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Iron, Hepcidin, and Death in Human AKI
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Emily A.S. Boerger," Finnian R. Mc Causland,” Michele F. Eisenga,® Karandeep Singh,®’
Jodie L. Babitt,® John A. Kellum,’ Paul M. Palevsky,w'11 Marta Christov,"? and
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"Division of Renal Medicine, Brigham and Women'’s Hospital, Boston, Massachusetts; 2Depar‘cment of Nephrology,
3Department of Cardiology, and “*Department of Biochemistry, Muljibhai Patel Urological Hospital, Gujarat, India;
*Department of Nephrology, University of Groningen, University Medical Center Groningen, Groningen, The
Netherlands; Departments of ®Learning Health Sciences and ’Internal Medicine, University of Michigan Medical
School, Ann Arbor, Michigan; 8Nephrology Division, Program in Membrane Biology, Center for Systems Biology,
Massachusetts General Hospital, Boston, Massachusetts; 9Center for Critical Care Nephrology, Department of Critical
Care Medicine, University of Pittsburgh, Pittsburgh, Pennsylvania; 0Renal Section, Veterans Affairs Pittsburgh
Healthcare System, Pittsburgh, Pennsylvania; ''Renal-Electrolyte Division, University of Pittsburgh School of Medicine,
Pittsburgh, Pennsylvania; and 12Department of Medicine, New York Medical College, Valhalla, New York

ABSTRACT
Background Iron is a key mediator of AKI in animal models, but data on circulating iron parameters in
human AKI are limited.

Methods We examined results from the ARF Trial Network study to assess the association of plasma
catalytic iron, total iron, transferrin, ferritin, free hemoglobin, and hepcidin with 60-day mortality. Partic-
ipants included critically ill patients with AKI requiring RRT who were enrolled in the study.

Results Of the 807 study participants, 409 (51%) died by day 60. In both unadjusted and multivariable
adjusted models, higher plasma concentrations of catalytic iron were associated with a significantly
greater risk of death, as were lower concentrations of hepcidin. After adjusting for other factors, patients
with catalytic iron levels in the highest quintile versus the lowest quintile had a 4.06-fold increased risk of
death, and patients with hepcidin levels in the lowest quintile versus the highest quintile of hepcidin had a
3.87-fold increased risk of death. These findings were consistent across multiple subgroups. Other iron
markers were also associated with death, but the magnitude of the association was greatest for catalytic
iron and hepcidin. Higher plasma concentrations of catalytic iron and lower concentrations of hepcidin are
each independently associated with mortality in critically ill patients with AKI requiring RRT.

Conclusions These findings suggest that plasma concentrations of catalytic iron and hepcidin may be
useful prognostic markers in patients with AKI. Studies are needed to determine whether strategies to
reduce catalytic iron or increase hepcidin might be beneficial in this patient population.

J Am Soc Nephrol 30: 493-504, 2019. doi: https://doi.org/10.1681/ASN.2018100979
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Iron is essential for life, because it plays a key role in
oxygen transport, DNA repair, cell proliferation,
and many other critical biologic processes. How-
ever, when iron is present in excess, it is toXic to  Published online ahead of print. Publication date available at
the kidneys,!=> heart,®” endothelium,3-19 and = www.jasn.org.

other tissues due to its ability to cause oxidative Correspondence: Dr. David E. Leaf, Renal Division, Brigham and
damage to cellular membranes and proteins.8!1  Women's Hospital, 75 Francis Street, Boston, MA 02115. Email:
Dysregulated iron metabolism plays a particularly =~ DE-EAF@bwh harvard.edu

important pathogenic role in AKI in experimental  Copyright © 2019 by the American Society of Nephrology
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animal models,!=5 but limited data are available on iron in the
context of human AKI.

Iron status can be assessed through a variety of parameters.
Serum iron is the total amount of iron in the circulation. Trans-
ferrin is the main protein that binds iron in the blood and
transports it to sites on the basis of physiologic demands. Trans-
ferrin saturation (TSAT) is calculated by dividing serum iron by
transferrin, and it indicates the percentage of iron binding sites
of transferrin occupied by iron. Ferritin is the primary intra-
cellular iron storage protein, but small amounts are also
secreted into the circulation, and they are often used as an
indirect marker of total body iron stores.

Beyond the above parameters, which are commonly mea-
suredin clinical practice, other markers provide more specificity
regarding iron that may directly cause tissue injury. Plasma free
hemoglobin, the amount of hemoglobin present in the circula-
tion outside of red blood cells, reflects the severity of intravas-
cular hemolysis. Free hemoglobin can cause renal and extrarenal
injury through a variety of mechanisms,? including sequestration
of nitric oxide, which results in arteriolar vasoconstriction and im-
paired tissue perfusion. Catalytic iron, also known as labile iron, is a
transitional pool of extracellular and intracellular iron that is
not transferrin bound, but rather loosely bound to albumin or
low mol wt complexes.!3 Catalytic iron can cause oxidative
injury by facilitating the conversion of hydrogen peroxide to
free radical ions—a process known as the Fenton reaction—and
is a key mediator of AKI in animal models.!=> Finally, the liver-
derived hormone, hepcidin, is the main regulator of systemic
iron homeostasis, and it may also have renoprotective functions
in experimental AKI through its effects on cellular iron distri-
bution.!415 Specifically, hepcidin binds to the iron exporter fer-
roportin, which is present on the basolateral aspect of duodenal
enterocytes, on the cell surface of macrophages, and elsewhere,
and it induces its internalization and degradation.!® Hepcidin
thereby limits iron absorption from the gut and iron export from
storage sites, whereas suppression of hepcidin upregulates
ferroportin and facilitates iron export into the circulation.

In humans, small studies have identified abnormalities in
circulating iron parameters as risk factors and potential con-
tributors to AKIL.17-20 However, no study has examined a com-
prehensive panel of circulating iron parameters in patients with
established AKI. We measured plasma concentrations of total
iron, transferrin, ferritin, free hemoglobin, catalytic iron, and
hepcidin in a large cohort of critically ill patients with severe
AKI requiring RRT to assess their associations with death and
renal recovery.

METHODS

Study Design

We performed a cohort study to assess the associations between
plasma iron marker concentrations, hepcidin, and death
among patients enrolled in the ARF Trial Network (ATN)
study. The ATN study enrolled 1124 critically ill patients
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Significance Statement

Dysregulated iron metabolism plays animportant pathogenicrolein
AKI in animal models, but limited data are available on circulating
iron parameters in human AKI. To assess the association of plasma
catalytic iron, total iron, transferrin, TSAT, ferritin, free hemoglobin, and
hepcidin with 60-day mortality, the authors examined observations
in a cohort study of 807 critically ill patients with AKI (all requiring
RRT) who were enrolled the ARF Trial Network study. They found
that higher concentrations of catalyticiron and lower concentrations
of hepcidin are each monotonically and independently associated
with increased mortality. These findings identify plasma catalytic iron
and hepcidin as potentially useful prognostic markers or therapeutic
targets in patients with AKl requiring RRT.

with AKI requiring RRT from 27 major United States medical
centers into a randomized trial of intensive versus less intensive
RRT. Patients were eligible if they had AKI requiring RRT and
failure of at least one nonrenal organ (defined as a nonrenal
Sequential Organ Failure Assessment?! score of two or more)
or sepsis. Additional inclusion and exclusion criteria are
described elsewhere in detail .2

Subject enrollment began in November 2003, and it was
completed July 2007. At the time of randomization (day 1),
blood samples (n=817) were obtained in EDTA-containing
vacutainers, immediately placed on ice, and centrifuged at 4°C,
and the plasma was aliquoted and stored in a biorepository
at —80°C. Additional samples (1=556) were collected and stored
1 week later (day 8) for patients who were still alive. Patients who
provided samples for the biorepository (n=817) had similar
baseline characteristics and outcomes compared with the overall
cohort (n=1124) (Supplemental Table 1). We measured iron
parameters using available samples from the biorepository
(n=807 from day 1 and n=556 from day 8).

Informed Consent

All patients or their surrogates provided written informed
consent, and the study was approved by the Human Rights
Committee at the West Haven Veterans Affairs Cooperative
Studies Program Coordinating Center and the institutional
review boards at each of the participating sites.

Exposures

The primary exposures were plasma concentrations of catalytic
iron, total iron, transferrin, TSAT, ferritin, free hemoglobin, and
hepcidin, each measured on day 1. In secondary analyses, we
also assessed the change in iron parameters from day 1 to day 8
both overall and according to RRT treatment assignment. Un-
less otherwise specified, data presented refer to iron parameters
measured on day 1.

Outcomes

The primary end point was 60-day all-cause mortality. Second-
ary end points were durations of RRT and mechanical ventila-
tion. To avoid the confounding effect of mortality, we calculated
the number of RRT- and ventilator-free days. Data on RRT and
mechanical ventilation were available through day 28 and day

J Am Soc Nephrol 30: 493-504, 2019
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14, respectively. Accordingly, the number of RRT-free days was
calculated as 28 minus the number of RRT-dependent days, and
the number of ventilator-free days was calculated as 14 minus
the number of ventilator-dependent days. For both outcomes,
patients who died before 28 or 14 days, respectively, were
assigned a score of zero.??

Laboratory Analyses
Catalytic iron, total iron, transferrin, ferritin, and free hemo-
globin were measured in plasma samples obtained on days 1 and
8, whereas hepcidin was measured on day 1 only. Catalytic iron
concentrations were measured using the modified bleomycin
assay.2* In brief, the antitumor agent, bleomycin, reacts with
and degrades DNA in the presence of catalytic iron and suitable
reducing agent. The DNA degradation products react with thi-
obarbituric acid to form a chromogen, the intensity of which is
measured at 532 nm using a Beckman (DU800) spectropho-
tometer. The assay measures only free iron content in the sam-
ple that is capable of taking part in the generation of reactive
oxygen species. The assay is not affected by the presence of free
hemoglobin, transferrin, catalase, or lactoferrin in the sample.

We also measured plasma levels of total iron, transferrin,
ferritin, free hemoglobin, and hepcidin. Total iron binding ca-
pacity was estimated from the transferrin concentration. TSAT
(percentage) was calculated as the ratio of total iron (micrograms
per deciliter) to total iron binding capacity (micrograms per
deciliter) multiplied by 100. Hepcidin was measured using a
monoclonal ELISA (Intrinsic LifeSciences, La Jolla, CA). Addi-
tional data on measurements and assay characteristics, including
interassay coefficients of variation, are provided in Supplemen-
tal Material and Supplemental Table 2.

Serum levels of creatinine and albumin were measured for
clinical purposes by the hospital laboratory. Details regarding
measurement of plasma IL-6 levels are reported elsewhere.2>

Statistical Analyses

We performed the statistical analyses with SAS version 9.4
(Cary, NC) and R version 3.2.3 (Vienna, Austria). We compared
baseline characteristics and iron parameters between patients
alive versus dead at day 60 using the Wilcoxon rank sum and
chi-squared tests for continuous and categoric variables,
respectively.

We used univariate (model 1) and multivariable (models 2
and 3) logistic regression to test the associations between iron
parameters and 60-day mortality. In these models, iron param-
eters were natural log transformed and normalized to 1 SD to
allow for comparison across markers. To account for multiple
iron parameters being tested, we only considered P values <<0.01
to be significant for these analyses. For all other analyses, we
considered P values <0.05 to be significant. We adjusted for
covariates according to biologic relevance and univariate as-
sociations with 60-day mortality. Accordingly, model 2 was ad-
justed for demographics and comorbidities (age, sex, race,
baseline eGFR, diabetes mellitus, congestive heart failure [CHF],
chronic liver disease, and chronic lung disease). Model 3 was

J Am Soc Nephrol 30: 493-504, 2019
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further adjusted for severity of illness (intensive care unit type;
mechanical ventilation; Acute Physiology and Chronic Health
Evaluation IT [APACHE II] score26; RRT before randomization;
treatment randomization group; oliguria; sepsis; shock; and
serum/plasma levels of albumin, creatinine, and IL-6).

In addition to the three models described above, we also tested
the associations between catalytic iron and hepcidin with death
across quartiles of APACHE Il scores and plasma IL-6, TSAT, and
ferritin levels. Finally, we assessed for effect modification ac-
cording to baseline characteristics by testing the significance of
interaction terms (subgroup X iron parameter) introduced
into the model.

We also assessed catalytic iron and hepcidin in quintiles to
test for nonlinear associations with mortality. We used logistic
regression and adjusted for the same covariates as above. We also
depicted the associations between quintiles of catalytic iron and
hepcidin with death using Kaplan—Meier curves, and we used
the log rank test to compare rates of death across quintiles.

For secondary end points, we assessed the associations be-
tween catalytic iron and hepcidin with ventilator-free and RRT-
free days using Spearman correlation coefficients. Similarly, we
used Spearman correlation coefficients to assess the associations
between catalyticiron, other iron parameters, and hepcidin, and
we depicted these relationships using restricted cubic splines.
Finally, in exploratory analyses, we assessed longitudinal
changes iniron parameters (from day 1 to 8) using the Wilcoxon
signed rank test, and we tested for effect modification according
to intensive versus less intensive RRT treatment assignment.

Overall, 1.7% of demographic and severity of illness data
were missing, and they were imputed using regression switching
with predictive mean matching.?” Five datasets were multiply
imputed, and results were pooled using Rubin rules.?®

RESULTS

Baseline Characteristics

Among the 807 participants, 409 (51%) died by day 60. On
average, patients who died were older, had higher APACHE II
scores, and were more likely to be oliguric and have shock.
Additional demographic, clinical, and laboratory parameters
are shown in Table 1.

Univariate Analyses of Iron Parameters (Assessed
Continuously) and Mortality

Iron parameters on days 1 and 8 according to 60-day survival
status are shown in Table 2 and Supplemental Table 3. Higher
concentrations of catalytic iron, TSAT, ferritin, and free hemo-
globin and lower concentrations of transferrin and hepcidin on
day 1 were each associated with higher 60-day mortality.

Multivariable Analyses of Iron Parameters

and Mortality

We assessed each iron parameter on day 1 using three models:
model 1 was unadjusted, model 2 was adjusted for

Iron, Hepcidin, and Death in AKI 495
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Table 1. Enrollment characteristics
Characteristic All, n=807 Survivors, n=398 Nonsurvivors, n=409 P Value
Demographics
Age, yr, median (IQR) 62 (51-72) 59 (48-68) 64 (54-75) <0.001
Men, no. (%) 561 (70) 272 (68) 289 (71) 0.47
White race, no. (%) 621 (77) 297 (75) 324 (79) 0.12
Comorbidities, no. (%)
Diabetes mellitus 198 (25) 108 (28) 90 (23) 0.10
Congestive heart failure 197 (25) 93 (24) 104 (27) 0.49
Chronic liver disease 94 (12) 37 (10) 57 (14) 0.04
Chronic lung disease® 102 (13) 43 (11) 59 (15) 0.12
CKDP 293 (39) 137 (38) 156 (40) 0.56
Malignancy 156 (19) 68 (17) 88 (22) 0.1
Baseline renal function
Creatinine, mg/dl, median (IQR)® 1.1(0.9-1.4) 1.1(0.8-1.4) 1.1(0.9-1.4) 0.80
eGFR, median (IQR)® 70 (50-93) 72 (52-96) 69 (49-89) 0.07
Medical ICU, no. (%) 356 (44) 174 (44) 182 (45) 0.82
Severity of illness
Sepsis, no. (%) 51 8 (64) 248 (62) 270 (66) 0.27
APACHE Il score, median (IQR)® 6 (21-31) 23 (19-29) 28 (24-33) <0.001
Mechanical ventilation, no. (%) 652 (81) 290 (73) 362 (89) <0.001
Shock, no. (%)f 508 (63) 215 (54) 293 (72) <0.001
Oliguria, no. (%)° 645 (80) 296 (74) 349 (85) <0.001
RRT before randomization, no. (%) 558 (69) 274 (69) 284 (69) 0.86
Days in ICU, median (IQR)" 4 (3-8) 4 (3-7) 4 (3-9) 0.002
Enrollment laboratory values, median (IQR)
White cell count, per mm?3 3(9-19) 3(9-18) 4 (9-20) 0.31
Hemoglobin, g/dl 8 (8.9-10.8) 7 (8.8-10.6) 9(9.1-10.9) 0.03
Creatinine, mg/dl 9 (2.9-5.1) 3(3.2-5.6) 6(2.8-4.6) <0.001
Albumin, g/d| 3(1.9-2.8) 3(1.9-3.0) 3(1.8-2.8) 0.03
IL-6, pg/ml 166 (74-540) 126 (59-281) 231 (103-9211) <0.001

Percentages are on the basis of the number of patients without missing data. IQR, interquartile range; ICU, intensive care unit; APACHE I, Acute Physiology and

Chronic Health Evaluation II.

Defined as chronic hypoxemia, hypercapnea, pulmonary hypertension, or ventilator dependence.

PDefined as baseline eGFR <60 ml/min per 1.73 m2,

“Baseline serum creatinine was defined as the premorbid serum creatinine at the time of screening or if unavailable, the lowest serum creatinine within 4 days before

screening.

9eGFR is reported in milliliters per minute per 1.73 m? and was determined using the Chronic Kidney Disease Epidemiology Collaboration equation.*
SAPACHE Il score is an ICU severity of illness scoring system ranging from zero to 71, with higher scores indicating more severe disease.

fShock was defined as requirement for vasopressor support for >1 hour.
90liguria was defined as an average urine output <20 ml/h for >24 hours.
PBefore randomization.

demographics and comorbidities, and model 3 was further
adjusted for acute severity of illness. In fully adjusted analyses
(model 3), catalyticiron, total iron, TSAT, ferritin, and hepcidin
were each associated with death (Figure 1A). The magnitude
of association was greatest for catalytic iron and hepcidin.
Specifically, higher concentrations of catalytic iron and lower
concentrations of hepcidin were each associated with higher
60-day mortality (adjusted odds ratio per 1-SD higher In[cat-
alytic iron], 1.72; 95% confidence interval [95% CI], 1.42 to
2.08; adjusted odds ratio per 1-SD higher In[hepcidin], 0.62;
95% CI, 0.52 to 0.75). In exploratory analyses, we assessed the
effect of including all iron parameters in our models in addition
to the model 2 and 3 covariates. In these models, catalytic iron
and hepcidin, but not other iron parameters, remained signif-
icantly associated with death, although the strength of these
associations was slightly attenuated (Supplemental Table 4).

496 Journal of the American Society of Nephrology

Next, we assessed catalytic iron and hepcidin by quintiles. We
found that higher quintiles of catalytic iron were associated with a
monotonic increase in the risk of death in both unadjusted and
adjusted analyses (Figure 1B). In fully adjusted analyses (model 3),
patients with catalytic iron concentrations in the highest quintile
compared with the lowest quintile had a 4.06 greater odds of
death (95% CI, 2.32 to 7.09). Similarly, we found that lower
quintiles of hepcidin were associated with a monotonic increase
in the risk of death in both unadjusted and adjusted analyses
(Figure 1C). In fully adjusted analyses (model 3), patients with
hepcidin concentrations in the lowest quintile compared with the
highest quintile had a 3.87 greater odds of death (95% CI, 2.20 to
6.82). We found similar results for quintiles of catalytic iron and
hepcidin using time-to-event analyses, with the majority of deaths
occurring in the first 30 days (Figure 1, D and E, enlarged Kaplan—
Meier survival curves are shown in Supplemental Figure 1).

J Am Soc Nephrol 30: 493-504, 2019
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Table 2. Iron marker levels on day 1 according to 60-day survival status Higher concentrations of catalytic iron
All, Survivors, Nonsurvivors, were associated with higher concentrations

Iron Parameter n=807 n=398 n=409 PValue® ¢ (tal iron (r,=0.11; P=0.003), TSAT
Catalytic iron, umol/L 0. 62 (0.36-1.47) 0. 49 (0.34-1.07) O. 76 0.41-2.62) <0.001 (7s=0.23; P<<0.001), free hemoglobin
Total iron, ug/dl 5 (54-82) 3(53-79) 6 (55-83) 005  (r=0.23; P<0.001), and ferritin (r,=0.46;
Transferrin, mg/dl 133 (108-163) 138 (112-167) 127 (106-156) 0.003 P<0.001), and they were associated with
TSAT, % 6(22-32) 5(21-31) 7 (23-33) <0.001 lower concentrations of transferrin
Ferritin, ug/L 843 (385-2361) 689 (338-1659) 1078 (436-3308) <0.001 (r&=—0.19; P<<0.001). Higher concentra-
Free hemoglobin, mg/dl 12(7-22) 1(6-20) 3(7-23) 0.001  tions of hepcidin were associated with
Hepcidin, ng/ml 124 (46-230) 158 (65-268) 97 (33-202) <0.001 lower transferrin and higher TSAT levels,

Data are shown as median and interquartile range (25th to 75th percentiles). TSAT, transferrin

saturation.

2P values refer to the comparison between iron parameters in patients alive versus dead at 60 days. For
these analyses, only P values <0.01 are considered significant to account for multiple comparisons.

Catalytic Iron and Hepcidin—Stratified and Subgroup
Analyses

Higher concentrations of catalytic iron and lower concentrations
of hepcidin were each associated with increased mortality across
nearly all quartiles of APACHE II scores and plasma IL-6, TSAT,
and ferritin levels (Figure 2). Additionally, we found no differ-
ences in the magnitude of associations between catalytic iron and
hepcidin with death across a variety of subgroups. Specifically, we
found no differences on the basis of age, sex, diabetes mellitus,
CHE, chronic liver disease, CKD, malignancy, intensive care unit
type, sepsis, shock, RRT use before randomization, or treatment
group (Figure 3).

Secondary End Points

We assessed the associations between catalytic iron and hep-
cidin and the duration of RRT and mechanical ventilation. We
found that higher concentrations of catalytic iron correlated
with fewer RRT-free days (r,=—0.18; P<<0.001) and fewer ven-
tilator-free days (r,=—0.18; P<<0.001), implying longer dura-
tion of RRT and mechanical ventilation. Similarly, we found
that lower concentrations of hepcidin correlated with fewer
RRT-free days (r,=0.16; P<<0.001) and fewer ventilator-free
days (r,=0.14; P<<0.001).

Associations between Catalytic Iron and Hepcidin with
Baseline Characteristics

Next, we sought to determine the baseline/clinical character-
istics that were associated with catalytic iron and hepcidin.
We observed higher concentrations of catalytic iron in younger
patients, patients with fewer comorbidities (except for liver
disease), and patients with greater acute severity of illness.
Additional associations with catalytic iron are shown in Sup-
plemental Tables 5 and 6. We observed lower concentrations of
hepcidin in patients with chronic liver disease, CHF, shock,
and oliguria. Additional associations with hepcidin are shown
in Supplemental Tables 7 and 8.

Associations between Catalytic Iron and Hepcidin with
Other Iron Parameters

The associations between catalytic iron and hepcidin with
other iron parameters are shown in Supplemental Figure 2.

J Am Soc Nephrol 30: 493-504, 2019

and they showed a “J”-shaped association
with free hemoglobin. Finally, lower
concentrations of hepcidin were associated
with higher concentrations of catalytic iron
(r~=—0.20; P<0.001). Additional correlations between iron
parameters are shown in Supplemental Table 9.

Changes in Iron Parameters over Time

Finally, in exploratory analyses, we assessed whether the
change in iron marker concentrations over time was affected
by treatment assignment to intensive versus less intensive
RRT. These analyses were limited to the 556 participants
with samples available on days 1 and 8. Overall, concentrations
of catalytic iron, total iron, TSAT, and ferritin decreased,
whereas concentrations of transferrin increased from day 1
to 8 (Supplemental Table 10). The decline in catalytic iron
was greater among participants assigned to intensive versus
less intensive RRT (P=0.03 for interaction). Additionally, we
observed a downward trend in concentrations of free hemo-
globin over time in the intensive RRT group but an upward
trend in the less intensive RRT group (P=0.01 for interac-
tion). Other iron parameters showed similar trends over
time between groups.

DISCUSSION

In this cohort study, we assessed a comprehensive panel of
circulating iron parameters in critically ill patients with AKI
requiring RRT, and we found significant associations between
several iron parameters and death. Notably, we report that
higher plasma concentrations of catalytic iron and lower
concentrations of hepcidin are each associated with increased
mortality. These relationships were monotonic and indepen-
dent of other known risk factors, including other iron
parameters. Furthermore, although other iron parameters,
such as TSAT and ferritin, were also associated with death,
the magnitude of association was strongest for catalytic iron
and hepcidin.

Our findings are consistent with and expand on prior stud-
ies conducted in animals, in which catalytic iron was shown to
have an important pathologic role across a wide spectrum of
AKI models, including AKI caused by ischemia-reperfusion,
aminoglycosides, cisplatin, rhabdomyolysis, hemoglobinuria,
and iodinated radiocontrast.'=> We previously extended these

Iron, Hepcidin, and Death in AKI 497
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A
0Odds Ratio (and 95% Cls) for 60-Day Mortalit:
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Figure 2. Catalytic iron and hepcidin concentrations associate with death across stratified analyses. Odds ratios for 60-day mortality
according to catalytic iron and hepcidin levels across quartiles of Acute Physiology and Chronic Health Evaluation Il (APACHE 1) scores
and plasma IL-6, transferrin saturation (TSAT), and ferritin levels. Catalytic iron and hepcidin concentrations were natural log
transformed and standardized to 1 SD.

findings to humans by reporting an association between
higher concentrations of plasma catalytic iron and a greater
risk of incident AKI.17-18 However, these pilot studies were
limited by small samples sizes and a low event rate for hospital
mortality, which precluded detailed multivariable analyses;
varying degrees of AKI severity on enrollment, which could

have confounded the results; and lack of data on hepcidin. Here,
we present the largest study to date assessing dysregulated iron
homeostasis in the context of human AKI.

Although this study was not designed to establish the sources
of catalytic iron in this population, potential mechanisms by
which critically ill patients may develop elevated concentrations

Figure 1. Higher catalytic iron and lower hepcidin concentrations associate with death. Odds ratios (ORs; and 95% confidence intervals
[95% Cls]) for death according to iron marker concentrations. A shows ORs for 60-day mortality according to natural log-transformed
iron parameters standardized to 1 SD. Model 1 is unadjusted, model 2 is adjusted for demographics and comorbidities (age, sex, race,
baseline eGFR, diabetes mellitus, congestive heart failure, chronic liver disease, and chronic lung disease), and model 3 is further
adjusted for severity of illness (intensive care unit type; mechanical ventilation; Acute Physiology and Chronic Health Evaluation Il score;
RRT before randomization; treatment randomization group; oliguria; sepsis; shock; and serum/plasma levels of albumin, creatinine, and
IL-6). For the analyses shown in A, only P values <0.01 are considered significant to account for multiple comparisons. TSAT, transferrin
saturation. B shows ORs for 60-day mortality according to quintiles of catalytic iron. Quintile 1 was the reference (R) group in all models.
Catalytic iron levels by quintile: quintile 1, 0.18-0.33 umol/L; quintile 2, 0.34-0.46 umol/L; quintile 3, 0.47-0.80 umol/L; quintile 4,
0.81-2.12 umol/L; and quintile 5, 2.16-47.01 umol/L. C shows ORs for 60-day mortality according to quintiles of hepcidin (the y axis is
cut at six). Quintile 5 was the reference (R) group in all models. Hepcidin levels by quintile: quintile 1, 4-33 ng/ml; quintile 2, 33-86 ng/m;
quintile 3, 86-163 ng/ml; quintile 4, 163-266 ng/ml; and quintile 5, 266-2415 ng/ml. *P<0.05; **P<0.01; ***P<0.001. D and E show
Kaplan-Meier survival curves according to quintiles of catalytic iron and hepcidin, respectively.
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Subgroup Catalytic Iron Hepcidin
No. Odds Ratios (and 95% Cls) P No. Odds Ratios (and 95% Cls) P
Pts for 60-Day Mortality Value Pts for 60-Day Mortality Value

All patients 807 i 3 1.66 (1.42-1.94) 802 0.69 (0.59-0.79) | |

Age 0.40 0.52
Age<65 467 il 1.87 (1.53-2.29) 464 0.69 (0.58-0.83) HElH
Age>65 340 - 1.62 (1.24-2.11) 338 0.62 (0.48-0.82) HlH

Gender 0.52 0.35
Male 561 HllH 1.61 (1.33-1.94) 560 0.71 (0.60-0.85) HElH
Female 246 m 1.79 (1.37-2.35) 242 0.61 (0.47-0.80) HEH

DM 0.19 0.24
Yes 198 il 1.35 (0.99-1.85) 196 0.82 (0.60-1.11) i
No 583 il 1.72 (1.44-2.07) 580 0.67 (0.56-0.79) HEH

CHF 0.86 0.34
Yes 197 . 1.76 (1.17-2.64) 193 0.59 (0.43-0.81) il
No 577 Hl— 1.69 (1.41-2.01) 576 0.70 (0.59-0.84) HElH

Liver Disease 0.24 0.64
Yes 94 H—— 1.34 (0.92-1.93) 95 0.64 (0.41-1.00) —
No 684 HllH 1.70 (1.43-2.03) 677 0.71 (0.61-0.84) HElH

CKD 0.14 0.66
Yes 293 - 1.46 (1.10-1.93) 288 0.65 (0.50-0.85) HlH
No 466 - 1.89 (1.54-2.32) 466 0.70 (0.58-0.84) HEH

Malignancy 0.12 0.65
Yes 156 —a— 2.19 (1.47-3.26) 155 0.72 (0.52-1.01) i
No 651 HlH 1.56 (1.31-1.84) 647 0.66 (0.56-0.78) HEH
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Sepsis 0.26 0.31
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Yes 508 il 1.68 (1.39-2.03) 507 0.74 (0.62-0.89) HElH
No 299 - 1.40 (1.05-1.87) 295 0.67 (0.53-0.86) il

RRT 0.67 0.81
Yes 558 HlH 1.63 (1.36-1.95) 550 0.69 (0.58-0.83) HEH
No 249 — 1.75 (1.30-2.36) 252 0.67 (0.51-0.86) il

Treatment group 0.63 0.71
Intensive 397 il 1.60 (1.28-1.99) 397 0.70 (0.58-0.86) HElH
Less Intensive 410 il 1.72 (1.38-2.15) 405 0.67 (0.54-0.82) HElH
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Figure 3. Catalytic iron and hepcidin concentrations associate with death across subgroups. Odds ratios for 60-day mortality according
to catalytic iron and hepcidin concentrations across subgroups. Catalytic iron and hepcidin concentrations were natural log transformed
and standardized to 1 SD. P values refer to the significance of interaction terms testing for effect modification by subgroup. CHF,
congestive heart failure; DM, diabetes mellitus; ICU, intensive care unit.

of catalytic iron include both ex vivo hemolysis (e.g., from trans-
fusion of packed red blood cells) and in vivo hemolysis (e.g.,
from sepsis). Supporting the notion of hemolysis as a major
source of catalytic iron in critical illness, we found a significant
positive correlation between concentrations of catalytic and
free hemoglobin. Because all patients in this study had severe
AKI requiring RRT, an alternative possibility is that decreased
filtration, rather than increased production, could have re-
sulted in increased catalytic iron. However, iron is excreted

500

Journal of the American Society of Nephrology

primarily through sloughed mucosal cells in the gastrointes-
tinal tract rather than in the urine, and urinary catalytic iron
levels are increased, not decreased, in patients with nonoliguric
AKI.?° Nonetheless, we cannot entirely exclude the possibility
that decreased urinary excretion of catalytic iron could have
contributed to our findings, particularly given the high preva-
lence of oliguria in this cohort. Notably, we found that the
association between catalytic iron and death was independent
of oliguria.
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Additional potential sources of catalytic iron include el-
evated concentrations of ferritin, the main iron storage pro-
tein, and decreased concentrations of transferrin, the main
iron transport protein. Ferritin may release iron in the pres-
ence of superoxide, which is produced under proinflamma-
tory conditions.3? However, circulating ferritin is relatively
iron poor.?! Thus, a more likely possibility is that ferritin was
elevated nonspecifically, reflecting its role as an acute-phase
reactant. As with catalytic iron, we found that plasma ferritin
levels were elevated and associated with increased mortality
in our cohort. However, the magnitude of association with
mortality was strongest for catalytic iron. Furthermore, the
association between catalytic iron and death persisted de-
spite adjustment for ferritin and other iron parameters,
whereas the same was not true for ferritin. Additionally,
the association between catalytic iron and death was signif-
icant across all four quartiles of ferritin. Thus, measurement
of catalytic iron seems to provide additional prognostic data
beyond ferritin. Moreover, catalytic iron, not ferritin, is the
biologically active form of iron that is capable of inducing
tissue injury. Alternatively, low circulating concentrations of
transferrin could represent an important source of catalytic
iron. Transferrin is a negative acute-phase reactant that de-
clines rapidly in critical illness,3? and we observed transfer-
rin concentrations on day 1 that were well below reference
ranges in healthy adults. Lower transferrin concentrations in
critically ill patients with AKI could increase the amount of
nontransferrin-bound iron and, thus, the amount of cata-
lytic iron in the circulation as a consequence of reduced
iron-carrying capacity. Supporting this notion, we found
that lower transferrin associated with higher catalytic iron
concentrations (Supplemental Figure 2B).

Finally, we measured plasma concentrations of hepcidin,
the master regulator of systemic iron homeostasis. We found
that lower concentrations of hepcidin are strongly associated
with increased mortality. Because hepcidin is upregulated,
not downregulated, by inflammation, it is less likely that
the association between hepcidin and death is simply a re-
flection of acute severity of illness. Rather, our findings are
more suggestive of a direct effect of hepcidin on iron homeo-
stasis. Consistent with this notion, we found that lower con-
centrations of hepcidin correlated with higher concentrations
of catalytic iron. Because the major action of hepcidin is to
downregulate the expression of the iron exporter ferroportin,
which is present on the cell surface of macrophages, the baso-
lateral aspect of duodenal enterocytes, and elsewhere, these
findings raise the possibility that decreased hepcidin levels in
AKI could contribute to elevated circulating catalytic iron via
increased export of iron from intracellular stores (Figure 4).
Supporting this notion, the association between lower con-
centrations of hepcidin and higher mortality was attenuated
by adjustment for catalytic iron and other iron parameters
(Supplemental Table 4), suggesting that catalytic iron could
at least partially mediate this association. Lower concentra-
tions of hepcidin could also contribute to increased mortality
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in critically ill patients via reduced pathogen clearance lead-
ing to increased sepsis (Figure 4), because hepcidin also func-
tions as an antimicrobial peptide with broad antibacterial
and antifungal activity.33 These antimicrobial activities, in
turn, could be either dependent or independent of hepcidin’s
effects on reducing circulating concentrations of iron, although
most evidence suggests that these effects are iron depen-
dent.3435 Supporting the biologic plausibility of lower concen-
trations of hepcidin contributing to adverse outcomes in AKI,
administration of exogenous hepcidin attenuates the severity of
both ischemia-reperfusion— and hemoglobin-mediated kidney
injury in mice.!%15

Potential mechanisms contributing to decreased circulating
levels of hepcidin in critically ill patients with AKI include
hypoxia/shock, anemia, and liver disease, each of which was
associated with lower hepcidin levels. The presence of liver
disease in particular showed a strong association with both
lower hepcidin and higher catalytic iron concentrations. In
addition to producing hepcidin, theliver is also the main source
of transferrin, and thus, liver dysfunction could contribute to
higher circulating concentrations of catalytic iron due to less
transferrin availability. The liver is also the main storage site
for iron and a scavenger for catalytic iron, and therefore,
impaired uptake of catalytic iron in the context of liver dys-
function could also contribute to higher circulating levels.
Notably, the associations between both catalytic iron and
hepcidin with mortality persisted despite adjustment for
liver disease. Furthermore, the number of patients with liver
disease was relatively low, and catalytic iron and hepcidin
were associated with death even in patients without liver
disease (Figure 3). Thus, liver disease alone is unlikely to
account for our findings.

Our study has several strengths. We assessed multiple
iron parameters in a large number of patients who enrolled
in the ATN study, a population with high event rates for
hard clinical outcomes, including death. Thus, we had am-
ple statistical power to test our hypotheses both overall and
in subgroups of patients. Additionally, all patients enrolled
in the ATN study had AKI requiring RRT on enrollment,
thereby minimizing confounding from varying degrees of
AKI severity. Finally, the ATN study collected detailed data
on demographics, comorbid conditions, and laboratory data,
which allowed us to adjust our analyses to account for a large
number of covariates.

We also acknowledge several limitations, including obser-
vational design and lack of data on cause of death. Although we
performed measurements on multiple iron parameters, the
contributions of changes in unmeasured variables, including
markers of hemolysis (such as haptoglobin, hemopexin,
lactate dehydrogenase, and reticulocyte count), are unknown
and require additional study. Data on intravenous iron
administration and transfusion of packed red blood cells
were not collected in the ATN study, and thus, they could
not be investigated as a potential source of catalytic iron.
Similarly, only limited data were collected on the use of
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Figure 4. Potential pathways linking hepcidin and catalytic iron with death in AKI. Critically ill patients with AKI may have decreased
circulating concentrations of hepcidin due to a variety of physiologic stimuli (e.g., hypoxia or anemia), comorbidities (e.g., liver disease),
or genetic polymorphisms. Decreased hepcidin upregulates expression of the iron exporter, ferroportin, on the cell surface of mono-
cytes/macrophages (and elsewhere), resulting in increased iron export into the blood, which may result in increased plasma catalytic iron.
The latter results in oxidative injury and promotes renal and extrarenal organ injury. Hepcidin also functions as an antimicrobial peptide;
thus, decreased circulating hepcidin may also result in impaired pathogen clearance. The latter could promote sepsis and lead to ad-
ditional renal and extrarenal organ injury. Finally, hemolysis represents an additional potential source of catalytic iron that may be in-
dependent of hepcidin. Free hemoglobin (Hgb) released into the circulation may also directly cause renal and extrarenal organ injury

through sequestration of nitric oxide (N.O.), which causes arteriolar vasoconstriction and impaired tissue perfusion.

erythropoiesis-stimulating agents, and thus, exogenous eryth-
ropoietin could not be investigated as a potential mechanism
of hepcidin suppression. Serum creatinine phosphokinase lev-
els were not recorded, and thus, muscle injury could not be
investigated as a potential source of catalytic iron. Although we
adjusted for multiple covariates, we cannot exclude potential
residual confounding by variables that may not have been as-
certained. On the basis of the observational nature of the study,
we cannot determine whether elevated catalytic iron or de-
creased hepcidin is the more important variable potentially
responsible for excess mortality. Finally, we presented data on
the associations between iron parameters and death using odds
ratios, which overestimate the relative risk when the event of
interest is common.3¢ Accordingly, the odds ratios should be
interpreted cautiously.
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In conclusion, we found that dysregulated iron homeo-
stasis is a prognostically important factor in critically ill
patients with AKI requiring RRT. The strongest parameters
appear to be higher concentrations of catalytic iron and
lower concentrations of hepcidin, and the latter could be
at least partially responsible for the former as a result of
increased iron export into the circulation. The associations
between catalytic iron and hepcidin with death could be
mediated through toxic effects of iron on the kidneys,!-3
heart,®”7 endothelium,8-1° brain,3” or other tissues. Inter-
ventional studies are needed to determine whether strate-
gies aimed at reducing plasma concentrations of catalytic
iron, such as administration of iron chelators®® or hepcidin
agonists,3® could provide therapeutic benefit in this patient
population.
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