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Abstract
Hepcidin regulation is linked to both iron and inflammatory signals and may influence iron
loading in nonalcoholic steatohepatitis (NASH). The aim of this study was to examine the
relationships among HFE genotype, serum hepcidin level, hepatic iron deposition and histology in
nonalcoholic fatty liver disease (NAFLD). SNP genotyping for C282Y (rs1800562) and H63D
(rs1799945) HFE mutations was performed in 786 adult subjects in the NASH Clinical Research
Network (CRN). Clinical, histologic, and laboratory data were compared using nonparametric
statistics and multivariate logistic regression. NAFLD patients with C282Y, but not H63D
mutations, had lower median serum hepcidin levels (57 vs 65 ng/ml, p=0.01) and higher mean
hepatocellular (HC) iron grades (0.59 vs 0.28, p<0.001), compared to wild type (WT) subjects.
Subjects with hepatic iron deposition had higher serum hepcidin levels than subjects without iron
for all HFE genotypes (p<0.0001). Hepcidin levels were highest among patients with mixed HC/
reticuloendothelial system cell (RES) iron deposition. H63D mutations were associated with
higher steatosis grades and NAFLD activity scores (OR≥1.4, CI >1.0≤2.5, p≤0.041), compared to
WT, but not with either HC or RES iron. NAFLD patients with C282Y mutations had less
ballooning or NASH (OR ≤0.62, 95% CI >0.39<0.94, p≤0.024) compared to WT subjects.

Conclusions—Presence of C282Y mutations in patients with NAFLD is associated with greater
HC iron deposition and decreased serum hepcidin levels and there is a positive relationship
between hepatic iron stores and serum hepcidin level across all HFE genotypes. These data
suggest that body iron stores are the major determinant of hepcidin regulation in NAFLD
regardless of HFE genotype. A potential role for H63D mutations in NAFLD pathogenesis is
possible through iron-independent mechanisms.
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INTRODUCTION
Hemochromatosis gene (HFE) mutations may exacerbate chronic liver diseases through
increased iron accumulation and subsequent oxidative stress (1). Nonalcoholic fatty liver
disease (NAFLD) is the most common liver disease in North America and much of the
developed world; children and possibly as many as a third of all US adults are affected (2).
A number of previous studies, especially those conducted in predominantly Caucasian
populations, reported that HFE mutations were enriched among NAFLD patients compared
to controls, suggesting these genotypes may confer increased risk of NAFLD (3-8).
However these studies have been limited by inadequate power, small sample size, lack of
standardized pathology and lack of data on iron distribution. A recent meta-analysis of 1,727
NAFLD Caucasian cases and 4,275 controls concluded that HFE mutations were not more
prevalent among NAFLD than non-NAFLD subjects (9). Several studies have found that
HFE mutations are associated with higher hepatic and/or serum iron indices in NASH
patients (4-8, 12, 14). Some studies have also examined the relationship between presence of
HFE mutations and severity of fibrosis in NASH (3-14). However, carriage of HFE
mutations has not been identified as an independent risk factor for advanced fibrosis among
patients with NAFLD or NASH in the majority of reports (6, 9-14).

We have recently reported that more than one-third of US patients enrolled in the
Nonalcoholic Steatohepatitis Clinical Research Network (NASH CRN) had stainable hepatic
iron on liver biopsy in one of the following three histologic patterns: hepatocellular only
(HC, 7.4%), reticuloendothelial system cells only (RES, 10.7%), or a mixed HC/RES pattern
(16.3%)(15). In addition, RES iron was associated with advanced histologic features,
including a higher mean NAFLD Activity Score (NAS). By contrast, an HC only pattern of
iron deposition was associated with milder histologic and clinical features compared to the
other groups, and the mixed HC/RES iron group had intermediate histologic severity. We
proposed that the pattern of hepatic iron deposits in NAFLD is due to differential expression
of the body iron regulatory hormone, hepcidin by genetic factors and inflammatory signals
(15).

Hepcidin regulates iron absorption and recycling by binding to and initiating internalization
and degradation of the sole cellular iron exporter ferroportin, thus down-regulating iron
efflux from the enterocyte, macrophage and hepatocyte (16). Elevated body iron stores or
plasma transferrin levels result in hepcidin up regulation via the SMAD/BMP/HJV pathway
(17) or through the HFE/TFR1/TFR2 complex, respectively (18-20). Hemochromatosis
patients with mutations in the HFE, HJV and TFR2 genes have been shown to have
inappropriately low urinary hepcidin levels allowing unregulated iron absorption resulting in
hepatic iron loading in the classic hemochromatosis parenchymal HC pattern (21, 22). Thus,
HC iron deposition in NAFLD, similar to that seen hemochromatosis, could be associated
with decreased circulating hepcidin levels due to carriage of hemochromatosis mutations
such as HFE, HJV, TFR2 or other iron-regulatory genes such as those involved in the
SMAD/BMP pathway.

The goal of this study was to investigate the relationship between the two common HFE
mutations, serum hepcidin levels, hepatic iron deposition and histologic features of NASH
in the large, well characterized NASH CRN cohort.

MATERIALS AND METHODS
Patients

A total of 888 adult (age≥18 years) subjects enrolled into the NASH CRN Database and
PIVENS therapeutic trial, based on inclusion criteria described elsewhere (23, 24), between
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October 2004 and February 2008, having biopsy-proven NAFLD (defined as >5% steatosis)
and hepatic iron staining results were evaluated in the present study. From this group, 787
subjects with available DNA that had previously consented to provide DNA for genetic
analysis were genotyped for the two common HFE gene mutations. Patients with known
hemochromatosis (defined as presence of hepatic iron index [hepatic iron (μmol/g)/age
(years)] ≥1.9 or removal of more than 4 g of iron by phlebotomy), C282Y homozygosity for
the HFE gene or unexplained hepatic iron overload (≥3+ stainable iron on liver biopsy) were
excluded from all NASH CRN studies. One subject without hepatic iron deposition and a
normal serum ferritin level was C282Y homozygous and was excluded from the study.
Demographic information such as age, sex, ethnicity, and race and medical history to
identify co-morbidities and medications were obtained from patient interviews during
screening. A physical exam including body weight and height measures was performed.
Laboratory data including hepatic, hematologic, metabolic, lipid and serum iron and
hepcidin levels were analyzed. Total dietary consumption of iron, vitamin C, tea and coffee
were determined from the Block 98 food frequency questionnaire; (NutritionQuest,
Berkeley, CA); alcohol consumption was determined from the AUDIT-C questionnaires
completed during study visits closest to the time of biopsy (25).

HFE genotyping
Genotyping for the two common HFE mutations C282Y (rs1800562) and H63D
(rs1799945) was performed using a real time genotyping assay. Briefly, 10 ng of genomic
DNA was plated into 384 well plates using a Beckman Coulter Biomek FX robotic
workstation. Each 5 μl reaction containing DNA, fluorescently labeled MGB-Eclipse probes
(Epoch Bioscience, Bothell WA) and 0.3 u JumpStart Taq (Sigma-Aldrich, St. Louis, MO,
USA) were analyzed on an ABI HT7900. Primer sequences are as follows:

C282Y (rs1800562):Forward 5’AATAAATCATAAGGGCTGGATAACCTTGGCT3’,
Reverse 5’ CAGTCACATACCCCAGATCACAATGAG3’

H63D (rs1799945):Forward 5’AATAAATCATAAGTGGATGACCAGCTGTTCGT3’,
Reverse 5’AATAAATCATAACTGGAAACCCATGGAGTTC3’

Serum hepcidin assay
Serum hepcidin levels were determined by ELISA (Intrinsic Life Sciences, San Diego, CA)
(26). The lower limit of detection in this assay is 5 ng/ml. Ten subjects did not have serum
available to be assayed. Subjects with undetectable serum hepcidin levels (15/777, 1.9%)
were included in the analysis at the detectable limit of 5 ng/ml, in the following proportions:
C282Y/H63D (2/13, 15.4%), C282Y/WT (2/89, 2.2%), H63D/WT (3/174, 1.7%), WT/WT
(8/483, 1.7%) and H63D/H63D (0/17, 0%).

Histological assessment
Histologic features of NAFLD and iron accumulation were assessed by the Pathology
Committee of the NASH CRN in a centralized consensus review format as previously
described (15, 27). In addition to generating individual scores that comprise the composite
for the NAFLD Activity Score (NAS), fibrosis stage, and other histologic variables, a
pattern-based diagnosis is also rendered. Iron is scored for visibility at various microscopic
magnifications, localization in cellular compartments (HC, RES, parenchymal, portal/
septal), and zonality when HC.

Statistical analysis
Baseline demographic, clinical, and laboratory characteristics were recorded as number and
percentage for categorical data and means and standard deviation or median and
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interquartile range for continuous data. Continuous variables including laboratory measures
were not normally distributed and were analyzed using the Wilcoxon rank sum or Kruskal-
Wallis with Dunn’s post-hoc tests. Differences in mean histological scores such as HC and
RES iron grade, steatosis grade, fibrosis stage, lobular inflammation grade and NAS
between HFE genotypes and WT/WT subjects were analyzed using multivariate ordinal
logistic regression after adjustment for confounding variables such as sex, age, BMI and
presence of diabetes, history of GI bleeding or iron overload, dietary or supplemental iron
and vitamin C. Multivariate logistic regression analysis was used to investigate the
independent association of HFE genotype and HC iron phenotype to the most severe
categories of each histologic feature and NASH diagnosis after adjustment for sex, age,
BMI, ALT, HOMA-IR and presence of diabetes. When presence of HC iron was used as the
dependent variable, the presence of any HFE mutation as a dichotomous variable (Y/N) was
included as an independent variable in the model. Conversely, each HFE genotype (C282Y/
WT and C282Y/H63D or H63D/WT and H63D/H63D) was modeled individually including
the presence of any HC iron as a dichotomous independent variable (Y/N). The relationship
between hepcidin and HC or RES grade was investigated using linear regression analysis.
All analyses were performed using STATA (version 9, College Station, TX, USA).
Nominal, two-sided P-values were used and were considered to be statistically significant if
p<0.05.

RESULTS
Patient characteristics

A total of 786 adult NASH CRN subjects with biopsy proven NAFLD and available DNA
and serum for HFE genotyping and serum hepcidin measurements were included in the
study. The characteristics of the study cohort are shown in Table 1, including the number
and proportion of the total cohort with each HFE genotype. C282Y (11%) and H63D (23%)
heterozygote frequencies were similar to that previously reported in the US by us and others
(8, 9). C282Y/H63D and H63D/H63D genotypes were both present in about 2% of subjects.
There were no differences between genotypes in clinical data such as age, sex, BMI, and the
prevalence of obesity or diabetes. The majority of patients with HFE mutations were
Caucasian (279/296, 94%) and 42% of all Caucasians had at least one HFE mutation. As
expected, there were lower proportions of other racial groups with HFE mutations compared
to Caucasians especially for the C282Y mutation.

Relationship between laboratory data and HFE genotype
Differences in serum hepcidin, aminotransferases and serum iron studies between patients
with different HFE genotypes are shown in Table 2. C282Y heterozygotes had significantly
lower median serum hepcidin (p=0.039) and AST levels (p=0.016) compared to WT
patients. C282Y/H63D patients had higher serum iron markers including iron (p=0.039),
percent transferrin-iron saturation (TS) (p=0.001) and lower total iron binding capacity
(TIBC) (p=0.0007), and just missed statistical significance for hepcidin (p=0.0501). H63D
homozygotes had higher TS compared to WT subjects (p=0.033). No other laboratory tests
including fasting insulin, glucose, lipid or HOMA-IR levels were significantly different
between groups (data not shown).

Relationship between HFE genotype, serum hepcidin level and pattern and degree of
hepatic iron deposition

The proportion of subjects with each hepatic iron phenotype according to HFE genotype is
shown in Figure 1A. Subjects with C282Y mutations (i.e., C282Y/WT or C282Y/H63D
genotypes) were significantly more likely to have HC iron deposition either alone or in a
mixed pattern compared to WT/WT subjects (p<0.05); 12% of C282Y/WT heterozygotes
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had stainable iron only in HC while 34% had any HC iron compared to 6% (p=0.03) and
21% (p=0.007) among WT/WT subjects, respectively. Subjects with H63D mutations were
not more likely to have HC iron deposits than WT/WT patients. The proportion of subjects
with C282Y mutations and either HC iron only or HC/RES mixed iron patterns, (both 20%
of the total subjects within each pattern) was significantly greater than the proportion of
subjects with C282Y mutations and either no stainable iron (12%) or RES only iron (6%)
(p<0.05 for all except HC only vs RES only p=0.06, Fig 1B). There were no differences in
the proportion of subjects with H63D mutations between any of the iron staining patterns
(range 24%-29%).

C282Y/WT and C282Y/H63D subjects also had a higher grade of HC iron compared to
those with WT/WT genotype (mean grade 0.51 and 1.15, respectively vs 0.28); the C282Y/
WT or C282Y/H63D genotype was independently associated with increased HC iron
deposition after adjustment for other potential contributing factors selected a priori including
age at biopsy, sex, BMI, history of GI bleeding or iron overload, dietary or supplemental
iron and vitamin C, (OR ≥2.4, 95% CI >1.4≤23.4, p≤0.001;see Figure 2). The H63D/WT or
H63D/H63D genotypes were not associated with either the presence or grade of HC iron.
There were no significant differences in the presence or grade of RES iron for any HFE
genotype compared to WT/WT.

We sought to investigate the relationship between serum hepcidin levels and HFE mutations
among NAFLD subjects with and without hepatic iron deposition. As shown in Figure 3,
median hepcidin values were significantly lower among C282Y subjects, compared to WT
subjects with, [82 ng/ml, IQR (64-108) vs 98 (72-131), p=0.04] or without stainable hepatic
iron [35 ng/ml, IQR (13-68) vs 55 (30-81), p=0.0003]. In all HFE genotype groups, subjects
with stainable hepatic iron had significantly higher serum hepcidin levels than subjects
without stainable iron (p<0.0001). There was a significant positive association between
hepcidin and both HC (beta 0.37, p<0.001) and RES iron grade (beta 0.42, p<0.001). We
also found that serum hepcidin was significantly different across different hepatic iron
phenotype groups (p<0.0001) (see Figure 4). In post-hoc pairwise comparisons, subjects
without iron staining [51 ng/ml, IQR (28-78)] had significantly lower serum hepcidin
compared to subjects with HC [70 ng/ml, IQR (55-107)], RES [86 ng/ml, IQR (65-117)] and
mixed HC/RES iron distribution [100 ng/ml, IQR (77-140)] (p<0.0001 for all).

Histologic differences between HFE genotypes
Differences in mean histological scores such as steatosis grade, fibrosis stage, lobular and
portal inflammation grade and the NAFLD Activity Score (NAS) between patients with
HFE mutations and WT subjects were analyzed using ordinal logistic regression after
adjustment for sex, age, BMI and presence of diabetes (Table 3). Differences in the
proportion of subjects with a definitive diagnosis of NASH between HFE genotypes were
analyzed using logistic regression after adjustment for sex, age, BMI and presence of
diabetes (Table 3). Subjects with any HFE mutation had a higher steatosis grade than WT
subjects (1.9 ± 0.8 vs 1.8 ± 0.8, OR 1.5, 95% CI 1.2-2.1, p=0.001). Subjects with H63D
mutations had higher steatosis grades than WT subjects (2.0 ± 0.8 vs 1.8 ± 0.8, OR 1.7, 95%
CI 1.2-2.3, p=0.001) and higher NAS (4.7 ± 1.6 vs 4.5 ± 1.6 or 4.4 ± 1.6, OR ≥1.4, 95% CI
>1.0≤2.5, p≤0.041) than C282Y or WT genotypes, respectively. Subjects with C282Y
mutations had lower ballooning scores compared to WT subjects (0.9 ± 0.9 vs 1.1 ± 0.9, OR
0.62, 95% CI 0.42-0.93, p=0.022) and were less likely to have a definitive NASH diagnosis
(49% vs 61%, OR >0.60, 95% CI ≥0.37≤0.99, p≤0.05) compared to H63D or WT
genotypes. The proportion of subjects with a definitive diagnosis of NASH was similar
between those with H63D mutations and WT subjects. There was also no significant
difference in mean fibrosis among HFE genotype groups.
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To investigate if the differences in histologic features of NAFLD between different HFE
genotypes were independent of the effects of hepatic iron deposition we employed
multivariate logistic regression analysis adjusting for potential confounders including sex,
age, BMI, ALT, HOMA-IR and presence of diabetes. The presence of HC iron was modeled
with the presence of any HFE mutation as a dichotomous independent variable (Y/N).
Moreover, each HFE genotype (C282Y/WT and C282Y/H63D or H63D/WT and H63D/
H63D) was modeled individually including the presence of any HC iron as a dichotomous
independent variable (Y/N). These results are presented in Table 4. Presence of H63D
mutations was an independent risk factor for the highest grade of steatosis, lobular
inflammation and a NAS ≥5 (p≤0.045). HC iron was negatively associated with ballooning,
NAS ≥5 and a definitive diagnosis of NASH (p≤0.048).

DISCUSSION
Here we report that the hemochromatosis C282Y mutation is associated with lower serum
hepcidin levels and increased iron deposition specifically in hepatocytes compared to WT
subjects. All subjects with hepatic iron deposition had higher hepcidin levels compared to
subjects without iron staining for all HFE genotypes, suggesting an appropriate physiologic
increase in hepcidin in response to the presence of iron occurs in these subjects, despite the
presence of HFE mutations.

Hereditary hemochromatosis with phenotypic expression is characterized by marked and
unabated multi-organ hepatic iron loading and is usually associated with HFE C282Y
homozygosity; this mutation results in inappropriately low levels of the iron regulatory
hormone, hepcidin. Therefore, HFE has been considered a plausible candidate as a disease
modifying gene in many liver diseases due to the potential to contribute to increased hepatic
iron loading and exacerbation of liver injury due to iron-related oxidative stress. Several
studies in various liver diseases have found increased hepatic and/or serum iron parameters
in subjects with heterozygous HFE mutations, particularly C282Y (1). A few recent studies
have determined either serum hepcidin or prohepcidin levels using either ELISA (28, 29) or
mass spectrometry (30, 31) in small cohorts of NAFLD subjects. Hepcidin, but not
prohepcidin, was reportedly elevated in NAFLD vs healthy control subjects (28-30). To our
knowledge, the present study represents the first detailed investigation to include HFE
genotype status, serum hepcidin levels, hepatic iron deposition patterns and clinical and
histological features in a large and uniformly evaluated cohort of NAFLD patients.

We believe the current observations provide novel mechanistic insights linking carriage of
the HFE C282Y mutation to increased HC iron via decreased levels of hepcidin in NAFLD.
Decreased serum hepcidin levels were specifically associated with iron deposition within
hepatocytes, but not nonparenchymal RES cells. These data are in agreement with our
previously proposed hypothesis that increased HC iron in NAFLD is due to increased iron
absorption as a consequence of mutations in iron-regulatory genes such as HFE which result
in inappropriately low hepcidin levels and lack of inhibition of iron absorption (15). While
we found that C282Y/WT and C282Y/H63D contribute to decreased serum hepcidin levels
and greater HC iron loading compared to WT mutations, we also found that HFE genotype
did not affect the appropriate physiologic up-regulation of hepcidin when hepatic iron
deposition was present. These data suggest that body iron stores drive hepcidin levels in
patients with NAFLD, regardless of HFE genotype even among subjects with C282Y
mutations and lower levels of serum hepcidin. Furthermore, we found that there was an
association between pattern of iron staining and hepcidin level, suggesting that there may be
a complex relationship between hepcidin signaling and hepatic iron phenotype; we aim to
examine this mechanism further in future studies.
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The overall prevalence of HFE genotypes in our study was similar to a recent large study of
NAFLD patients from northern Italy (14), with the exception of a higher prevalence of
C282Y/WT in our study (11.4% vs 5.8%), which was similar to previous US studies (8, 9).
It is possible that the lower prevalence of C282Y/WT subjects in the study by Valenti et al
could explain their lower frequency of subjects with a predominantly hepatocellular iron
pattern and C282Y mutations (13%) compared to the 20% of subjects carrying C282Y
mutations who had HC iron deposition in our study (14). The proportion of subjects with
each HFE mutation and nonparenchymal RES iron deposition was very similar in both
studies. Interestingly, in separate studies using similar cohorts of Italian NAFLD subjects,
Valenti et al have shown that the C282Y/WT and H63D/H63D genotypes were
independently associated with HC iron deposition using multivariate regression analysis
(32), and that these combined genotypes had lower serum hepcidin levels than subjects with
either H63D/WT or WT/WT genotypes with similar SF levels (31).

All known C282Y homozygotes were excluded from all NASH CRN studies thereby not
allowing us to determine the effect of C282Y homozygosity on hepcidin level, degree of
hepatic iron deposition or relationship to NAFLD severity. However, the degree of
penetrance of C282Y heterozygosity to cause mild to moderate HC iron loading in NAFLD
subjects (34%) appears to be similar to the penetrance of C282Y homozygosity to cause HC
iron overload in HH patients; an estimated 38%-50% of C282Y homozygotes develop iron
overload (33) with 1%-28% developing iron-related disease (34). While 61% of C282Y/WT
subjects did not have stainable hepatic iron present, 20% of biopsies with HC iron staining
were from patients with C282Y mutations. Thus, as has been proposed in hemochromatosis
(35), additional modifying genes may alter the penetrance of C282Y in NAFLD. Genes with
mutations that have been associated with altered iron metabolism in NAFLD patients
include the β-globin (32) and alpha-1-antitrypsin genes (36). Additional studies are
warranted to investigate the effects of the numerous potential hemochromatosis phenotype
modifying genes upon iron metabolism in NAFLD patients.

Previous studies of HFE mutations in NAFLD patients have mainly focused on the
relationship of HFE mutations and advanced fibrosis rather than other histologic features of
NAFLD (3-11). Our results are in agreement with the majority of studies which failed to
find an association between HFE mutations and advanced fibrosis (9). In fact, we found that
C282Y genotypes were associated with lower ballooning scores and less frequent diagnosis
of definitive NASH (which depends upon the presence of ballooning), but this association
was not significant in multivariate regression analysis and probably represents
multicollinearity with HC iron rather than an effect of the C282Y mutation per se (15). An
interesting and unexpected finding in this study was the independent relationship between
H63D mutations and several advanced histologic features of NAFLD unrelated to the
presence of hepatic iron deposition; H63D genotypes were associated with the highest grade
of steatosis and lobular inflammation independent of the presence of iron deposition, which
was present in only 35.8% of subjects with H63D mutations.

Recent studies in Hfe deficient mice could explain our observation that H63D mutations
may play a role in NAFLD pathogenesis independent of iron. Petrak et. al, compared the
hepatic proteomic profiles of Hfe deficient mice to WT mice with equivalent hepatic iron
stores obtained through dietary iron loading (37). A number of proteins were differentially
expressed in the liver in the 2 groups of mice including proteins involved in TNFα signaling
(glutathione-S-transferase P1) (38) and cholesterol and fatty acid metabolism (liver
carboxylesterase 1) (39). Interestingly, three of the proteins upregulated in the Hfe deficient
mice have been shown to be downregulated via PPARα activation (40), suggesting aberrant
PPARα regulatory pathways in the Hfe deficient mice. PPARα is a nuclear receptor which
regulates expression of genes important in fatty acid β-oxidation and has been shown to be

Nelson et al. Page 7

Hepatology. Author manuscript; available in PMC 2013 November 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



important in decreasing hepatic steatosis (41). In another recent study in Hfe deficient mice,
a high fat diet lead to development of NAFLD and upregulation of genes involved in lipid
metabolism and down regulation of fatty acid β-oxidation genes, which was not observed in
WT mice fed a high fat diet (42). High fat feeding also led to lower hepatic iron compared to
normal chow in the Hfe (-/-) mice, suggesting that dysregulation of the lipogenic genes in
these mice may be related to Hfe mutations independent of hepatic iron load (42). An
alternate explanation is that HFE might be in linkage disequilibrium with one or more
steatogenic genes. Effects of these genes could be masked by the effects of HC iron
deposition in C282Y carriers, which we previously proposed may lead to a milder form of
NAFLD without numerous metabolic abnormalities, thus explaining the lack of association
of C282Y mutations with the higher steatosis and lobular inflammation grades that was
observed in H63D genotypes.

This study did have limitations that should be noted. The small numbers of subjects with
C282Y/H63D or H63D/H63D genotypes limit the conclusions when these genotypes were
analyzed independently. For some analyses these genotypes were combined with either the
C282Y/WT or H63D/WT genotypes, respectively. Some of the histologic differences we
observed, especially for H63D mutations, although statistically significant and independent
of confounding factors, were modest and may have limited clinical significance. Whether
these observations represent a novel mechanism linking HFE protein to inflammation and
lipid metabolism will need to be confirmed by detailed mechanistic studies.

In conclusion, our results suggest a mechanism whereby a genetic predisposition causing
decreased hepcidin, results in a specific hepatic iron deposition pattern in NAFLD; C282Y
mutations led to lower serum hepcidin levels and increased HC iron accumulation.
However, hepcidin sensitivity to hepatic iron loading was preserved across all HFE
genotypes, and even among C282Y heterozygous subjects with a blunted hepcidin response,
suggesting that iron stores is the predominant regulator of hepcidin expression in NAFLD,
regardless of HFE genotype. Our study also provides novel evidence that the HFE H63D
mutation may contribute to NAFLD pathogenesis through as yet undefined mechanism(s)
independent of iron loading.
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Figure 1.
A) Proportion of subjects with different hepatic iron phenotypes according to their HFE
mutation status. The percentage of the total subjects for each HFE genotype or combination
of genotypes having stainable hepatic iron in each of the three patterns HC, RES or mixed
HC/RES are shown in the pie charts. The percentage of the total is labeled for each pattern.
The combined total percentage of subjects having any HC iron (ie., HC only plus HC/RES)
are shown in brackets. B) Proportion of subjects with combined C282Y, H63D or WT/WT
genotypes according to their hepatic iron phenotypes. The percentage of the total subjects
with each iron staining pattern and C282Y/WT plus C282Y/H63D, H63D/WT plus H63D/
H63D or WT/WT genotypes are shown in the pie charts. * p<0.05 compared to WT/WT; #
p<0.05 compared to subjects without stainable iron.

Nelson et al. Page 14

Hepatology. Author manuscript; available in PMC 2013 November 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 2.
Mean histological HC and RES iron grade according to HFE genotype. Differences in mean
HC iron grade for each HFE genotype compared to WT/WT were determined using ordinal
regression modeling after adjustment for other potential contributing factors selected a priori
including age at biopsy, sex, BMI, history of GI bleeding or iron overload, dietary or
supplemental iron and vitamin C, (OR >2.4, 95% CI >1.4<23.4, # p≤0.001). Standard
deviations are indicated by the error bars.
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Figure 3.
Comparison of the median serum hepcidin values of NAFLD subjects with C282Y and WT
HFE genotypes with or without stainable hepatic iron. Significant differences between
groups are indicated by arrows (Wilcoxon rank-sum test). Median levels of each group are
labeled.
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Figure 4.
Comparison of the median serum hepcidin values of NAFLD subjects with different hepatic
iron phenotypes. There was a significant difference between groups (Kruskal-Wallis test,
p<0.0001). Significant post-hoc pairwise comparisons between groups are indicated by
arrows (Dunn’s test). Median levels of each group are labeled.
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