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Abstract
Background and Aims
Elevated serum ferritin is common in NAFLD, aischssociated with more advanced

diseaseandincreased mortalityHyperferritinemiain NAFLD is often attributedto
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inflammation, while in other conditions ferritin closely reflects body iron stdres.
aim of this study was to clarify the underlying caushygferferritinemian NAFLD.
Methods

Ferritin levels were examined witmarkers ofiron status, inflammation and liver
injury=aeross the clinical spectrum of NAFLD using blood, tissue and magnetic
resonance (MR) imagingd separate larger group of NAFLD patients with hepatic
iron staining and quantification were used for validation.

Results

Serumferritin correlated closely witkhe iron regulatory hormori@gepcidin,and liver
iron levels determined by MR Furthermore ferritin levels reflected lower serum
adiponectin, a marker of insulin resistanaed liver fat, but not cytokine or CRP
levels Ferritin levels differed according to fibrosis stagecreasingfrom early to
moderate diseas@nd decliningin cirrhosis. A similar pattern was fourid the
validationcohort of NAFLD patientswhereferritin levelswere highest in those with
macrophageron deposition Multivariate analysis revealeliver iron and hepcidin
levelsas.the.major determinatf serum ferritin.

Conclusions

While hyperferritinaemiais associated witthmarkers of liver injury andnsulin
resistancgserum hepcidin and hepatic ir@me the strongest predictors feritin
levels These findings highlight the role of disorderednirbomeostasis in the
pathogenesis of NAFLD suggesting that therapies aimed at correcting iron

metabolism may be beneficial.

Abstract word count; 242 words
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Key points

o Elevated serum ferritin is found in approximately 30% of NAFLD patients,

andis associated with more advanced disease and increased mortality.

This article is protected by copyright. All rights reserved



e This study demonstrates that liver ir@amdthe location of iron deposition, is
the chiefinfluence onferritin levels in NAFLD, withmacrophagéron associated

with higher ferritin levels.

e Serum ferritin and hepcidin change significantly across fibrosis stages in

NAFLD increasing in intermediate stages and declining in cirrhosis.
e We demonstrate an associatioon statusand adiponectin, a marker of insulin

resistanceincluding a novel association between liver iron and adiponectin levels.

Introduction

Non-alcoholic fatty liver diseastNAFLD) is the commonest liver diseaiseWestern
clinical practicerepresentinghe hepatic manifestation of the obesity pandekvith
increasingweight and adiposity, the liver becomes congested withréagulting in
inflammation, and hepatocellular damagdtermed noralcoholic steatohepatitis,
NASH), potentially progressing tofibrosis, cirrhosis angbrimary liver cancer.The
identification of patients at risk of progressiornvigl to disease manageme¥thile
the presenee of hepatic fibrosis on liver biogsyhe single most important predictor
of outcomein NAFLD,(1, 2) noninvasive surrogates of fibrosis arecreasingly

employedto avoid the risks and costs associated with liver biopsy.(3)

NAFLD; is anasymptomaticonditionof insidious onsetoftenidentified incidetally

by blood testing oimaging.About half of male patients have raised sen ferritin
levels(4) Indeed, mild hyperferritiiemia is often the only presenting abnormality
leading to..a diagnosis of NAFL(®) Elevated fertin has been identified as a
predictor. ofadvancedibrosis inseverallarge cohoristudieg(6-8) and nore recently

predictedmortality in 222NAFLD patients folloved up for 15 yearg9) Furthermore,

hyperferritinaemia has been associated with obesity, insulin resistance, and

cardiovascular disease, conditions inherentlgtesl to NAFLD(10)

Although ferritin is the chief iron storage protein andn closely reflectbody iron

stores, it is an acute phase reactant, leading to difficulty in its interpretation in the

presence of cexistingliver injury. In NAFLD, mild hepatic iron depositiois seen

in up to 30% of patientd, 1) while increased hepatic and systemic inflammation are
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also common lron ha been implicated in cellular oxidative stress and insulin
resistance, key features of NAFLD pathogenesishhepatic iron deposition has been

associated witladvanced fibrosigl2, 13)

Despiteritss'widespread availability, ferritig notroutinely used as a diagnostic aid in
NAFLD, in ‘part due to uncertainty as to whether ferritin reflects liver damage,
inflammation or iron depstion. In this study a multi-faceted approacbhombining
blood, shistological and imaging markersf iron status, inflammatignand disease
stagewas usedto determine the influences on ferriti@vels in NAFLD patients
Using independent discovery and validation cohoréesg@monstrate that hepatic iron,
rather tlan other markers of liver damage, is the predominant determinant of serum

ferritin levels.

Patients and Methods

Patient.characteristics

MRI Cohert

Study participantsvereprospectivelyrecruited betweedune 201lndOctober 2014,

as part of sstudy using multiparametrimagnetic resonanc®&IR) imagingin liver
disease described elsewhe(@4) 51 NAFLD patientswere eligible for inclusion.
Baseline characteristics were compared with 30 patients with viral hepatitis (20
Hepatitis C, HCV and 10 hepatitis B, HBV) and 20 healthy adult controlb(e 1).

All individuals underwenphydcal examination, anthropometrglood samplingand
transient elastography (Fibroscan®). NAFLD and viral hepatitis patients uekaw
liver biopsy and multiparametric MRI, while healthy controls had an MRIstudy
participantsgave written informed consent. The study conformed to the ethical
guidelines.of'the 1975 Declaration of Helsinki, and was approved bgdtigtional
researchdepartments and the National Research Ethics Service (11/H0504/2
13/SC/0243; regtered clinical trial (NCT0154364%)

Definitionssand criteria
Diagnosis of NAFLD was confirmetly steatosisaffecting >5% of hepatocyteon
liver biopsy,in the absence afonfounding factors such adcoholexcess or other

cause of chronic liver injury. Patients with excess alcohabnsumption (>20g
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alcohol/day), iron storage disordersin€luding hereditary or trarsfusional iron

overload) or recentgastrointestinal bleeding, were excluded.

Laboratory Tests

Blood~samples were obtained after an overnigist Routine haematologicabnd
biochemical tests were performed in the clinical laboratories of the John Radcliffe
Hospital, Oxford.Patients withhyperferritirmemia (>30Qug/L for men, 200ug/L for

women)andtransferrin saturation45% underwent screening for HFE mutations.

Histologicaliassessmeaf liver biopsy samples

The median biopsy length wagmm (IQR 1424), with a median of 10 (IQR-85)
portal tracts. Liver iopsies were assesseddny independent histopathologist, blinded
to MR data(LbMW). NAFLD Fibrosis stage was determined as outlinedBbynt
(stages &% FO, no fibrosis; F1, perisinusoidgidrtal fibrosis; F2perisinusoidal and
portal/periportal fibrosis; F3eptal or bridging fibrosis; and4Fcirrhosi9.(15) Viral
hepatitis.samples were assessed for fibrogithe Ishak stage (F&6).Hepatic lipid
contentreflectedthe percentage of hepataeyg with lipid vesiclesgraded as 0 (<5%),

1 (5<33%), 2 (33<66%) and 3 (>6%). Hepatic iron deposition was estimated using
Perls’ stainrand sergjuantified using a five tier grading system (0: no hemosiderosis
to 4. severe hemosiderseyias described by Schef@6) and the location of iron

deposition was either hepatocellular, reticahaothelial (Kupffer) or mixed

Hepcidin, cytokine and adipokine measurement

Serum hepcidinvas assayedising the Human Hepcidig5 EIA Kit (Bachen®)
according to the manufacturerfgotocol, as described elsewhef®7) Serum total
adiponéctin (APN) was measured using fQeantkine® ELISAHuman Total
Adiponectin/Acrp30immunoassay (R&DBystem} according to the manufacturer’'s
protocel:Serum levels of insulin, leptiglucagon]L1p, IL6, IL8, TNFa, IL10, 1L22,
IFNy, P€9,1P-10, MCR1, E-selectin, ICAM1, Osteopontin, HGEhi3L1, TIMP-1
and GDF15 were simultaneously quantifiedsing an electrochemiluminescence
assay (Luminex®, R&D Systemy Aminoterminal peptide of proollagen Il
(PIIINP) levels were measured using an ADVIA Centaur XP automated

immunoanalyzer (8men3.
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MR imaging parameters

Participantsunderwent nosftontrast multiparametridR to detect liver fibrosis,
steatosisand hemosiderosis, describeldewherd14) Briefly, scans were performed
on a 3Tesla scanme(Tim Trio, Siemens Transverse abdominal, T MR maps
throughthe"liver and spleen were acquiredeftimatingiron content. B relaxation
time (ms) is inversely related to iron contemteaning higheliver iron levels yield
lower T2* value. Proton magnetic resonance spectroscdpyMRS) was used to
measure liver fat content, expressesia percentage (%) of the total waternsiy

Scans wereyperformed aftepd hour fast.

Transient Elastography

Transient elastography(Fibroscan® Echosens was performed following an
overnight fast Median liver stiffness measurements (LSM) were expressed in
kiloPascals. (kPa). riBcedures with>10 successful acquisitionsuccess rate60%

andinter. quartile range30% of the mediawere included

Validation eohort

A validation cohort of 404 patients with histologically confirmed NAFLiere
consecutivelyevaluated betweedanuary 2005 and December 2013 at a referral
center for iron overload and metabolic liver diseases in Narthaly. Part of this
group was describedpreviously(18) Hepatic iron staining was performed according
to Scheue(16) in patientsfrom a previous study or when hyperferritinemia or NASH
were presentl3) Hepatic iron quantification by atomic absorption spectrometry was
performed.in. 12%atients.C282Y and H63D HFE mutations were determined in 380
cases, including all patients wiltyperferritinemiaand/or positive iron staining. HFE
genotypes=potentially predisposing to iron overload (C282Y/H63D, H63D+/+ or
C282Ywt) were detected in 20 cases (5%). C2B8akozygotesvere excluded from

the study™The study protocol was approved by the Institutional Review Board of the
Fondazione IRCCS Ca’' Granda, and conformed to the Declaration of Helsinki.

Written infarmed consent was obtained from each patient.

Statistical analysis
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Continuous, normallydistributed variable were reported as mean-standard
deviation (SD) or median (rangejor non-Gaussian distributignand pase 1) log-
transformedbefore analysis Comparison between groups was performed using
analysis of variance (ANOVA) or KruskaVallis test for continuous variablesr
Chi-square=or Fisher's exact test for categorical variables. Correlations were
performed byPearson’s or Spearman Rank method, where approphateceiver
operating charactistic (ROC) analysis wasegormed to determine the diagnostic
ability of ferritin for the detection of hepatic sidero$ultiple linearregression was
performed to assess for variables associatedferitiin, and direct logistic regression

to determine predictors NAFLD fibrosis stage, inputting variables associated with
the dependent variable at univariate analysis wilyaificancecutoff of p<0.1.Data
analysis'was performed using SPSS Stati&&and Graphpad Prism 6.8. p-value

of <0.05 was considered statistically significant.

Results

Subject.eharacteristics

Table 1,depicts the baseline characteristics of study sulijeatsthe MRI cohort
comparing NAFLD patients with viral hepatitis andntols. As expected, patients
with NAELD had higher BMIs, along with higher serum insulin, lepfOMA-IR
values and liver fat determined by MR spectroscopy, and lower setotal
adiponectin levels, consistent with insulin resistaale p<0.0001) No significant
difference in overall disease stage at biopsiver stiffness measuremewas noted

between NAFLD and viral hepatitis groups.

Serumferritin and irostatus

Table2 shows differences iserum,histologicaland imaging markers of irostatus
between=groupsMedian ®rum ferritin was higher in NAFLD and viral hepatitis
patientssecompared to contrg|g=0.0045 Fig.1A), while serum iron and transferrin
saturation were significantly lower in NAFLEhan other groupsSerum hepcidin
levels did not differ for NAFLD compared to viral hepatitis patients {significant
trend for elevated hepcidin in NAFL=0.0§. Compared with viral hepatitis and
controls, lepaticiron levelswere significantly elevateih NAFLD, indicated
lower T2* values(p=0.0025 Fig.1B), although differences in gender distribution

between groups must beonsideredwhen interpreting these dat&erritin and

This article is protected by copyright. All rights reserved



hepcidin correlated closely in NAFLD patientgr=0.73 p<0.0001 Fig.1C).
Furthermore, a significant inverse correlation between ferritin and Teérwas
noted (=-0.76 p<0.0001, Fid.D), andhepcidin and liver T2* r=-0.6, p<0.0001
Fig.1E), indicating that these markerslosely reflectliver iron levelsin NAFLD.
Ferritin -abocorrelatedvith hemoglobin (r=0.46, p=0.001)kuggesting thalevels
reflectincreased iron availabilitfor erythropoiesisin viral hepatitis patientderritin
did not correlate significantly withepcidin (r=0.33, p= 0.67) oriver T2* (r=0.33,
p=0.07), while in controls ferritin correlated with hepcidifr=0.63, p=0.003), and
liver T2* (r=-0.498, p=0.026)SevenNAFLD patients hachyperferritinaemiaand
transferrin_saturation 45%; Four screened negative for HFE mutatiorssd one
C282Y/HG3D heterozygote andC282Y heterozygotes were identifideikclusion of

the compound heterozygote did sanificantlyalter the results outlined.

Clinical features of the independent validation cohoripaténedin Table S1Within
this cohort, iron staining was more frequently detected inpawanchymal than
parenchymal cell§n=164, 4% vs. n=120, 30%, @B0001). However,in patients
with HIC " measurement availablderritin increased with the severitpf both
parenchymaland nomrparenchymaliron deposition(p<0.0001,Fig S1A and S1B
reflecting.increased HIC in both casg®0.0001 for all, Fig S1Gnd SD), with
significantly higher ferritin levels in neparenchymal than parenchymal siderpsis
despite no difference irepatic iron concentration between graugewever, in most
cases both parenchymal and sparenchymal siderosis coexisted-103, 25%mixed
vs. 61 (15%) non-parencinal alone vs. 17 (4%) parenchymadlone, p<0.0001223
patientg(56%), had no siderosjsA ferritin cutoff of 378 ug/L for detecting siderosis
yielded.a sensitivity of 76% and specificity of 75%, and a ROC value of 0.78
(indicating.moderate accuracyh the subgroumf 129 NAFLD patientswith HIC
measurementerritin correlated significatyt with hepatic iron concentration @28
p=0.004yFig 1k

Serum ferritin, insulin resistanegd hepatic steatosis

Serum ferritin levels increasdongsidecomponents of the metabolic syndrq(iié)
which accumulate withncreasingNAFLD severity While no significant association
between ferritin and anthropometric measuremeras seen in NAFLD (including

weight, BMI, hip and waist circumferen¢geg strong positive correlation between
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ferritin and liver steatosis as measured by MR (HLC) or histologically, faasd
(r=0.57, p<0.0001, Fig.2And r=0.5, p=0.0002, respectively), with similar trends for
hepcidin (r=0.42, p=0.0024; FigB and =0.4, p=0.003% Ferritin and hepcidin
correlated with total adiponectin levelsr£-0.27, p=0.05 and r.28, p=0.049
respectivelyFig.2C and 20 and with fasting glucose (r=0.29, p=0.041 and r=0.4,
p=0.003, respectivelyyhile increasingliver iron (by MR) correlated significantly
with reducedadiponectin levels (r=0.39, p=0.0®4Fig.2E). No association between
ferritinand insulin, HOMAIR or leptin levels were evidenh viral hepatitis patients
and healthy controjsferritin did not orrelate significantly with these metatic
features.In_the validation cohort,no significant correlation was detected between

ferritin @and histological grade of steatosis (R=0.05; p=0.33).

Serum ferritin and markers of infiammation

Hyperferritinemiain NAFLD is often attributed to systemic or hepatic inflammation.
In theMRI cohort no association was noted between ferritin and CRP levexZ%2,
p=0.12erinflammatory grade on liver biopsy (Rho=0.07, p=0.62), or séeusais

of IL-6,,PC9, MCP-1, Eselectin,Osteopontin,|CAM-1, IP-10 (Fgure SA-E). A
significant negative coetation between GDF15, a stre@sesponsive molecule
implicated«iniron homeostasis and hypoXiE) and bothferritin and hepcidin was
noted (r=0.36, p=0.009Figure S2Fand r=0.6, p<0.00001respectively. Levels of
IL-1B, TNFa, IL-10, IL-22, andIFNy were not reliably detectable in serunom
NAFLD patients. In the validation cohort, ferritin correlated wit lobular
necroinflammation (R&.11; p=0.021), but not with hepatocellular ballooning
(R=0.02; p=0.71).

Serumterritin and fibrosis stage

Severaltudies have reported an associabetween serum ferritin dradvanced

liver disease in NAFLL¥6-8) As depicted irFigure 3 ferritin differed according to
fibrosissstagewhereby ferritinncreased significantlfrom FO/1 to F2, then decreased
through'latter stages (F3 and Fg. 3A). The distribution of hyperferritinaemia
acrosdibrosis stagswere FO/1, 4/17 (23.5%); F2, 9/16 (56.3%)3, 3/9 (33.3%);

and F4, 0/9 (0%Multiple logistic regression revealéelritin and hepcidin to be
independent predictors of early (FO/1) versus significant (F2) fibrosis stagke (T

S2). This pattern was mirrored by serum hepcitiier iron andsteatosiswhich
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increased in early fibrosis stages aelllih advanced diseagEigure 3B-D) A

stepwise and significant increasesplenicT2*, suggestive of decreasimgn, was

noted as disease progressed (Fig).3territin levels did not correlate significantly

with bloodbasedibrosismarkergTIMP1, P3NP or Chi3-L1). Separating patients

with and*without NASH did not reveal differences in iron markers, except for

hepcidin which was significantly higher in NASH patients (Table S3). In the
validationcohort, a similapattern of ferritin levels was notedherebyferritin

increased significantly from FO/1 stage to F3 (p=0.013), and then decreased (p=0.048
in cirrhosis(Fig.3F). Exclusion of patients with HFE mutations did not alter these

results ‘'significantly (Figs3).

Determinants of serum ferritin using regression analysis

In order to determinevhich factors influence ferritin levels in NAFLD, univariate and
multivariate regression analyses weerformed. Notably, age and gender were not
significantly associgd with ferritin in tle MRI cohort. In fact, only liver iron as
determined.by MR (T2*) and hepcidin were independent predictors of ferritin levels
(Table8) " A'model combinindiver T2*, hepatic lipid content (HLC)hemoglobin
(Hb), alanine aminotransferaé®LT) and hepcidin accouetifor 67% of the variance

in ferritin_levels.There was no evidence of multicollinearity between varialrethe
validation cohort, multivariate regresion revealed thafferritin was independently
associated with mostly ngmarenchymalbut also parenchymal iron degitton, older
age, male sex, and hepatic necroinflammafibable S4). Removing patients with

HFE mutations did not alter teeresults significantly.

Discussion

This study.further clarifies the basis for hyperferritinemia in NAFLp elkamining

the potential determinants of serum ferritin in patients using a-faakted approach
The results*highlight the complex interactioatween cefactors propagatingliver
injury_and disease progression in NAFLMost of the study subjects did not have
significant hyperferritinemiaor iron overload. Instead, subtle changes in iron status

wereevident which correlated with disease stage.

Competing factors may influence ferritin levels in NAFlaRDd viral hepatitisasno

difference in median serum ferritin was sespite differing liver iron levels.|Gse
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correlations between ferritin, hepcidin and liver iron werelent inNAFLD, but nd

in viral hepatitis. Multivariate analysis revealed hepcidin and liver iron as the major
determinants of ferritin in NAFLD. Importantlyhe association between ferritin and
liver iron was confirmed in a larger, independent cohort of NAFLD patients.
Consistentwith previous reports, iron deposition in NAFLD hadpredominanyl
nonparenchymabr mixed norparenchymal and hepatocellular distribution.(13, 20)
Ferritin~levels'more closelyreflected non-parenchymathan hepatocellular iron
deposition Whether or not this reflects iron phagocytosed from necrotic hepatocytes,
erythrophagocytosi®yr iron actively redistributed into macrophages by hepcidin, and
active “secretion of ferritin from macrophad23) remains to be determined.
Furthermare;, Kupffecell iron has been associated with increased oxidative stress and
apoptosis in NAFLD22) highlighting the clinicalrelevance ohyperferritinemiain
NAFLD.

The close relationship between ferritin and liver iron challenges the dogma that
hyperferritinemia in NAFLD and the metabolic syndromatates toinflammation
alone(6), Using a different approach, Beaton and colleagues assessed changes in
hepatic “iron" concentration in ped liver biopsies before and after quantitative
phlebotomyin 56 NAFLD patients, and similarly found a close correlation between
ferritin and hepatic iron removed, rather than CRP or E3RWhile ferritin levels

reflect liver iron in NAFLD, the ratio of ferritin to liver iron appears to be higher in
NAFLD than in hereditaryhaemochromatosis,(24)ossibly reflecting differences in

the pattern of iron deposition and theexastence of hepatic steatof2s)

Although increased liver iron ihereditary hemochromatosissults from reduced
hepcidin_causing excessive dietary iron absorption, an appropriate increase in
hepcidinfintresponse to increased liver iron was seen in NAFLD, supporting findings
reported-elsewher@6) Furthermore, serum iron and transferrin levels were lower in
NAFLDspatients compared to viral hepatitis and controls, and this along with a
predominance of reticidendothelial iron draws comparisons with the anaemia of
chronic disease where iron is sedeesd in macrophages. This also evident in
obesity, which is corrected following weight loss surg@r) This effect shouldimit

systemic iron levels. Instead, a failure of hepcidin action (‘hepceatiistance’may
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prevail(28) leading to increaseliver iron, with augnented iron absorptioreported

in NASH patients, despite elevated hepcidin ley2®.

In the discovery cohoythepatic ironlevels weredeterminedby MR, an excellent
indicator-ofliver iron concentrationeven in the presence of steatd88) Given the
sampling variability associated with liver biopapd the patchiness of hepatic iron
deposition,(3IMR providesan advantagever liver biopsyin the assessment ter
iron. In contrast hepatic staining in thevalidation cohort allowed qualitative

assessment of iron distributipwhich was not possible by MR.

The NAFLD, fibrosis subgroups were evenly balanced, allowing meaningful
comparisonsA clear variation in ferritin became evident upon the separation of
NAFLD by fibrosis severity with increased levels frormild to moderate disease,
declining in_advanced fibrosisThe subsequent reduction in ferritin in cirrhosis
explainsits limitations as a nofinvasivepredictor of fibrosig32) Lower ferritin and
hepcidin-hetedn cirrhosis may relate tmcreasedoone marrow iron demanidom
portal hypertension and covert gasitntestinal blood lossElevated GDF15a marker

of erythroid drive correlated closely with iron markeirs advanced dieaseand with
hemoglobin; supportinghis hypothesis.Another explanation for ferritthepcidin
decline in advanced fibrosis could reflaeducedliver fat and inflammationin
‘burnt-out’ NASH. Indeed, lobular necroinflammation contributedduwitin levelsin

the validation cohort. In early NAFLD, increased hepatic iron mayromoteliver
injury and fibrogenesisasferritin and hepcidin independénipredictedthe presence
of significant fibrosis.This suggest that therapeutic strategiemodulating iron

homeostasis shoutdrgetearly/intermediate disease stages.

Severalstudies have suggestedae foriron in insulin resistance, a key pathogenic
feature=of=NAFLD(10) Much like hyperinsulinemia promotes hepatic lipogenesis,
elevated~insulirmay induce hepatic iron depositidoy increasing hepatocytieon
uptake(33).kurthermore, ferritin and hepcidin correlated witipaticlipid contenton
MRI, andwith reducedadiponectin, a key mediator of insulin sensitivlyapulation
studies havehown an inverse relationship between ferritin and adipon@#)randa
positive correlabn between increasing ferritinand features of metabolic

syndrome.(10)in this study, adiponectin correlated with liver iron, suggestirag
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iron may contribute tats regulaton. Recently adipocyte ironwas shown talirectly

influence adiponectin production and insulin sensiti{3%)

Despite preliminary evidendeom human and animal studies implicating iron in the
pathogenesis of NAFLD and insulin resistance, two randonai@etfolled trialsand a
recent imetanalysisfailed to demonstrate arghortterm benefit from iron depletion

by venesectioron insulin resistance and markers of liver damegeatients with
NAFLD: andor dysmetabolic iron overload syndrome ([8D with mild iron
overload.(36-38) The reasons for this are unclear, but may relatepatent
selection/study design, or even the location of pathogenic iron deposition in NAFLD
being less amenable to venesectidore targeted approaches to hepatic iron
redistributon, such ashepcidin antagonism or the upregulation of ferropottin
facilitateiron exportfrom reticuleendothelial cells, may yet yield therapeutic benefit

but as such remain in experimental phases of develogB3@nt

In conclusion,this study of two independent cohorts of European NAFLD patients
demonstrates that liver iros mildly increasegpredominantlyin Kupffer cells and is

the major determinant of serum ferrjta prognostic marken NAFLD. Ferritin also
reflecs markers of insulin resistance, such as adiponectin and Higpatic fat
contenf and variesaccordingto NAFLD fibrosis stageThese findings suggest a role
for disordered iron regulation in the pathogenesis of NAFLD, and therefore

potential therapeutic target
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Figurelegends

Figure/. Serum ferritin and iron status.

(A and"B) Serum ferritin and liver iron (as determined by MRI T2*, with an inverse
relationship to liver iron levels) differed significantly between NAFLD patients
(n=51), viral hepatitis (n=30) and healthy controls (ANOVA, p=0.0045 and p=0.0025
respectively). (€E) In NAFLD patients, serum ferritin correlated closely with serum
hepcidin (r=0.73, p<0.0001) and liver iron {@=/6, p<0.0001), while hepcidin
correlated significantly with liver iron also (@6, p<0.0001). (F) In the liver biopsy
validation cohort, a significant positive association between serum fendihepatic

iron concentration (HIC) was seen (r=0.28, p<0.0001).

Figure 2«Serim ferritin and metabolic features

(A and'B) In/NAFLD patients (n=51), significant positive associations between serum
ferritin_and hepcidin with hepatic lipid content (MR spectroscopy, MRS) wegrzinot
(r=0.57, p<0.0001 and r=0.42, p=0.0024, respectively). (C and D) Weak negative
associatios were observed between serum ferritin and hepcidin and serum total
adiponectin (r=0.27, p=0.05 and ¥8.28, p=0.049, respectively, Fig 2c and 2d). (E)

A significant correlation between serum total adiponectin and liver iron by B2* w
demonstrated (r=0.39, p=0.0049).

Figure 3. Serum ferritin and fibrosis stage

(A-C). Withinn the NAFLD MR cohort, significant differences in serum ferritin,
hepcidinmand liver iron (as determined by MRI T2*, with an inverse relationship to
liver iran=zlevels) were noted (ANQA, p=0.0007, p<0.0001, p<0.002, respectively)
across«the disease fibrosis stages4J-0D and E) Hepatic lipid content increased
significantly, from FO/1 to F2 fibrosis, while splenic iron levels fell significantly
(indicated by increasing T2* values, p=0.0003) as fibrosis progressed. (F) In the live
biopsy validation cohort, a similar trend of increasing ferritin in initial Stegyed
decline in cirrhosis was noted (p<0.05; F0/1=302, F2=63, F3=20, [4=19
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Female (%) 37.3% 17% 60% 0.01"
% Ade (yrs) 55 (12.7) 50 (12) 58 (10) 0.08
% Weight (kg) 93.1(20) 75 (16) 73.1 (11) <0.0001
8 BMI.(kg/m?) 31.3 (5) 25.2 (4) 245(2.3)  <0.0001
Bilirubin®(umol/L) 13 (9) 14 (8) 13 (8) 0.58
ALT (IU/L) 69 (47) 95 (88) 20 (15) 0.09
AST (IU/L) 50 (30) 59 (37) 25 (7) 0.23
Platelets:(x10%/L) 216 (72) 181 (72) 248 (42) 0.04
_ Glucose (mmol/L) 6 (2.6) 5.1 (1.1) 5.4 (0.4) 0.079
% T.'Cholesterol (mmol/L) 4.8 (1.3) 4.2(1) 5.6 (1) 0.0004
§ CRP (mg/L) 5.3 (6.4) 1.5(3.2) 2.2 (3.4) 0.005
Insulin (mIU/ml) 330 (299) 114.1 (100)  46.8 (27) <0.0001
HOMA-IR 245 (2.2) 0.99 (0.8) 0.39 (0.2) <0.0001
Total Adiponectin (ug/ml) 5.97 (3.2) n/a 115(1.3)  <0.0001
Leptin (ng/ml) 25.5 (17) 5.5 (4.9) 12 (11.5) <0.0001
MRI'Hepatic lipid content 15.2 (12) 2.0(2) 2.3 (2.6) <0.0001
Fibroscan (kPa) 12.9 (13.8) 12.1 (10.5)  4.2(0.9) 0.81
% Eibrosis stage (n, %) 17 (33.3%) 7 (23%) n/a 0.72
@ - Mild 16 (31.4%) 17 (57%)
*  Moderate 18 (35.3%) 6 (20%)
+ Severe

AMean+/- standard deviation, unless specified. “Chi-squared test. *Unpaired t-test of NAFLD vs. Viral

hepatitis

$Brunt for NAFLD, Ishak for Viral hepatitis. Mild fibrosis equates to Brunt 0-1 or Ishak 0-1, moderate

fibrosis to Brunt 2 or Ishak 2-4 and severe fibrosis to Brunt 3-4 or Ishak 5-6

BMI, body mass index; ALT, alanine aminotransferase; AST, aspartate aminotransferase; CRP, C-

reactive protein; HOMA-IR, Homeostatic Model Assessment of Insulin Resistance.
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Biochemistry

16.4
Serum iron'(pmol/L) 6.9) 22.5(10.6) 17(7.6) 17.5(5.3) 0.04
) 137 187 56.9
Serum ferritin,(pg/L) 215 (783) 0.0058°
(1944) (482) (405)
Transferrin‘Sat (%) 23.7 (11)  29.5(14) 26 (13) 31.9(8.6) 0.018
o 3 57.3 61.9 §
Hepcidin (ng/ml) 45.3 (165) 52.2 (78) 0.06
(379) (201)
. y _ 0.82 0.81
Hepcidin:Ferritinratio 0.77 (0.3) 1.1 (0.2) 0.20
(0.17) (0.3)
Liver histology
Prussian bluestaining
* Positive.(n, %) 7 (14%) 3 (14%) 0 - -
+  Grade(0-4) 1 1
Staining pattern
+ Hepatocellular 1
» Reticuloendothelial 1
+ Mixed 1
MRI
16.4
Liver T2*lateral(ms) (5.5) 20.3 (5.4) 19 (56.6) 20.2(3.5) 0.0025
27.9 24.3 34.5
Spleen T2%(ms) 35.4 (20.5) 0.29
(16.6) (13.5) (13.6)

"Mean+/-_standard deviation unless indicated. *median (range) SKruskal-Wallis test
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Table 3. Univariate and multivariate analysis of variables associated with
serum ferritin in NAFLD MRI Cohort

HLC 0.56 <0.0001 - -
T2*Liver -.757 <0.0001 -0.492 0.001
T2Spleen -.302 0.031 - -
Hb 0.465 0.001 - -
WCC 0.289 0.040 - -
ALT 0.355 0.011 - -
Glucose -0.287 0.041 - -

Adiponecting -0.273 0.053 - -

Hepcidin

0.726 <0.0001 0.315 0.004
(log)
GDE15 -0.365 0.009 - -

A model combining T2* liver, hepatic lipid content (HLC), haemoglobin (Hb), alanine
aminotransferase (ALT) and hepcidin yielded an adjusted R? value of 0.67, thereby

accountingfor 67% of the variance in serum ferritin levels.

This article is protected by copyright. All rights reserved



4-
.
c o . .i‘ ey
.
T | e et
If 2- c::'..:o = faaan
e ::“0 . baa
.o n ~
14 o AA
“*p=0.0045
0 T T T
O S N2
Q‘\r o QO
A ¥ & &
N @)
&

liv_13513_f1a.tiff

Author Manuscript

This article is protected by copyright. All rights reserved



; ® ..-' a
5 ...... - -: L | “‘
T g0 st EEE ol

E?
he
::','
PO

«
= s

.

= 10+ o . ; 2 .
* *0=0.0025
c T T
Q 2 N
NV & o
B & &S &
& O

N
¢

liv_13513_f1b.tiff

Author Manuscr

This article is protected by copyright. All rights reserved



4.
3- g, ™9
= e * L")
£~} . °
£ s
24 eg ol
— L ] - ... ‘..f .' ®
3 1 L4 L]
r=0.73
=*+n<0.0001
c L 1 1
c 0 1 2 3
LogHepcidin

liv_13513_flc.tiff

Author Manuscript

This article is protected by copyright. All rights reserved



4-
L]

S I
é :. ,} ‘e
E 2- ) .':° '.o'. s
§ .40.‘. .’ .

1' r=0.76

*+4<0.0001
0 . . .
0 10 20 30 40

D MRI T2* Liver

liv_13513_f1d.tiff

Author Manuscript

This article is protected by copyright. All rights reserved



L ®
* .
S 2 N
8. e .... “e & [
£ ® e ..'.' .
g SO
. -
. r=0.6
. +++0<0.0001
0 10 20 30 40
E MRI T2* Liver

liv_13513_f1e.tiff

Author Manuscript

This article is protected by copyright. All rights reserved



4=
=
E 3-
o
3
o ' R=0.28
T ***P<0.0001
c | | 1 T 1
0 1 2 3 4
F Serum Ferritin [log,, ng/mL]

liv_13513_f1f.tiff

Author Manuscript

This article is protected by copyright. All rights reserved



 ~ 3-.» B * . ° ’
:'E - [ - '0 .
- .o: 0 * .
P2qess .,
§: a.it. *
J r=0.57
**+0<0.0001
c L] Ll L]
0 20 40 60
A Hepatic lipid content (MRS)

liv_13513_f2a.tiff

Author Manuscript

This article is protected by copyright. All rights reserved



f§2-.- 3.:,, ‘;‘. e »
.|_a§- po ., s e

&

) . r=0.42
*0=0.0024
c L] 1 L)
0 20 40 60
B Hepatic lipid content (MRS)

liv_13513_f2b.tiff

Author Manuscr

This article is protected by copyright. All rights reserved



4~
® L]

3 . .
EE }n oo
E ; % .. El

21 o o 2 : ¢ 0

. e * * o, .
. .
! r=0.27
p=0.053
c L] L L)
0 5000 10000 15000

C Total Adiponectin (ng/ml)

liv_13513_f2c.png

Author Manuscript

This article is protected by copyright. All rights reserved



3-
L ] [ ]
” o B B
52 wlitle e
8. 3 ."0 - ) e 3
® a0 o ]
£ :. * * . ™Y
§’ 1- . s °
. . [ ]
* =028
. *p=0.049
0 5000 10000 15000
L Total Adiponectin (ng/ml)

liv_13513_f2d.tiff

Author Manuscript

This article is protected by copyright. All rights reserved



15000-
.
"
L ]
L ] L]
10000{ *, e o °
.
o’
* tese,
M' L ] L ™
POV A ‘ r=0.39
- —u.
el A *p=0.0049
G ] L Ll
0 10 20 30
MRI T2* Liver

liv_13513 _f2e.tiff

Author Manusgcript....

This article is protected by copyright. All rights reserved



34 ..l *
i — ., =l A,
t ::.. “un +
& 2- .. ... "'"
g .'I.. - o T 'T:W—
L ] v
1-
“**p=0.0007
c 1 1 L L]

liv_13513_f3a.tiff

Author Manuscript

This article is protected by copyright. All rights reserved



3-
- A
="
g 2+ .:. l. a‘! v
oW D
- " x
LR T
(%) v
v
***p<0.0001
c L L] ] 1
= ¢ N &V & &

liv_13513_f3b.tiff

Author Manuscript

This article is protected by copyright. All rights reserved



5

> :
S M.. A v
e 20 S e A TTE

ER|
>
oo
.0
L ]
.. | |
l.t.'
| 2
4 4 4

(=]

liv_13513_f3c.tiff

Author Manuscr

This article is protected by copyright. All rights reserved



g 60~ ”

g L &

|5 40- . *p=0.037
£ :

o L " - v

. L L v
mow % e —

:§. L 'I.- “é‘ v‘
i 0 ®eee” .. * ver'
D QQ\’* v < <>

liv_13513_f3d.tiff

Author Manuscri

This article is protected by copyright. All rights reserved



—
1

B
u v
i .
»n 40 " "
by v
o ..:.. %, =kl v 5
= 20- segys mma® -
% wgur Y 200003
c I 1 I i
E & de

liv_13513_f3e.tiff

Author Manuscript

This article is protected by copyright. All rights reserved



Serum Ferritin (log,, ng/mL)

44 %

liv_13513_f3f.tiff

This article is protected by copyright. All rights reserved




