granules at a
magnification of 200҂ but easily confirmed at 400҂; 2, discrete
granules resolved at 100҂ magnification; 3, discrete granules

Laboratory evaluation
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total RNA, random hexamer primers (5 mol/L), and dNTPs
(62.5 mol/L; Roche, Mannheim, Germany) and 200 U Molony
murine leukemia virus reverse transcriptase (Gibco, Gaithersburg, MD). TaqMan real-time polymerase chain reaction (PCR)
primers and probes were designed using Primer Express Software from Applied Biosystems (Vienna, Austria) and synthesized by Microsynth (Balgach, Switzerland). TaqMan probes
were labeled with the reporter dye 6-carboxyflurescein at the
5'-end and with 6-carboxy-tetramethyl-rhodamine at the 3'-end.
For quantification of mRNA expression of genes of interest, the
PCR reaction was carried on the MX4000 Multiplex Quantitative
PCR System (Stratagene, Amsterdam, Netherlands) exactly as
described (36). Specific cDNA concentrations were normalized
to the amount of ␤-actin in liver biopsy samples.
The sense and anti-sense primers and TaqMan probes listed
below were used (primer sense; primer anti-sense; probe). Commercially available probes for ␤-actin were obtained from Applied Biosystems and used according to the manufacturers’ instructions.
Downloaded from www.ajcn.org by guest on March 12, 2012

1) TfR-1: 5'-TCCCAGCAGTTTCTTTCTGTTTT-3', 5'-CTCAATCAGTTCCTTATAGGTGTCCA-3', 5'-CGAGGACACAGATTATCCTTATTTGGGTACCACC-3'
2) ferroportin: 5'-TGACCAGGGCGGGAGA-3', 5'-GAGGTCAGGTAGTCGGCCAA-3', 5'-CACAACCGCCAGAGAGGATGCTGTG-3'
3) hepcidin: 5'-TTTCCCACAACAGACGGGAC-3', 5'-AGCTGGCCCTGGCTCC-3', 5'-CAGAGCTGCAACCCCAGGACAGAGC-3'
4) hemojuvelin: 5'-CCCCCATGGCGTTGG-3', 5'-GCATGTTCTTAAATATGATGGTGAGC-3', 5'-CAACGCTACCGCCACCCGGA-3'
5) DMT-1: 5'-CATCGTGGGAGCTGTCATCA-3'; 5'-CCTGCTTATTGTTCCGGTTTACC-3'; 5'-CAACATGTACCTGCATTCTGCCTTAGTCAAGTCT-3'
6) TNF-␣: 5'-GGTGCTTGTTCCTCAGCCTC-3'; 5'- CAGGCAGAAGAGCGTGGTG Ҁ3'; 5'- CTCCTTCCTGATCGTGGCAGGCG Ҁ3'
Protein extraction from liver and duodenal biopsy
samples and Western blot analysis
Western blot analyses were carried out as described in detail
previously (37). Briefly, protein extracts from duodenal and liver
biopsy specimens were prepared by using radioimmunoprecipitation assay (RIPA) buffer (150 mmol/L NaCl, 1% Nonidet P-40,
0.5% deoxycholate, 0.1% sodium dodecyl sulfate, 50 mmol/L
Tris HCl, pH 8.0, 0.2 mmol/L phenylmethylsulfonyl fluoride, 1
g/mL pepstatin, and 0.5 g/mL leupeptin), and 10 g total
protein was used for immunoblotting. Blots were incubated with
0.5 g/mL mouse anti-human FP-1 antibody or ␤-actin antibody
for 1 h at room temperature and then stained with a horseradish
peroxidase– conjugated anti-mouse immunoglobulin antibody
(Dako, Copenhagen, Denmark).
Cell culture
HepG2 human hepatoma cells were cultured in RPMI 1640
medium supplemented with glutamine, penicillin, and streptomycin (100 U/mL) and 10% fetal calf serum. Cells were seeded
in 6-well plates at passages 5 to 15 at a density of 5 ҂ 105 cells
per well in 3 mL medium. After being allowed to adhere for 12 h,
the cells were either left untreated (control) or were treated with

FIGURE 2. FP1 protein expression in liver and duodenal biopsy samples
from control subjects and from the patients with nonalcoholic fatty liver
disease with (NAFLDѿFe) and without (NAFLD) iron overload. Representative biopsy samples were used for the determination of FP1 protein expression by Western blot analysis. Expression of ␤-actin in duodenal and liver
biopsy samples was analyzed and served as an internal loading control.
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10 ng/mL of TNF-␣ (PeproTech EC, London, United Kingdom)
for 24 h. Thereafter, cells were lysed with 1 mL RNA-Bee (TelTest, Friendswood, TX) per well, and RNA was extracted for
quantitative PCR of critical iron transporters.
Statistical analysis
Statistical analyses were carried out with SPSS software (version 13.0; SPSS Inc, Chicago, IL). Calculations of statistical
differences between the various groups were carried out by Student’s t test or by nonparametric Kruskal-Wallis test in the case
of non-Gaussian distribution of variables. Associations between
the various variables in the different groups were calculated by
using Spearman’s rank correlation technique, and Bonferroni
correction was used for multiple testing. The response to phlebotomy treatment was assessed by using paired t tests.
RESULTS

We observed significantly lower FP-1 mRNA (Figure 1) and
protein (Figure 2) expression in liver biopsy samples from
NAFLD patients with or without iron overload than in control
subjects. In comparison with controls, the expression of the ironsensing molecule HJV was significantly lower in NAFLD patients (Figure 1), with a more prominent reduction in ironoverloaded NAFLD subjects. HJV mRNA expression in patients
with HFE-associated hemochromatosis was similar to NAFLD
patients without iron overload and was significantly lower than
in controls. Hepatic TfR-1 mRNA expression was significantly
lower in patient groups with iron overload, namely HH and
NAFLD patients, than in healthy controls and NAFLD patients
without hepatic iron accumulation (Figure 1). We found hepatic
hepcidin mRNA expression in HH patients to be significantly
lower than in controls and NAFLD patients. However, hepcidin
mRNA expression was significantly higher in NAFLD patients
with iron overload than in controls and NAFLD subjects without
iron overload (Figure 1).
Iron absorption via enterocytes is pivotal for the regulation of
body iron homeostasis. We determined the expression of key iron
metabolism genes in the intestine. The expression of the apical
iron transporter DMT-1 was not different between healthy control subjects and NAFLD patients with or without iron (Figure
3). As in the liver, we observed lower duodenal FP-1 mRNA
expression in NAFLD patients than in control subjects (Figure
3). However, duodenal FP-1 protein expression was only significantly reduced in NAFLD patients with iron accumulation (Figure 2).
NAFLD patients have elevated TNF-␣ concentrations
Because the key proinflammatory cytokine TNF-␣ is known
to be elevated in visceral obesity and NAFLD and because this
cytokine has been shown to modulate body iron homeostasis, we
studied TNF-␣ mRNA expression in the liver and measured
serum TNF-␣ concentrations. Hepatic TNF-␣ expression was
higher in NAFLD patients than in controls, with a further elevation in NAFLD subjects with iron overload (Figure 4). Likewise,
we found the highest serum TNF-␣ concentrations in NAFLD
patients with iron overload (Figure 4).

FIGURE 3. Expression of mRNA in duodenal biopsy samples from the control subjects (n ҃ 10) and from the patients with nonalcoholic fatty liver disease
with (NAFLDѿFe; n ҃ 14) and without (NAFLD; n ҃ 12) iron overload. mRNA from duodenal biopsy samples was extracted, and the expression of the genes
of interest was determined by quantitative real-time polymerase chain reaction analysis. Values are expressed as relative abundance normalized to ␤-actin cDNA
concentrations and are presented as means (horizontal lines), 75th percentiles (boxes), and minimum to maximum ranges (vertical lines). Calculations for
statistically significant differences between groups were done by Student’s t test and by non-parametric Kruskal-Wallis test in the case of non-Gaussian
distribution of variables. The values above each horizontal line denote the P values for the comparison of the 2 groups at the end of the line.
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When investigating the NAFLD patients, we found that patients with iron overload were older than were patients without
iron overload (Table 1). However, iron-overloaded NAFLD
patients and NAFLD patients without liver iron accumulation
were not different with regard to the frequency of HFE gene
mutation carrier rates, the results of histologic grading, staging of
fatty liver disease, and prevalence of NASH. Moreover, no differences in body mass index (BMI), liver transaminase, serum
cholesterol, and triacylglycerol concentrations were observed
between NAFLD patients with and without iron overload. However, NAFLD patients with iron overload had significantly
higher concentrations of fasting glucose. Besides having a higher
HIC and higher degree of siderosis, iron-overloaded NAFLD
patients also had significantly higher serum ferritin concentrations and transferrin saturation than did NAFLD patients without
iron overload. Importantly, patients with hereditary hemochromatosis had both, significantly higher serum and liver iron variables than NAFLD subjects with iron overload (Table 1),
whereas none of the NAFLD patients with iron overload fulfilled
the criteria for hemochromatosis (38). The prevalence of heterozygosity for the HFE C282Y and H63D mutations in NAFLD
patients with and without iron overload and control subjects was
comparable with that of the prevalence of the HFE gene mutation
in the Central European white population studied (33).

Expression of critical iron metabolism genes in the liver
and duodenum of NAFLD patients
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FIGURE 4. Expression of tumor necrosis factor-␣ (TNF-␣) mRNA in the liver and serum concentrations of TNF-␣ for control subjects (n ҃ 20), the patients
with nonalcoholic fatty liver disease with (NAFLDѿFe; n ҃ 29) and without (NAFLD; n ҃ 32) iron overload, and patients with hereditary hemochromatosis
(HH; n ⫽ 10). mRNA from liver biopsy samples was extracted, and TNF-␣ mRNA expression was determined by quantitative real-time polymerase chain
reaction analysis, and values are expressed as the relative abundance of TNF-␣ normalized to ␤-actin cDNA concentrations. Concentrations of serum TNF-␣
were determined by enzyme-linked immunosorbent assay, and all data are presented as means (horizontal lines), 75th percentiles (boxes), and minimum to
maximum ranges (vertical lines). Calculations for statistically significant differences between groups were performed by Student’s t test and by non-parametric
Kruskal-Wallis test in the case of non-Gaussian distribution of variables. The value above each horizontal line denotes the P value for the comparison of the
2 groups at the end of the line.

Due to known mutual interaction of key iron-regulatory molecules and regulation by cellular iron content we studied putative
functional interactions by means of Spearman rank correlation
analysis in controls and NAFLD patients, excluding HH patients
(Table 2). This calculation provided evidence of a significant
correlation between liver HJV, TfR, and FP-1 mRNA expression. In addition, serum ferritin concentrations correlated with
the mRNA expression of hepatic iron-regulatory molecules investigated, namely FP-1, HJV, TfR-1, and hepcidin. Hepcidin
mRNA expression was well correlated with the degree of siderosis and serum ferritin. BMI was negatively associated with
hepatic and duodenal FP-1 and hepatic HJV mRNA expression
but positively linked to hepatic TNF-␣ mRNA formation. Furthermore, we found that hepatic TNF-␣ mRNA was negatively
associated with hepatic FP-1 and HJV mRNA expression and to
be positively associated with serum ferritin, HIC, and liver hepcidin mRNA (Table 2).

Regulation of ferroportin and HJV expression by TNF-␣
in HepG2 cells
Hence, we set up in vitro experiments using HepG2 cells to
identify a possible direct effect of TNF-␣ on the expression of
HJV and FP-1. As shown in Figure 5, treatment of HepG2 cells
with TNF-␣ resulted in a significant reduction in both FP-1 and
HJV mRNA compared with untreated control cells, whereas
TfR-1 expression remained unchanged.
Clinical effects of phlebotomy in iron-overloaded NAFLD
patients
After the liver biopsies were performed, we conducted biweekly phlebotomies (500 mL blood) in 14 iron-overloaded
NAFLD patients until serum ferritin was 앒100 g/L; these patients were followed-up 6 mo after the last phlebotomy. In response to phlebotomy treatment, we observed a fast decrease in
transferrin saturation close to the lower limit of normal, even
after the second phlebotomy (21.1 앐 4.5%), and a slower but

TABLE 2
Selected clinical and biochemical Spearman rank correlation coefficients (R) in the study cohort1

Serum TNF-␣
Liver TNF-␣
Liver FP-1
Liver HJV
Liver TfR-1
Liver hep
dd DMT-1
dd FP-1
HIC
Sid
Ferritin

Liver TNF-␣

Liver FP-1

Liver HJV

Liver TfR-1

Ҁ0.125

Ҁ0.273
Ҁ0.5323

Ҁ0.309
Ҁ0.3322
0.5543

Ҁ0.119
Ҁ0.142
0.4543
0.5493

2

2

Liver hep
0.031
0.5333
Ҁ0.146
0.078
0.152

dd DMT-1
0.038
0.268
Ҁ0.238
Ҁ0.226
Ҁ0.279
0.181

dd FP-1
0.037
Ҁ0.085
0.253
0.352
0.072
0.173
0.5173

HIC
0.191
0.3432
0.078
0.074
0.076
0.271
0.001
0.273

Sid
0.246
0.5493
Ҁ0.4122
Ҁ0.3532
Ҁ0.3602
0.5313
0.227
Ҁ0.199
0.5443

Ferritin
2

0.386
0.5993
Ҁ0.3212
Ҁ0.5313
Ҁ0.3943
0.4092
0.207
0.095
0.3983
0.8423

BMI
0.3092
0.3512
Ҁ0.4993
Ҁ0.2712
0.113
0.250
Ҁ0.138
Ҁ0.4912
0.083
0.212
0.278

1
Correlation analysis included complete data from patients with nonalcoholic fatty liver disease with (n ҃ 21) and without (n ҃ 22) iron overload and
control subjects (n ҃ 16; all subjects combined, n ҃ 59). FP1, ferroportin 1 mRNA expression; HJV, hemojuvelin mRNA expression; TfR-1, transferrin receptor
1 mRNA expression; hep, hepcidin mRNA expression; dd DMT-1, duodenal DMT-1 mRNA expression; dd FP1, duodenal ferroportin 1 mRNA expression;
HIC, hepatic iron content; sid, siderosis on histologic examination; TNF-␣, tumor necrosis factor-␣.
2
P 쏝 0.05.
3
P 쏝 0.01.
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constant decline of serum ferritin concentrations. In parallel, we
observed a significant reduction in serum TNF-␣ concentrations
along with an improvement in liver function test results (Table
3). To estimate the amount of systemic iron overload, total iron
removed during phlebotomy treatment was calculated as 0.5 mg
Fe/mL blood removed. A total of 1880.4 앐 904.6 mg Fe was
removed during phlebotomy treatment in these 14 patients. We
found that the calculated amount of iron removed in these phlebotomized patients was significantly correlated with the HIC of
liver biopsy samples (R ҃ 0.923, P 쏝 0.001) and with initial
serum ferritin concentrations (R ҃ 0.570, P ҃ 0.032). Serum
ferritin concentrations increased significantly within 6 mo after
discontinuation of phlebotomy treatment (210.3 앐 92.6; P ҃
0.002), which indicated iron re-accumulation in these patients.
DISCUSSION

In this study we investigated putative molecular pathways
underlying iron perturbations in patients with NAFLD. In line
with previous investigations, we found the extent of iron overload in NAFLD patients to be mild compared with that in patients
with hereditary hemochromatosis and to be overestimated by
serum ferritin (4, 39).
TABLE 3
Changes in laboratory variables after phlebotomy treatment1

Serum ferritin (mg/L)
Tf saturation (%)
Hemoglobin (g/dL)
AST (IU/L)
ALT (IU/L)
TNF-␣ (ng/mL)

Before
phlebotomy

After
plebotomy

P2

918.9 앐 352.4
42.9 앐 14.2
15.6 앐 1.3
33.9 앐 22.7
40.5 앐 20.2
2.7 앐 3.1

111.0 앐 74.1
17.9 앐 4.3
13.5 앐 1.1
28.6 앐 17.7
29.0 앐 13.2
1.7 앐 2.0

0.001
0.001
0.001
0.008
0.001
0.036

1
All values are x 앐 SD. Tf, transferrin; AST, aspartate aminotransferase; ALT, alanine aminotransferase; TNF-␣, tumor necrosis factor-␣.
2
Calculations for statistical differences in response to phlebotomy
treatment were performed by paired t tests.

Analysis of iron-regulatory molecules in liver tissue revealed a striking down-regulation of the liver iron exporter
FP-1 and the iron sensing molecule HJV. Because FP-1 is the
only known iron exporter in hepatocytes and in sinusoidal
Kupffer cells, decreased FP-1 protein expression corresponds
to the characteristic histologic pattern of iron deposition observed in NAFLD (5). The down-regulation of FP-1 mRNA in
enterocytes and hepatocytes, both of which correlated with
BMI and TNF-␣ concentrations, suggests that this occurs via
a similar mechanism in the liver and the duodenum linked to
visceral adipose tissue and associated inflammation. The assumption of a causative association between decreased hepatic FP-1 mRNA and protein expression in NAFLD patients
and hepatic and systemic inflammation in vivo was supported
further by decreased FP-1 formation in HepG2 cells on stimulation with TNF-␣ in vitro. Moreover, we found that the
NAFLD patients responded to phlebotomy with a fast decrease in transferrin saturation and a gradual decline in serum
ferritin, which indicates the slow mobilization of iron from
storage sites, as was postulated previously (40). These
changes in serum iron variables with phlebotomy treatment
and down-regulation of the iron-export molecule FP-1 suggest that impaired release of iron from liver cells is a primary
molecular mechanism underlying iron accumulation in patients with NAFLD. Moreover, we observed that the hepatic
expression of the master iron-regulatory peptide hepcidin increased in NAFLD patients with progressive iron accumulation. Thus, the increased hepcidin concentrations in our patients most likely reflect the physiologic response to liver iron
accumulation (20), because hepcidin concentrations in
NAFLD patients without iron accumulation were similar to
hepcidin mRNA concentrations in control subjects. Increased
hepcidin formation in iron-overloaded NAFLD patients may
thus be responsible for the observed down-regulation of FP-1
protein expression in the duodenum, which thereby limits iron
absorption. However, the same mechanisms may facilitate
iron retention within the liver, which contributes to ironmediated radical formation and tissue damage in this organ as
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FIGURE 5. Modulation of mRNA expression of iron metabolism genes by tumor necrosis factor-␣ (TNF-␣) in HepG2 cells. HepG2 human hepatoma cells
were cultured and treated with TNF-␣ (10 ng/mL) for 24 h or left untreated (control). mRNA concentrations of the indicated iron metabolism genes were
determined by quantitative real-time polymerase chain reaction and normalized to the mRNA expression levels of the housekeeping gene ␤-actin. Data are
expressed as relative amounts of the unstimulated control. Data are presented as means (horizontal lines), 75th percentiles (Boxes), and minimum to maximum
ranges (vertical lines). *Statistically significant difference between the 2 groups as determined by Student’s t test (P 쏝 0.05).
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we also found hepatic hepcidin mRNA expression to be significantly increased. Because hepcidin has been established as the
key regulator of mammalian iron homeostasis via posttranslational regulation of cellular FP-1 expression (22), our results
suggest that hepatic iron accumulation induces hepcidin formation as an adequate metabolic response that consecutively leads
to decreased duodenal iron absorption (44). It thus appears that
hepatic iron overload in NAFLD develops despite low (and probably quantitatively not sufficiently decreased), intestinal iron
absorption, whereas iron is retained in liver cells.
In response to phlebotomy treatment, we observed improvements in liver function tests and a reduction in serum TNF-␣
concentrations. Phlebotomy treatment was previously shown to
be safe and beneficial with regard to insulin sensitivity in
NAFLD patients (13, 39, 45). We suggest that these positive
effects of iron reduction via phlebotomy might, at least in part, be
related to lower TNF-␣ formation in response to iron depletion.
Thus, removal of iron goes along with a subsequent reduction in
oxidative stress via the Fenton reaction (46) and TNF-␣ formation, which highlights the usefulness of phlebotomy as a simple
and effective add-on treatment option for patients with NAFLD.
Hence, it appears that mutual interactions between iron perturbations and inflammation take place in human NAFLD, because
inflammatory stimuli contribute to liver iron retention, and iron
accumulation augments the inflammatory response.
Considering both the regulation of iron transporters in the liver
and the duodenum, the origin of observed iron perturbations in
NAFLD appears to be linked to visceral obesity and consecutive
metabolic and inflammatory changes. We investigated TNF-␣ as

FIGURE 6. Proposed model of perturbations occurring in nonalcoholic fatty liver disease (NAFLD) iron homeostasis. A: Regulation of iron homeostasis
under physiologic conditions. The amount of iron absorbed via duodenal enterocytes is tightly regulated by hepcidin according to body iron demands; hardly
any iron deposits are found in the liver. B: Summary of changes in iron metabolism observed in NAFLD without iron overload. Low expressions of ferroportin-1
(FP-1) and hemojuvelin (HJV) are characteristic of NAFLD, even in the absence of iron accumulation; however, because no excess iron is deposited in the liver,
hepcidin and consecutively duodenal FP-1 expressions are similar to those in control subjects. C: Changes in iron homeostasis in NAFLD with iron
accumulation. Iron accumulates in NAFLD in association with significantly increased local and systemic mediators of inflammation, such as tumor necrosis
factor-␣ (TNF-␣), which most likely originates from expanding adipose tissues. Iron is progressively retained mainly because of impaired iron export from liver
cells via cytokine–mediated down-regulation of ferroportin. Hepatic iron accumulation stimulates hepcidin formation, which results in the blockage of duodenal
iron uptake to compensate for liver iron overload. DMT-1, divalent metal transporter-1.
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reflected by increases in liver function indicators and their
normalization with iron removal via phlebotomy in ironoverloaded NAFLD patients. In parallel, we found the hepatic
HJV mRNA expression to be significantly lower in NAFLD
patients than in control subjects. So far, HJV has been identified as a key up-stream regulator of hepcidin formation in
response to iron accumulation, with a particular role in the
sensing of dietary iron overload independently of inflammation (41). However, because hepcidin formation appears to be
appropriate with regard to iron overload in NAFLD, the pathophysiological significance of markedly decreased HJV expression in such patients remains to be elucidated. This is
important because impaired iron sensing due to downregulation of hepatic HJV can lead to progressive iron accumulation as shown in juvenile hemochromatosis (42) and in
HJV knockout mice (41). This goes along with the observations of reduced FP1 expression in HJV-deficient mice on
induction of an inflammatory stage (41) and with the selective
decrease of HJV mRNA concentrations in TNF-␣–injected
mice (43). Moreover, we found that TfR-1 mRNA decreased
in NAFLD patients with iron accumulation and in patients
with HH. This is likewise a reflection of liver iron overload
and the consecutive metabolic down-regulation of TfR-1
mRNA via interactions between iron-regulatory proteins and
iron-responsive elements (14).
In our analysis of duodenal iron transporters, we found duodenal FP-1 mRNA to be lower in all NAFLD patients than in
control subjects. However, FP-1 protein expression was only
reduced in iron-overloaded NAFLD patients. In these patients
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a key cytokine known to be involved in the pathogenesis of
NAFLD (29) and capable of regulating important molecules of
iron homeostasis. The positive associations of TNF-␣ with BMI
together with the well described formation of this cytokine by
adipose tissue suggests that elevated TNF-␣ concentrations observed in NAFLD are at least in part a consequence of obesity
(47). Nonetheless, because multiple cytokines and adipokines
are crucial in the pathogenesis of NAFLD and insulin resistance,
other adipose tissue– derived molecules besides TNF-␣ are
likely to be involved in mediating changes in NAFLD iron homeostasis. A summary of perturbations of NAFLD iron homeostasis based on our findings is shown in Figure 6.
In conclusion, our findings suggest that perturbations of iron
homeostasis observed in NAFLD patients are mainly a consequence
of decreased iron mobilization from cells due to low expression of
the iron exporter FP-1 and HJV. Progressive iron retention in the
liver induces hepcidin formation to counterbalance hepatic iron accumulation by reducing duodenal iron absorption. Inflammatory
cytokines of excess adipose tissue and the steatotic liver appear to be
important mediators of NAFLD iron perturbations; however, phlebotomy treatment represents a safe and effective treatment option to
ameliorate detrimental effects of iron.
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