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Abstract

Background and Aims: Hepatocellular iron accumulation in
patients with chronic liver disease has been linked to adverse
outcomes. The objective of this study was to identify clinical
factors associated with hemosiderosis. Methods: A total of
103 consecutive liver transplant recipients were identified, in
whom liver biopsy had been performed prior to transplanta-
tion. Laboratory and clinical data at biopsy and transplant
were abstracted from the medical records and hepatocyte
iron was graded in the biopsy and explant. The association
of change in iron score from biopsy to transplant, with the
time interval between these two events, was examined using
linear mixed model analysis for repeated measures. Results:
Most subjects had advanced fibrosis (F3-F4) at liver biopsy,
which was performed on average about 2.5 years before
transplant. Over 80% of patients had no or 1+ hepatocyte
iron at biopsy; iron increased between biopsy and transplant
in about 40%. The only demographic or clinical feature that
correlated with increased iron was the presence of a trans-
jugular intrahepatic portosystemic shunt. Increased iron at
transplant was associated with higher serum iron and trans-
ferrin saturation at biopsy, and with lower hemoglobin level,
greater mean corpuscular volume, mean corpuscular hemo-
globin and mean corpuscular hemoglobin concentration,
higher ferritin and model for end-stage liver disease score
at transplant. Conclusions: The development of hemoside-
rosis in end-stage liver disease is associated with lower he-
moglobin levels and alterations in red blood cell indices that
are suggestive of hemolysis. These observations suggest that
extravascular hemolysis may play a role in the development
of secondary iron overload.
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Introduction

Evidence of dysregulated iron metabolism is frequently
encountered in patients with chronic liver disease. This
phenomenon has been studied extensively in patients with
chronic viral hepatitis and nonalcoholic fatty liver disease,
among whom as many as a third or more have raised serum
iron levels and/or transferrin saturation. Elevated serum
ferritin levels are even more common, with some studies
reporting that over half of patients with these forms of chronic
liver disease have hyperferritinemia. Abnormal serum iron
parameters do not reliably predict increased hepatic iron
content in these circumstances and hemosiderosis secondary
to chronic liver disease tends to be relatively mild and
infrequent in noncirrhotic livers.!~7 In contrast, one in five
cirrhotic livers removed at transplant has increased hepatic
iron content, with nearly half of those demonstrating iron con-
centrations comparable to that seen in hereditary hemochro-
matosis (HH).® Despite the prevalence of these dramatic
abnormalities, the pathophysiology of dysregulated iron
metabolism in liver disease remains incompletely under-
stood, and the reason that hemosiderosis develops in some
patients with chronic liver disease but not others is unknown.

In keeping with the association between hemosiderosis
and cirrhosis discussed above, a number of reports have
linked iron deposition to more advanced stages of hepatic
fibrosis.®~'! Some authors have proposed that the relation-
ship between hemosiderosis and advanced fibrosis is causal
in nature, i.e. excess iron exacerbates oxidative stress,
thereby accelerating hepatic fibrogenesis.?:*3 Other investi-
gators have concluded that iron deposition is a surrogate
marker for advanced fibrosis rather than a profibrogenic
factor per se.'* To date, it remains unclear whether hemosi-
derosis is a cause or a consequence of advanced hepatic
fibrosis.

The presence of excess iron in cirrhotic livers has also been
linked to worsening liver dysfunction. Nearly 6 decades ago,
Zimmerman et al.'® reported that cirrhotics with hemoside-
rosis on liver biopsy manifested greater impairment of liver
function compared to non-hemosiderotic cirrhotics. That
observation was supported by a more recent study that
found that cirrhotics with hemosiderosis on index liver
biopsy were significantly more likely to be classified as
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Child’s class B or C and to have higher model for end-stage
liver disease (MELD) scores than cirrhotics without stainable
iron on index liver biopsy.!® Like the relationship between iron
and fibrosis, it is possible on the one hand that excess hepatic
iron worsens liver function, while on the other, iron accumu-
lation may be an epiphenomenon of deteriorating liver func-
tion, perhaps as a result of reduced production of the liver-
specific iron-regulatory hormone hepcidin.

We hypothesized that an examination of temporal changes
in iron metabolism and its potential clinical associations might
provide insight into mechanisms responsible for secondary
iron deposition in chronic liver disease. Thus, the aim of this
study was to identify clinical factors associated with the
development of hemosiderosis using biopsy findings and
clinical data from a group of patients in whom these data
were available at two different time points. Our results
indicate that the development of hemosiderosis is associated
with worsening anemia and alterations in red blood cell
indices suggestive of hemolysis.

Methods

Patients

Subjects included in this study were consecutive liver trans-
plant recipients 18 years of age or older who had undergone
liver biopsy prior to liver transplantation, the latter having
been performed between January 1, 2000 and December 31,
2010 at the University of Iowa Hospitals and Clinics. In all
cases, biopsies had been performed at the discretion of the
treating physician. Exclusion criteria included prior liver
transplantation, less than 1 month between time of biopsy
and transplant, transplantation performed to address fulmi-
nant liver failure or noncirrhotic liver disease, proven homo-
zygous HH, incomplete clinical records and/or pathological
material unavailable for review. Medical records were
reviewed for demographic data, information regarding
cause/s of liver disease and complications of liver disease
(bleeding episodes, blood transfusions, placement of a trans-
jugular intrahepatic portosystemic shunt (TIPS), intractable
ascites, hepatic encephalopathy, hepatorenal syndrome, and
hepatocellular carcinoma). Laboratory data obtained within 1
month of the biopsy and at transplantation were recorded,
including complete blood count and red blood cell indices,
measures of iron status (serum iron, total iron binding
capacity, and serum ferritin), hepatocyte function and
damage markers (serum albumin, aspartate aminotransfer-
ase, alanine transaminase) and calculated MELD scores and
its constituents (international normalized ratio [INR], crea-
tinine, total bilirubin). The institutional review board of the
University of Iowa approved this study and waived patient
consent.

The disposition of the 295 adult patients identified on the
initial search is shown in Fig. 1. Of these, 192 were excluded
for the following reasons: no prior biopsy (n = 120), prior
biopsy performed at an outside hospital (n = 38), incomplete
clinical records or pathological material unavailable (n = 13),
less than 1 month between time of biopsy and transplant (n =
11), prior transplantation (n = 5), transplantation for noncir-
rhotic liver disease (n = 3), and proven HH (n = 2).

The distribution of hepatocyte iron scores as a function of
their change in the interval between biopsy and transplant in
the remaining group of 103 subjects is shown in Fig. 2. The
figure includes four cases in which the iron scores decreased
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between the two time points. Because of the small number of
such cases, these patients were not included in subsequent
analyses, leaving a total of 99 individuals. For the main stat-
istical analysis, the subjects were divided into two groups,
namely those whose hepatocyte iron scores increased
between liver biopsy and transplant (Group A, n = 39) and
those whose iron scores did not change between these time
points (Group B, n = 53). Subjects with 4+ hepatocyte iron on
index biopsy that was unchanged at the time of transplant (n
= 7) were not included in this analysis since no increase in
iron score was possible in those with the maximum score at
baseline; however, these subjects were included in a second
analysis as described below.

Histopathology

Sections from pre-transplant biopsies and explanted livers
were stained with hematoxylin and eosin and Perls’ Prussian
blue using standard methods in the University of Iowa
Pathology Department. Iron staining was graded using the
system of Scheuer applied to the average appearance of the
specimen.t”"'8 Fibrosis was graded according to the Batts and
Ludwig staging system for chronic hepatitis.®

Statistical methods

The data were modeled using five different classes of varia-
bles. These included the following: categorical level variables
for Groups A and B described above and the variable repeat,
indicating biopsy [T1] or explant [T2]; categorical variables of
gender and ethnicity; categorical Boolean variables, including
etiology of chronic liver disease, history of gastrointestinal
bleeding, history of transfusion, history of refractory ascites,
history of hepatorenal syndrome, hepatocellular carcinoma,
TIPS placement; state variables, including interval from
biopsy to transplant, age; and measurement variables,
including laboratory values and MELD score. The categorical
variables gender and ethnicity and the categorical Boolean
variables were analyzed using SAS proc freq (SAS Institute,
Cary, NC, USA). The chi-square statistics for the effect of
group level variable (Group A or B, T1 or T2) were computed.
The chi-square statistics were supplemented by versions
reflecting likelihood ratio, continuity-adjustment and
Mantel-Haenszel odds ratio. SAS proc glm with Welch's
ANOVA was used to analyze the state variables (interval
from biopsy to transplant, age).

SAS proc mixed was used to analyze all measurement
variables. The raw data were formatted to be used in linear
mixed modeling with repeated measures. The format used
the two-level variables described above, such that there were
two records for each subject, one at biopsy (T1) and one at
transplant (T2). The state variable timepoint was equal to 1 at
T1 and N at T2, where N was measured in days. The fixed
effects in the generalized linear model included group (A vs.
B), repeat (T1 vs. T2) and the group by repeat interaction.
With two groups (group, i.e. A, B) and two measurements
(repeat, i.e. T1, T2), the output included the covariance
parameter estimates, fit statistics, least square means and
difference of least square means. A p-value <0.05 was con-
sidered significant.

Pearson correlation coefficients were calculated with
Python 3.6 using scipy.stats, pandas, seaborn, and matplot-
lib. A p-value <0.05 was considered significant. Correlation
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Adult Liver Transplant Recipients

n =295

192 excluded

No prior biopsy (n = 120)

Biopsy done elsewhere (n = 38)

Incomplete records or pathological

material unavailable (n = 13)

Biopsy done <1 mo before transplant (n = 11)
Prior liver transplant (n = 5)

Liver transplant for noncirrhotic liver

disease (n = 3)

Proven hereditary hemochromatosis (n = 2)

*excluded from initial analysis
**excluded from both analyses

103 evaluated

Iron score No change in iron
increased score between bx and txp
between bx and (n =53, Group B)
txp
(n =39, Group A)

Iron score decreased
between bx and txp
(n=4)=*

4+ iron on both
bx and txp (n =
7)*

Fig. 1. Disposition of transplant recipients considered for inclusion in the study.

A total of 295 adult patients underwent liver transplantation at our institution between January 1, 2000 and December 31, 2010. One hundred and
ninety-two patients were excluded for the reasons given. One hundred and three evaluable patients were categorized based on the change in

hepatocyte iron scores between pretransplant biopsy and explant as shown.
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Fig. 2. Distribution of changes in iron scores between liver biopsy and liver transplant in 103 subjects.

The first digit in each pair represents the iron score at liver biopsy and the second digit indicates the iron score at liver transplant.

matrix heatmaps were made in RStudio 1.2.5042 using the
ggplot2 and corrplot packages in R 4.0.0.

Results

Clinical features of the subjects are given in Table 1. Although
the majority of subjects in both Group A (increased hepato-
cyte iron score between biopsy and transplant) and Group B
(no change in iron score) had advanced fibrosis (F3-F4) at
biopsy, most had no stainable hepatocyte iron on biopsy
and the distribution of iron scores among those with stainable
iron was similar between the groups. The groups likewise did
not differ significantly with respect to age, sex, ethnicity or
etiology of chronic liver disease, history of gastrointestinal
bleeding or blood transfusion, intractable ascites, hepatorenal
syndrome, hepatocellular carcinoma, and the time interval

between biopsy and transplantation (Table 1). Among the cat-
egorical variables, only the frequency of TIPS placement was
significantly different between Group A (9/39 with TIPS,
23%) and Group B (4/53 with TIPS, 8%) (p = 0.03).
Hemoglobin concentrations decreased in both groups
between biopsy and transplant but the magnitude of the
reduction in this parameter was greater in subjects with
increased versus stable iron scores in the interval between
biopsy and transplant (Group A: 12.6 £ 0.3 g/dL at biopsy,
10.6 £ 0.3 g/dL at transplant; Group B: 12.7 + 0.3 g/dL at
biopsy, 11.4 + 0.3 g/dL at transplant, p < 0.0001 for both).
Several parameters related to red blood cells differed signifi-
cantly between the groups. Mean corpuscular hemoglobin
(MCH), mean corpuscular hemoglobin concentration (MCHC)
and mean corpuscular volume (MCV) tended to increase in
both groups between biopsy and transplant, but the
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Table 1. Demographic and clinical features of the study subjects
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Group A: Increase in iron score
between biopsy and

Group B: No change in iron
score between biopsy and

transplant, n = 39 transplant, n = 53 p
Males/females 28/11 43/10 ns
Caucasian/non-Caucasian 34/5 45/8 ns
Age at transplant (years), mean = SD 55.2 + 10.4 51.2 + 10.7 ns
Cause of underlying liver disease: chronic viral 16/14/8/5 22/23/6/15 ns
hepatitis/alcoholic disease/non-alcoholic
steatohepatitis/other®
Interval between biopsy and transplant (days), 907 + 927 1,001 + 1,036 ns
mean * SD
Iron score at biopsy (0/1+/2+/3+)° 29/6/4/0 42/7/3/1 ns
Fibrosis stage at biopsy (1/2/3/4)°¢ 2/1/13/23 1/4/14/33 ns
History of GI bleeding 14 (36%) 24 (45%) ns
History of blood transfusion 15 (38%) 16 (30%) ns
History of intractable ascites 19 (49%) 17 (32%) ns
History of hepatorenal syndrome 10 (26%) 7 (13%) ns
TIPS placement 9 (23%) 4 (8%) 0.03
History of hepatocellular carcinoma 7 (18%) 13 (25%) ns

2All but three cases of chronic viral hepatitis were chronic hepatitis C. There was one case of chronic hepatitis B in each group and 1 HBV-HCV coinfected patient in Group B.
Other causes include autoimmune hepatitis, primary biliary cholangitis, primary sclerosing cholangitis. Multiple causes of chronic liver disease were present in some cases.

bCases with 4+ iron at biopsy and transplant were not included in this analysis (n = 7).

“Information on fibrosis stage missing in one subject.

changes in MCH and MCHC were significant only in Group A
(Group A MCH: 32.2 = 0.5 pg at biopsy, 34.2 £ 0.5 pg at
transplant, p = 0.0002; Group B MCH: 31.2 = 0.4 pg at
biopsy versus 32.0 £ 0.4 pg at transplant, p = 0.05; Group
A MCHC: 33.4 £ 0.2% at biopsy, 34.4 £ 0.2 at transplant, p =
0.0004; Group B MCHC: 33.9 £+ 0.2% at biopsy, 34.0 £ 0.2%
at transplant, p = 0.6). The increase in MCV from biopsy to
transplant was significant in both groups; however, MCVs
were significantly larger in Group A than Group B at both
time points (96.5 fL in Group A vs. 92.1 fL in Group B at
biopsy and 99.2 fL in Group A vs. 94.5 fL in Group B at trans-
plant, p = 0.005 and p = 0.008, respectively). Pearson corre-
lations between these parameters and other laboratory
variables are shown in Supplementary Fig. 1.

Changes in red blood cell numbers paralleled the changes
in hemoglobin, with reductions in red blood cell counts
between biopsy and transplant in both groups that were of
greater magnitude in Group A (Group A: 4.0 £ 0.1 M/mm? at
biopsy vs. 3.1 £ 0.1 M/mm? at transplant; Group B: 4.2 + 0.1
M/mm?> at biopsy vs. 3.6 £ 0.1 M/mm? at transplant, p <
0.001 for both). Platelet counts fell between biopsy and trans-
plant in both groups, but neither platelet nor white blood cell
numbers showed any change in relation to iron scores, sug-
gesting that the observed changes in red blood cell numbers
were linked to alterations in iron metabolism in these
subjects.

There were significant differences in serum iron studies
between the groups at biopsy and at transplant. Even though
the prevalence of stainable iron was similar in the groups at
biopsy, serum iron levels were higher in Group A compared to
Group B at biopsy (143 £+ 11 pg/dL vs. 99 £ 9 png/dL,
p = 0.002) as well as at transplant (153 £+ 11 pg/dL vs.
84 £ 11 pg/dL, p < 0.0001). Total iron binding capacity

(TIBC) was similar in the two groups at biopsy (251 + 14
wg/dL in Group A, 279 £ 12 pg/dL in Group B, p = 0.14),
and was unchanged at transplant in Group B but fell during
the interval between biopsy and transplant in Group A (205 +
16 pg/dL in Group A vs. 285 £ 16 pg/dL in Group B at trans-
plant, p = 0.02). As a consequence, saturation of TIBC with
iron was significantly higher at biopsy in Group A and rose
further in these subjects at transplant, while this parameter
was unchanged in Group B (59 £ 4% in Group A vs. 38 £ 3%
in Group B at biopsy, p = 0.0002; 76 = 5% in Group A at
transplant, 34 £ 5% in Group B at transplant, p < 0.0001).
Serum ferritin levels did not differ between the groups at
biopsy (Group A: 395 + 93 ng/mL and Group B: 353 = 81
ng/mL, p = 0.73) but were significantly higher in Group A
versus Group B at transplant (542 £ 79 ng/mL vs. 285 + 74
ng/mL, respectively, p = 0.02).

MELD scores were significantly higher at transplant in
Group A versus Group B, primarily as a result of larger
increases in INR and total bilirubin in the former (Group A at
transplant 21 £ 1 and Group B 15 £ 1, p = 0.004). INRs
increased over the study interval in both groups but the mag-
nitude of this change was greater in Group A (Group A: 1.4 £
0.1 at biopsy vs. 2.0 £ 0.1 at transplant, p < 0.0001; Group
B: 1.3 £ 0.1 at biopsy vs. 1.5 £ 0.1 at transplant, p = 0.026).
Total bilirubin showed a similar pattern, which was attribut-
able to increases in both direct and indirect fractions (total
bilirubin Group A: 2.8 £ 0.5 mg/dL at biopsy vs. 7.4 = 1.3
mg/dL at transplant, p = 0.0004; total bilirubin Group B: 2.9
+ 0.4 mg/dL at biopsy vs. 5.3 £ 1.1 mg/dL at transplant,
p = 0.03). Changes in iron scores were not associated with
changes in creatinine.

In addition to changes in the magnitude of hepatocyte
iron, histopathological examination revealed changes in the
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localization of stainable iron between biopsy and transplant.
Nearly 90% of the livers in Group A exhibited one of the
following three patterns: no iron on biopsy with mixed
hepatocellular and reticuloendothelial iron on explant; no
iron on biopsy with hepatocellular iron on explant; or hep-
atocellular iron on biopsy, with increased hepatocellular iron
on explant. However, there were a few livers that demon-
strated other patterns (e.g., mixed or reticuloendothelial iron
on biopsy, with hepatocellular iron on explant). Similar
variability in the pattern of iron deposition between biopsy
and transplant was observed in the approximately one-third
of livers in Group B in which some stainable iron was present.
Data demonstrating changes in patterns of non-parenchymal
cell iron deposition between biopsy and transplant are shown
in supplementary Fig. 2. Given the variability of the patterns
and the fact that several of the patterns were observed in very
small numbers of subjects, the pattern of iron deposition and
presence or absence of non-parenchymal cell iron were not
analyzed further.

To determine whether there were clinical features that
were unique to cirrhotic patients with heavy hepatocellular
iron deposition, we repeated the analysis using the same
methodology described above but altered the composition
of the groups. In this second analysis, the subjects were
dichotomized to low-normal iron versus heavy iron deposi-
tion groups. The former group comprised subjects with iron
scores of 0 and 1+ at biopsy and at transplant; the latter
included those with 3+ or 4+ at biopsy and/or transplant.
This analysis included the seven subjects with 4+ iron on
biopsy and transplant who were excluded from the initial

analysis but excluded subjects with 2+ iron at biopsy and/
or transplant (n = 12), as this score does not fit neatly into
either the low-normal or heavy iron categories. The heavy
iron group had higher baseline liver iron and MELD scores
and significantly shorter intervals between biopsy and
transplantation, but the laboratory parameters that differed
between the low-normal iron and heavy iron groups were
otherwise similar to those described above. The data from
the second analysis are provided in Supplementary
Tables 1-4.

Discussion

The objective of this study was to identify factors that
correlate with development of hemosiderosis in patients
with chronic liver disease by comparing semiquantitative
assessments of stainable hepatocyte iron in pre-transplant
liver biopsies with liver explants from the same individuals.
Although most of the subjects in this study had advanced
fibrosis at the time of biopsy, the majority had no hepatocel-
lular iron deposition at that point. This observation argues
against an important role of iron deposition in driving fibrosis
progression, since if that were the case, iron deposition
should have preceded the development of advanced fibrosis
rather than occurring after advanced fibrosis was already
present. On the other hand, the disproportionate worsening
of several parameters related to hepatic metabolic function
(bilirubin, INR and transferrin [TIBC]) in the subjects whose
iron scores increased is consistent with earlier studies linking
hemosiderosis to greater impairment of hepatic function.*>®

Table 2. Hematologic parameters at liver biopsy and at liver transplant in subjects whose iron scores increased (Group A) versus those whose iron scores

remained stable (Group B)

Group A, biopsy

Group A, transplant

Group B, biopsy

Group B, transplant

Hemoglobin, g/dL 12.6 = 0.3 10.6 + 0.3%°¢
Hematocrit, % 37.5+ 0.9 30.8 + 0.8°¢
MCH, pg 32.2 0.5 34.2 + 0.5°¢
MCHC, % 33.4 = 0.2 34.4 = 0.2°
MCV, fL 96.5 = 1.2°2 99.2 + 1,3b¢c
RBC,M/mm? 4.0 +0.1 3.1 +0.15¢
Platelets, K/mm? 110+/-12 78 + 9P
WBC, K/mm? 5.4+ 0.4 5.2 * 0.4

12.7 = 0.3 11.4 = 0.3°
37.8 £ 0.8 33.9 = 0.7
31.2+0.4 32.0 0.4
33.9 £ 0.2 34.0 = 0.2
92.1 +1.0 94,5 +1.1°
4.2 + 0.1 3.6 = 0.17
115+ 10 93 = 8°
5.0 0.3 5.3 +0.4

ISignificant difference compared to Group B at biopsy.
bSignificant difference compared to Group A at biopsy.
CSignificant difference compared to Group B at transplant.

Table 3. Serum iron parameters at liver biopsy and at liver transplant in subjects whose iron scores increased (Group A) versus those whose iron scores

remained stable (Group B)

Group A, biopsy

Group A, transplant

Group B, biopsy

Group B, transplant

Serum iron, wg/dL 143 + 112 153 + 11€ 99 +9 84 + 11
Total iron binding capacity, pg/dL 251 = 15 205 + 16°¢ 279 = 12 285 = 16
TIBC saturation, % 59 + 4@ 76 + 5b< 383 345
Ferritin, ng/mL 395 + 93 542 + 79¢ 353 = 81 285 + 74

aSignificant difference compared to Group B at biopsy.
bSignificant difference compared to Group A at biopsy.
cSignificant difference compared to Group B at transplant.
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Table 4. MELD score, direct and indirect bilirubin at liver biopsy and at liver transplant in subjects whose iron scores increased (Group A) versus those

whose iron scores remained stable (Group B)

Group A, biopsy

Group A, transplant

Group B, biopsy Group B, transplant

MELD score 13+1 21 + 1P 12+1 15 + 1°

INR 1.4 = 0.1° 2.0 = 0.1b°¢ 1.3 +0.1 1.5 +0.1°
Total bilirubin, mg/dL 2.8+ 0.5 7.4 =1.3° 29+04 5.3+ 1.17
Direct bilirubin, mg/dL 1.3+0.3 3.4 = 1.0° 1.4 +0.3 3.0+ 0.8
Indirect bilirubin, mg/dL 1.5+0.2 2.4 +0.7 1.4 +0.2 1.9+ 0.6
Creatinine, mg/dL 1.1 +0.1 1.4 +0.2 1.0 = 0.1 1.4 +0.12

ISignificant difference compared to Group B at biopsy.
bSigniﬁcant difference compared to Group A at biopsy.
CSignificant difference compared to Group B at transplant.

Potential causes of iron deposition in the setting of cirrhosis
include multiple blood transfusions, medicinal iron administra-
tion, portosystemic shunting, increased iron absorption resulting
from hepcidin deficiency, and hemolysis (Fig. 3). Blood trans-
fusions result in predominant Kupffer cell iron deposition.2° For
this reason and because there was no difference in blood trans-
fusions between Groups A and B, it does not appear that trans-
fusions account for differences in hepatocyte iron deposition in
our patients. Data regarding the use, doses and adherence with
oral iron were not routinely documented in the records, so it was
not possible to accurately quantitate oral iron use. Whether iron
supplementation and/or other medications contribute to hemo-
siderosis in cirrhosis should be addressed in future studies.

The finding of an increased prevalence of patients with TIPS
in the group with increased iron scores is intriguing. Literature
dating back to the era of portacaval shunt surgery suggested
that the creation of a portosystemic shunt was sometimes

Exogenous oral iron:
dietary, medicinal iron

N

Altered intestinal
absorption

. (Bhepcidin, ?other) % ;

Factors potentially affecting iron status,

mechanism unknown:
portosystemic shunting

Fig. 3. Potential contributors to hepatocellular iron deposition in cirrhosis.

Anemia,

followed by the development of hemosiderosis.?!??> Those
observations have received little attention since surgical
shunts fell out of favor, hence it remains unclear whether the
relationship between shunting and siderosis is causal in
nature, and if so, by what mechanism. Assuming that TIPS
and hemosiderosis might be linked, we considered the possi-
bility that the likelihood of developing hemosiderosis after TIPS
might depend on the length of time that the TIPS was in place.
However, there was no difference in the time from TIPS place-
ment to liver transplant in Group A (597 + 1207 [standard
deviation] days) versus Group B (972 + 075 days) (non-sig-
nificant difference), nor did we observe a consistent pattern of
localization of iron in the livers of patients with TIPS from either
group (data not shown). It would be worthwhile to investigate
this question with a larger number of cases.

Given the association of iron deposition with hepatic
synthetic dysfunction, it is tempting to assume that

Exogenous parenteral iron:
RBC transfusion, IV iron

Endogenous iron:
hemolysis

Uptake of exogenous iron originating from dietary sources and/or medicinal iron from the intestine may be increased due to reduced hepcidin
levels. Hepcidin is responsive to a number of physiological stimuli, including anemia and hypoxia, which are potentially relevant in cirrhosis.
Transfusion of red blood cells or therapeutic iron infusions are other exogenous sources of iron. An important endogenous source of iron is the
hemoglobin of red blood cells, and hemolysis may contribute to iron deposition. Although the mechanism is obscure, portosystemic shunting has
also been implicated as a cause of iron loading. Text in bold font indicates processes identified in this study as possibly contributing to hepatocellular
iron deposition. Text in italics indicates phenomena known to modulate hepcidin expression.
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Fig. 4. Hypothetical schema linking extravascular hemolysis to paren-
chymal iron deposition in cirrhotic livers.

Splenic macrophages catabolize the hemoglobin of red blood cells
destroyed in the spleen. Under conditions of low hepcidin, the mac-
rophages release the iron derived from the degraded hemoglobin into
the circulation in an unregulated fashion, raising serum iron levels and
transferrin saturation. As transferrin becomes saturated with iron, non-
transferrin-bound iron (NTBI) appears in the circulation. NTBI is pref-
erentially and efficiently taken up by hepatocytes in a manner that is
independent of hepatic iron stores. This sequence of events may ex-
plain how iron that is derived from red blood cells destroyed in the
spleen contributes to iron loading of liver parenchymal cells.

hemosiderosis is the result of inadequate hepcidin synthesis
by a failing liver. A number of studies have addressed the
effects of liver disease on hepcidin but the results to date are
contradictory.?3>72® It seems reasonable to assume that
decreased hepcidin production may be necessary for hemo-
siderosis to develop, but whether hepcidin insufficiency is a
sufficient cause of parenchymal iron deposition in advanced
liver disease is unclear. Note that while liver dysfunction was
milder in Group B than Group A, it was still sufficiently severe
as to require liver transplantation; yet, the patients in the
former group did not demonstrate dysregulated iron metab-
olism. One possible explanation is that there is a threshold
level of liver dysfunction that is required to manifest overt
hepcidin deficiency, which was met in Group A but not in
Group B. Alternatively, there may be other as-yet unidentified
factors that account for the fact that the diseased livers in
Group B were able to maintain relatively normal iron homeo-
stasis despite impaired liver function.

An important observation from this study is that subjects
who accumulated substantial amounts of hepatocellular iron
tended to do so over relatively short time intervals, confirm-
ing observations made by Ludwig et al.® The rapid acquisition
of liver iron in this context contrasts with the incremental iron
accretion that is characteristic of HH, notwithstanding that
hemosiderosis and hemochromatosis are both presumed to
be caused by hepcidin deficiency. It is possible that hepcidin
expression is more profoundly impaired in advanced liver
disease than in hemochromatosis, thereby leading to more
rapid development of iron overload. A head-to-head compar-
ison of hepcidin levels in these two conditions is needed to
determine whether this is the case. Nonetheless, the notion
that dysregulated absorption of dietary iron is sufficient to
account for rapid development of hemosiderosis in cirrhosis
is difficult to reconcile with the realities of anorexia and mal-

nutrition that are ubiquitous among patients with end-stage
liver disease.

This observation, together with the results of this study,
suggest that an endogenous source of iron might contribute
to the development of hemosiderosis. Accelerated destruc-
tion of red blood cells secondary to hypersplenism in
advanced liver disease has been well-described in studies
from the 1950’s and 60’s.2”73% Cirrhotics with macrocytic
anemia not associated with nutritional deficiencies were
shown to have elevated reticulocyte counts, increased
numbers of erythrocyte precursors in the bone marrow, and
increased urobilinogen excretion. Hemolysis was convincingly
demonstrated based on decreased red blood cell survival
times, coupled with the finding that transfusion of radiola-
beled autologous red blood cells resulted in heavy deposition
of radioactivity in the spleen with abnormally little activity in
the liver. Furthermore, the half-survival time of transfused red
cells correlated with hemoglobin levels in one study,?” sug-
gesting that hemolysis contributed significantly to anemia in
some cirrhotics.

Findings linking hepatic iron deposition with hemolysis in
the present study include the significant worsening of anemia,
greater elevation in bilirubin (including the indirect fraction)
and more prominent alterations in red blood cell indices
between biopsy and transplant in the subjects in Group A.
Our observations are in line with recent studies that have
linked severity of anemia and macrocytosis with the degree of
hepatic dysfunction and portal hypertension in patients with
advanced liver disease.3'32 Regarding the alterations in red
blood cell indices, because evidence for hemolysis was not
systematically sought in our subjects, we speculate that the
increase in MCV in Group A may be due to increased numbers
of circulating reticulocytes, while the higher MCHC might
reflect abnormal red blood cell shapes associated with hemol-
ysis (spherocytes or irregularly contracted cells resembling
spherocytes).33 Alternatively, elevations in MCH and MCHC
might reflect stimulation of heme and hemoglobin synthesis
in erythroid cells driven by high levels of transferrin saturation
in Group A. This explanation has been proposed to account for
the elevation in MCH and MCHC observed in patients with HH,
whose hemoglobin levels tend to be modestly increased.3*
But in contrast to hemochromatosis patients, hemoglobin
levels were significantly lower at transplant among the cir-
rhotic patients with higher levels of transferrin saturation,
MCH, and MCHC, which suggests that if hemoglobin synthesis
was increased in this group, it was more than counterbal-
anced by an increase in hemoglobin degradation.

Chronic hemolysis caused by conditions such as thalasse-
mia is well-known to cause hepatic iron overload, but the
possibility that extravascular hemolysis secondary to hyper-
splenism plays a role in the development of hemosiderosis in
advanced liver disease has received little attention. Several
factors likely account for this. Anemia is common in cirrhosis
but comprehensive diagnostic evaluation for the etiology of
anemia is overlooked in many of these patients.3! In a patient
with a known diagnosis of cirrhosis, an elevated bilirubin level
may be taken as evidence of worsening liver function, thus no
measurement of direct bilirubin is carried out and a potential
clue to the presence of hemolysis is missed. Even when
hemolysis is considered, interpretation of laboratory tests
such as haptoglobin may be confounded by the presence of
hepatic synthetic dysfunction.>®

Another complicating factor is the expectation that iron
deposition caused by hemolysis should predominantly affect
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reticuloendothelial cells. Hemolysis may contribute to the
variable amounts of Kupffer cell iron that can be seen in
cirrhotic livers but it is not readily evident how hemolysis
could account for the preferential hepatocellular iron deposi-
tion that is seen in a subset of patients with liver disease,36:3”
We propose that in the specific context of advanced liver
disease with hepcidin deficiency, extravascular hemolysis
might give rise to predominant parenchymal cell iron deposi-
tion, as outlined in Fig. 4. In this scenario, as red blood cells
are destroyed in the spleen, their hemoglobin is catabolized
by splenic macrophages. Because of depressed hepcidin
levels (due to hepatic failure, hemolysis,® or the combination
of these factors), iron derived from degraded hemoglobin is
released from macrophages into the circulation in an unregu-
lated fashion, leading to elevated serum iron levels and
increased transferrin saturation. (Note that these findings
were present in Group A at biopsy and anticipated the subse-
quent increase in iron scores.) Uptake of transferrin-bound
iron is limited by the physiologic mechanisms that regulate
transferrin receptor-1 expression, which appear to be intact
in cirrhotic human livers,?* thus curtailing uptake of iron by
this route. As iron continues to be released from splenic mac-
rophages and transferrin becomes saturated with iron, non-
transferrin-bound iron appears in the circulation. Non-trans-
ferrin-bound iron is preferentially taken up by hepatocytes in
an efficient manner that is independent of hepatic iron
stores.3°*% Coupled with the abnormally low hepatic turnover
of radiolabeled red blood cells described above (indicating
diminished phagocytosis of erythrocytes by hepatic macro-
phages), these conditions create the seemingly paradoxical
situation in which iron derived from splenic destruction of
red blood cells ends up deposited primarily in hepatocytes
(Fig. 4).

Although the details of this mechanism are speculative, a
similar phenomenon has been shown in patients with alcoholic
liver disease complicated by spur cell anemia. Rather than
Kupffer cell iron deposition, as would be expected to result
from hemolysis and multiple blood transfusions, liver explants
from patients with this condition show an HH-like pattern of
iron deposition, indicating diversion of iron from macrophages
to hepatocytes in this situation.?! Along these same lines, we
reported that cirrhotics with the HH-like pattern of secondary
iron overload tend to have a paucity of splenic iron, suggesting
that there is a reciprocal relationship between splenic (macro-
phage) iron and hepatocyte iron loading.>”

In summary, our data suggest that extravascular hemol-
ysis caused by hypersplenism may contribute to secondary
hepatic iron deposition in cirrhosis. Future studies are needed
to confirm these observations. It will be of particular impor-
tance to design prospective trials that combine comprehen-
sive evaluation of anemia, detailed information regarding
blood loss and administration of supplemental iron as well
as dietary iron intake, evaluation of portosystemic shunting
and measurements of serum hepcidin with evaluation of
intestinal iron absorption in patients with chronic liver
disease in order to provide a more comprehensive under-
standing of the mechanisms that contribute to the develop-
ment of dysregulated iron metabolism. Other important areas
of investigation will be to identify factors that predispose
some cirrhotic patients to develop hemolysis, as well as
clarifying the nature of the relationship between hemolysis,
secondary iron deposition and impairment of liver function.
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