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Abstract

Introduction: Despite the pivotal role of hepcidin in the
development of anemia among the patients with chronic
kidney disease (CKD), the association between serum
hepcidin levels and CKD progression has been never in-
vestigated. We here hypothesized that elevation in serum
hepcidin levels might be associated with the risk of incident
end-stage kidney disease (ESKD) among the patients with
pre-dialysis CKD. Methods: A total of 2,109 patients with pre-
dialysis CKD at stages 1 to pre-dialysis 5 were categorized
into the quartiles by serum hepcidin levels. The study
outcome was incident ESKD. The median duration of follow-
up was 7.9 years. Results: The analysis of the baseline

characteristics revealed that unfavorable clinical features
were in general associated with higher serum hepcidin
levels. The cumulative incidence of ESKD was significantly
differed by serum hepcidin levels, with the highest incidence
in the 4th quartile (p < 0.001, by log-rank test). Cox re-
gression analysis demonstrated that, compared to the 1st
quartile, the risk of incident ESKD is significantly increased in
the 4th quartile (adjusted hazard ratio 1.372, 95% confi-
dence interval 1.070-1.759). Penalized spline curve analysis
illustrated a linear, positive correlation between serum
hepcidin levels and the risk of incident ESKD. Subgroup
analyses revealed that the association is significantly more
prominent in the patients with advanced CKD (i.e., estimated
glomerular filtration rate <45 mL/min/1.73 m?3). Conclusion:
Elevation in serum hepcidin levels is significantly associated
with the risk of incident ESKD among the patients with pre-

dialysis CKD. © 2024 The Author(s).
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Introduction

Hepcidin is a peptide primarily produced by hepa-
tocyte and in a small quantity by macrophages and
adipocytes [1-3]. The gene, hepcidin antimicrobial
peptide (HAMP), is initially translated into an 84 amino
acid pre-pro-hepcidin, which is post-translationally
modified to a 60 amino acid pro-hepcidin, and finally
to a mature C-terminal 25 amino acid peptide, hepcidin
[4]. Beyond the discovery of hepcidin as an antimi-
crobial peptide in 2000 [1, 5], studies reported that
mutations of HAMP lead to severe iron overload and
hemochromatosis [6, 7]. Mechanistically, hepcidin binds
to and induces degradation of ferroportin, a trans-
membrane iron exporter protein. As ferroportin is
critical for iron absorption via duodenal cells and iron
mobilization from the storage in macrophages and
hepatocytes, hepcidin is the master regulator for sys-
temic iron homeostasis, ultimately contributing to the
development of anemia [8, 9].

Anemia is a common complication in the patients
with chronic kidney disease (CKD), especially among
those at advanced stages, affecting up to 60% of the
patients with non-dialysis CKD [10, 11]. The patho-
genesis of anemia in CKD is multifactorial, including
decrease in erythropoietin (EPO) production due to
reduced functional nephron mass, absolute and/or
relative iron deficiency, and inflammation [8, 12].
Intriguingly, all of these are closely related to the
function of hepcidin. As EPO suppresses the upregu-
lation of hepcidin [13], reduced EPO production in
patients with CKD results in elevated serum hepcidin
levels. Inflammatory cytokines, such as interleukin-6
(IL-6), are well-known stimulators of hepcidin ex-
pression [14]. Further, the renal clearance of circulating
hepcidin is also interfered with among the subjects with
reduced glomerular filtration rates [15]. These all to-
gether promote elevation in serum hepcidin levels,
leading to the development of anemia in CKD asso-
ciated with inefficient iron metabolism [12]. Indeed,
hepcidin is now acknowledged as a major culprit of the
anemia in CKD, and novel therapeutics for renal
anemia adopt serum hepcidin levels as a surrogate
marker [16, 17].

However, despite the pivotal role in the develop-
ment of anemia, the association between serum hep-
cidin levels and hard end points in CKD, such as
initiation of renal replacement therapy, major adverse
cardiac events, and all-cause mortality, is currently
elusive. The prognostic value of serum hepcidin levels
in combination of N-terminal pro-brain type natri-
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uretic peptide (NT-proBNP) or neutrophil gelatinase-
associated lipocalin (NGAL) has been previously
evaluated in certain clinical contexts [18-20] but not in
patients with CKD. Therefore, here we investigated the
association between serum hepcidin levels and the risk
of end-stage kidney disease (ESKD) among the patients
with pre-dialysis CKD.

Methods

Study Design

The KNOW-CKD (KoreaN Cohort Study for Out-
come in Patients With Chronic Kidney Disease) is a
prospective cohort study that enrolled the patients with
CKD at stages 1 to pre-dialysis 5 from nine tertiary
hospitals in South Korea between 2011 and 2016
(NCT01630486 at http://www.clinicaltrials.gov) [21]. The
study was designed and conducted according to the
Declaration of Helsinki. The study protocol was reviewed
and approved by the Institutional Review Board at each
participating center, as previously described [22-24]. All
the participants voluntarily provided the informed con-
sent. Each participating center closely monitored the
participants during the follow-up period to report major
events. The reported study outcomes were cross-checked
by the collaborating investigators. Among a total of 2,238
patients who were initially recruited, after excluding those
lacking the baseline measurement of serum hepcidin
levels (n = 98), and those lacking the data on follow-up
duration (n = 3), a total of 2,109 patients were finally
included for the analyses (Fig. 1). The study observation
period ended on March 31, 2022, for the median duration
of 7.940 years.

Data Collection from Participants

The baseline data of the participants on demo-
graphics, anthropometrics, and medical history were
recorded according to the study protocol [21]. Blood and
urine samples were obtained following an overnight
fasting and were analyzed in the central laboratory
(LabGenomics, Seongnam, Korea). Estimated glomer-
ular filtration rate (eGFR) was calculated by CKD Ep-
idemiology Collaboration (CKD-EPI) equation using
serum creatinine level, as previously described [25].
CKD stages were defined by eGFR according to the
Kidney Disease: Improving Global Outcomes (KDIGO)
guideline [26]. Echocardiographic examinations were
conducted by the cardiologists at each participating
center, who were blinded to the clinical data, according
to standard approach [27].
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Fig. 1. Flow diagram of the study partici-

pants. Q1, 1st quartile; Q2, 2nd quartile; Q1 (n=527)

3.977 £ 1.631

Q2 (n =530) Q3 (n = 526) Q4 (n = 526)
9.630 + 1.909 18.440 + 3.351 45.361 + 18.594

Q3, 3rd quartile; Q4, 4th quartile; SD,
standard deviation.

Determination of Serum Hepcidin Levels

Serum hepcidin levels were measured at the central
laboratory using an ELISA (enzyme-linked immuno-
sorbent assay) kit (DRG Diagnostics, Marburg, Germany)
[21, 28], according to the manufacturer’s instructions.
The intra- and inter-assay coefficients of variation were
2.1-9.9% and 11.5-14.6%, respectively. Due to the de-
tection limit of 80 ng/mL at the maximum level, higher
levels were recorded as 80 ng/mL [28].

Exposure and Study Outcome

The participants were categorized into quartiles by
serum hepcidin levels: Q1, Q2, Q3, and Q4 (Fig. 1). The
study outcome was incident ESKD, which included ini-
tiation of dialysis or kidney transplantation.

Statistical Analysis

Continuous and categorical variables of the baseline
characteristics by serum hepcidin levels were compared
using one-way analysis of variance and the y* test, re-
spectively. The cumulative incidence of the study outcome
was visualized by Kaplan-Meier survival curves and sub-
sequently compared using the log-rank test. The last vis-
iting date was used as the censoring date for those with
follow-up loss. To determine the independent association
between serum hepcidin levels and the risk of ESKD, Cox
proportional hazard regression models were adopted. The
models were adjusted for the potential confounders as the
following: model 1 reported unadjusted hazard ratios
(HRs); model 2 was adjusted for age and gender; model 3
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was additionally adjusted for medical history, such as age-
adjusted Charlson Comorbidity Index, primary cause of
CKD, smoking status, and medications (e.g., angiotensin
converting enzyme inhibitors and angiotensin receptor
blockers, diuretics, statins, and antiplatelet/anticoagulant
agents), and anthropometric data, including body mass
index (BMI) and systolic blood pressure (SBP). Model 4
was finally further adjusted for the baseline laboratory data,
including hemoglobin, albumin, high-density lipoprotein
cholesterol (HDL-C), fasting glucose, 25-hydroxyvitamin
D (25[OH]D), high-sensitivity C-reactive protein (hs-
CRP), CKD stages, spot urine protein-to-creatinine ratio
(PCR), left ventricular mass index, and left ventricular
ejection fraction. Participants with any missing data were
excluded from primary analyses. The results of Cox re-
gression analyses were reported with HRs and 95% con-
fidence intervals (CIs). The linear correlation between
serum hepcidin levels (as a continuous variable) and the
risk of ESKD was illustrated by the penalized spline curve.
To prove the robustness of the primary findings, we
planned sensitivity analyses. First, participants were re-
categorized by serum hepcidin levels into tertiles and
quintiles, instead of quartiles, for Cox regression analyses.
Second, the cause-specific HRs for the study outcome was
assessed, where the death events before reaching the study
outcome were considered a competing risk and treated as
censoring. Third, the model was further adjusted for the use
of erythropoiesis-stimulating agents (ESAs) in addition to
model 4. Lastly, any missing values in the primary analyses
were replaced using multiple imputation to repeat the Cox

Suh et al.
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Table 1. Baseline characteristics of study participants by serum hepcidin levels

Serum hepcidin levels p value
Q1 Q2 Q3 Q4
Follow-up duration, 7.581+£2.767 7.357+£2.771 6.733£2.934 6.884+2.979 <0.001
years
Age, years 51.334+12.603 53.653+12.580 53.785x11.719 55.443+11.702 <0.001
Male 259 (49.1) 330 (62.3) 351 (66.7) 346 (65.8) <0.001
Age-adjusted CCl <0.001
0-3 93 (17.6) 124 (23.5) 139 (26.4) 176 (33.5)
4-5 96 (18.2) 117 (22.2) 100 (19.0) 105 (20.0)
6-7 206 (39.1) 174 (33.0) 157 (29.8) 128 (24.3)
>8 3 (0.6) 5(0.9) 4 (0.8) 2 (0.4)
Primary cause of CKD <0.001
DM 101 (19.2) 77 (14.6) 92 (17.5) 70 (13.3)
HTN 28 (5.3) 31 (5.9) 34 (6.5) 45 (8.6)
GN 333 (63.2) 296 (55.8) 273 (51.9) 201 (38.2)
TID 117 (22.2) 129 (24.3) 152 (28.9) 217 (41.3)
PKD 64 (12.1) 82 (15.5) 89 (16.9) 92 (17.5)
Others 13 (2.5) 23 (43) 12 (2.3) 16 (3.0)
Smoking status <0.001
Nonsmoker 323 (61.4) 285 (54.0) 260 (49.4) 254 (48.3)
Ex-smoker 56 (10.6) 84 (15.9) 105 (20.0) 93 (17.7)
Current smoker 147 (27.9) 159 (30.1) 161 (30.6) 179 (34.0)
Medication
ACEi/ARBs 436 (82.9) 454 (85.8) 459 (87.3) 453 (86.1) 0.219
Diuretics 137 (26.0) 152 (28.7) 171 (32.5) 213 (40.5) <0.001
Statins 234 (44.5) 267 (50.5) 307 (58.4) 289 (54.9) <0.001
Antiplatelets/ 160 (30.4) 131 (24.8) 153 (29.1) 153 (29.1) 0.192
anticoagulants
Iron replacement 30 (5.7) 66 (12.5) 76 (14.4) 134 (25.4) <0.001
ESAs 8 (1.5) 27 (5.1) 36 (6.8) 88 (16.7) <0.001
BMI, kg/m? 24.150+3.509 24.625+3.264 25.036+3.502 24.486+3.257 0.001
SBP, mm Hg 125.606+15.357 127.739+£15.088 128.471+£16.556 129.232+17.397 0.002
DBP, mm Hg 76.756+11.087 77.147+10.195 77.348+11.528 76.759+11.688 0.785
Laboratory findings
Hemoglobin, g/dL  13.056+1.857 13.275+1.808 13.047+£2.114 11.949+2.026 <0.001
Iron, pg/dL 88.008+37.026 94.522+33.189 97.483+35.971 90.213+34.112 <0.001
Transferrin 28.125+12.408 31.366+11.121 33.472+11.673 33.562+12.383 <0.001
saturation (%)
Ferritin, ng/mL 57.672+57.243 100.646+6.725 138.068+85.096 252.823+198.438 <0.001
Albumin, g/dL 4.175+0.380 4.220+0.400 4.184+0.430 4.116+0.486 0.002
Total cholesterol, 176.096+36.751 176.074+£38.253 177.436+41.411 167.697+40.031 <0.001
mg/dL
HDL-C, mg/dL 52.974+16.559 50.274+14.335 48.690+15.989 45.481+14.230 <0.001
LDL-C, mg/dL 96.812+30.119 98.205+30.945 99.400+33.300 93.329+32.745 0.019
TG, mg/dL 150.232+98.658 155.352+100.937 169.029+103.919 156.083+93.406 0.024
Fasting glucose, 106.131+£33.989 111.896+38.657 113.865+46.617 111.440+38.390 0.007
mg/dL
25(0OH)D 18.527+7.913 18.202+8.302 17.871+7.375 16.955+7.999 0.01
hs-CRP, mg/dL 0.500 [0.020, 23.590] 0.540 [0.030, 60.200] 0.700 [0.050, 52.700] 0.800 [0.100, 68.000] <0.001
Spot urine ACR, 308.303 [0.698, 269.350 [1.337, 376.963 [1.199, 498.187 [1.585, <0.001
mg/g 10,099.950] 11,669.720] 12,586.840] 11,204.430]
Spot urine PCR, g/g 0.412 [0.008, 15.558] 0.370 [0.005, 19.489] 0.507 [0.011, 20.585] 0.675 [0.011, 16.745] <0.001
Hepcidin and ESKD Kidney Dis 2024;10:492-503 495
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Table 1 (continued)

Serum hepcidin levels p value
Q1 Q2 Q3 Q4

Creatinine, mg/dL ~ 1.451+0.873 1.553+0.824 1.833+£1.164 2.448+1.392 <0.001

eGFR, mL/min/ 60.819+£32.464 55.531+29.423 48.835+28.499 36.114+23.919 <0.001

1.73 m?
CKD stages <0.001

Stage 1 136 (25.8) 98 (18.5) 71 (13.5) 35 (6.7)

Stage 2 122 (23.1) 113 (21.3) 104 (19.8) 59 (11.2)

Stage 3a 88 (16.7) 108 (20.4) 90 (17.1) 60 (1.4)

Stage 3b 101 (19.2) 121 (22.8) 107 (20.3) 114 (21.7)

Stage 4 65 (12.3) 77 (14.5) 132 (25.1) 178 (33.8)

Stage 5 15 (2.8) 13 (2.5) 22 (4.2) 80 (15.2)

Values for categorical variables are given as number (percentage); values for continuous variables as mean + standard deviation
or median [interquartile rangel. 25(0H)D, 25-hydroxyvitamin D; ACEi/ARBs, angiotensin converting enzyme inhibitor and/or
angiotensin receptor blockers; ACR, albumin-to-creatinine ratio; BMI, body mass index; CKD, chronic kidney disease; DBP, diastolic
blood pressure; DM, diabetes mellitus; eGFR, estimated glomerular filtration rate; ESAs, erythropoiesis-stimulating agents; GN,
glomerulonephritis; HDL-C, high-density lipoprotein cholesterol; hs-CRP, high-sensitivity C-reactive protein; HTN, hypertension;
LDL-C, low-density lipoprotein cholesterol; PCR, protein-to-creatinine ratio; PKD, polycystic kidney disease; Q1, 1st quartile; Q2, 2nd
quartile; Q3, 3rd quartile; Q4, 4th quartile; SBP, systolic blood pressure; TG, triglyceride; TID, tubulointerstitial disease.

regression analyses. Pre-defined subgroup analyses were
also implemented to examine if the association between
serum hepcidin levels and the risk of ESKD is differed
across specific clinical settings. These subgroups were
defined by age (either <60 or >60 years), gender (male or
female), BMI (<23 or >23 kg/m?), eGFR (either <45
or >45 mL/min/1.73 m?), and spot urine ACR (either <300
or >300 mg/g). Two-tailed p values below 0.05 were
deemed statistically significant. All statistical analyses were
executed using SPSS for Windows version 22.0 (IBM Corp.,
Armonk, NY, USA) and R software (version 4.1.1; R
Project for Statistical Computing, Vienna, Austria).

Results

Baseline Characteristics

The baseline characteristics of the study participants
were described by serum hepcidin levels (Table 1). Higher
serum hepcidin levels were significantly related to shorter
duration of follow-up, older ages, higher frequency of
male gender, higher Charlson Comorbidity Index score,
higher frequency of diabetes mellitus as a primary cause
of CKD, higher frequency of smoking history, more
prevalent use of diuretics, statins, iron replacement, and
ESAs, and higher SBP. Higher serum hepcidin levels were
also related to lower hemoglobin, transferrin saturation,
albumin, total cholesterol, HDL-C, and 25(OH)D levels
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and to higher ferritin, triglycerides, spot urine PCR, and
creatinine levels. Accordingly, higher serum hepcidin
levels were significantly associated with more advanced
CKD stages of the participants. In the echocardiographic
examination, left ventricular mass index, E/e’ (the ratio of
the early transmitral blood flow velocity to early diastolic
velocity of the mitral annulus), left atrium diameter,
posterior wall thickness, interventricular wall thickness,
and left ventricular end-diastolic diameter positively
correlated with serum hepcidin levels (online suppl. Table
S1; for all online suppl. material, see https://doi.org/10.
1159/000542057). In the overall, higher serum hepcidin
levels were in general associated with more severe co-
morbid conditions at the baseline.

Association between Serum Hepcidin Levels and the

Risk of Incident ESKD

Kaplan-Meier survival curve analysis visualized that
the cumulative incidence of ESKD was significantly
differed by serum hepcidin levels (p < 0.001, by log-rank
test), with the highest incidence in Q4 (Fig. 2). Cox
proportional hazard models to address the independent
association between serum hepcidin levels and the risk of
incident ESKD demonstrated that, compared to QI, the
risk of incident ESKD is significantly increased in Q4
(adjusted HR 1.372, 95% CI: 1.070-1.759) (Table 2).
Every 1 log increase in serum hepcidin levels was asso-
ciated with significant elevation of the risk of incident

Suh et al.
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Table 2. HRs for the incident ESKD by serum hepcidin levels
Outcome Serum hepcidin Events, Model 1 Model 2 Model 3 Model 4
levels, ng/mL n (%)
HR (95% Cl) p HR (95% ClI) p HR (95% ClI) p HR (95% Cl) p
value value value value
Incident Q1 0.010-6.610 121 Reference Reference Reference Reference
ESKD (23.0)
Q2 6.620-13.300 122 1.026 0.850 1.031 0.813  1.005 0.968 1.094 0.532
(23.0) (0.784, (0.800, (0.779, (0.826,
1.344) 1.328) 1.296) 1.448)
Q3 13.400-25.000 173 1.741 <0.001 1.751 <0.001 1.633 <0.001 1.119 0.395
(32.9) (1.360, (1.384, (1.287, (0.864,
2.230) 2.215) 2.073) 1.449)
Q4 25.100-80.000 256 2.940 <0.001 2.935 <0.001 2.511 <0.001 1.372 0.013
(48.7) (2.333, (2.355, (2.006, (1.070,
3.706) 3.659) 3.142) 1.759)
Per 1 log increase N/A 1.622 <0.001 1.630 <0.001 1.492 <0.001 1.125 0.008
(1.482, (1.497, (1372, (1.031,
1.775) 1.773) 1.624) 1.228)

Model 1, unadjusted model. Model 2, model 1 + adjusted for age and gender. Model 3, model 2 + adjusted for age-adjusted
Charlson Comorbidity Index, primary cause of CKD, smoking status, medication (ACEi/ARBs, diuretics, statins, and antiplatelets/
anticoagulants), BMI, and SBP. Model 4, model 3 + adjusted for hemoglobin, albumin, HDL-C, fasting glucose, 25(0H)D, hs-CRP, CKD
stages, spot urine PCR, LVMI, and LVEF. Cl, confidence interval; ESKD, end-stage kidney disease; HR, hazard ratio; Q1, 1st quartile; Q2,

2nd quartile; Q3, 3rd quartile; Q4, 4th quartile.
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Fig. 3. Penalized spline curve of serum hepcidin levels on the risk of
ESKD. Adjusted HR of serum hepcidin levels as a continuous
variable for the risk of ESKD is depicted. The model was adjusted
for age, gender, age-adjusted Charlson Comorbidity Index, pri-
mary causes of CKD, smoking status, medication (ACEi/ARBs,
diuretics, statins, antiplatelets/anticoagulants), BMI, SBP, hemo-
globin, albumin, HDL-C, fasting glucose, 25(OH)D, hs-CRP, CKD
stages, spot urine PCR, LVMI, and LVEF. ESKD, end-stage kidney
disease; HR, hazard ratio.

ESKD (adjusted HR 1.125, 95% CI: 1.031-1.228). Pe-
nalized spline curve analysis illustrated a linear, positive
correlation between serum hepcidin levels and the risk of
incident ESKD (Fig. 3).

Sensitivity and Subgroup Analyses

Upon re-categorizing participants by serum hepcidin
levels into tertiles or quintiles, compared to the 1st tertile
and quintile, the risk of incident ESKD was significantly
higher in the 3rd tertile (adjusted HR 1.265, 95% CI:
1.013-1.579) and in the 5th quintile (adjusted HR 1.481,
95% CI: 1.124-1.951) (online suppl. Table S2). After
censoring the death events prior to the onset of ESKD, the
risk of incident ESKD was still significantly increased in
Q4, compared to Q1 (adjusted HR 1.373, 95% CI:
1.041-1.810) (Table 3). Additional adjustment for the use
of ESAs did not significantly alter the primary result
(adjusted HR for Q4 1.344, 95% CI: 1.045-1.729) (online
suppl. Table S3). Even, after replacing missing values by
multiple imputation methods, the risk of incident ESKD
remained significantly increased in Q4, compared to Q1
(adjusted HR 1.289, 95% CI: 1.019-1.631) (Table 4).
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Subgroup analyses demonstrated that the association
between serum hepcidin levels and the risk of incident
ESKD was significant in the subjects with eGFR <45 mL/
min/1.73 m? but not in those with eGFR >45 mL/min/
1.73 m? (p for interaction = 0.023). The other variables,
such as age, gender, BMI, and albuminuria, did not
significantly modified the association between serum
hepcidin levels and the risk of incident ESKD (Table 5).

Discussion

In the present study, we discovered that elevation in
serum hepcidin levels is significantly associated with
increased risk of incident ESKD among the patients
with pre-dialysis CKD. We believe that the robustness
of the finding is convincing because the sensitivity
analyses, including competing risk analysis and mul-
tiple imputation, yielded the comparable result to that
of the primary analysis. Furthermore, subgroup ana-
lyses suggest that the association is significantly more
prominent in the patients with advanced CKD
(eGFR <45 mL/min/1.73 m?).

The vast majority of the studies on hepcidin have
highlighted its biological function as an inhibitor of
ferroportin [29, 30] or as an antimicrobial peptide [31,
32]. Yet the clinical implication of serum hepcidin
levels on the overall prognosis has been largely ne-
glected. Only a few studies focused on the prognostic
value of serum hepcidin levels [18-20], none of which
evaluated the potential as a predictor of CKD pro-
gression. In addition, the previous studies analyzed the
predictive role of hepcidin in combination of other
biomarkers, such as NGAL and NT-proBNP [18-20].
Therefore, it is a fining of novelty that elevation in
serum hepcidin levels is independently associated with
risk of incident ESKD among the patients with pre-
dialysis CKD.

It is still uncertain whether hepcidin directly result in
kidney damage in the natural course of CKD. Deletion of
Hamp gene obviously alleviated anemia and prevented
growth retardation in a murine model of adenine-
induced CKD [33], while the comparison of kidney
functions did not demonstrate any significant differences
between wild type and knockout mice. Similarly, even
though the overexpression of hepcidin in a human kidney
cell line increased the intracellular iron contents, no
definitive data of cellular damage such as cell death and
fibrosis have been presented [34]. Thus, currently
available evidence does not support that hepcidin directly
accelerates CKD progression. On the other hand, it does
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Table 3. Cause-specific HRs for the incident ESKD by serum hepcidin levels

Outcome  Serum Model 1 Model 2 Model 3 Model 4
hepcidin levels
HR (95% Cl) pvalue HR (95% Cl) pvalue HR (95% Cl) pvalue HR (95% Cl)  p value
Incident Q1 Reference Reference Reference Reference
ESKD Q2 1.054 (0.821, 0.678 1.031 (0.801, 0.813 1.005 (0.778, 0.968 1.094 (0.802, 0.571
1.354) 1.328) 1.299) 1.491)
Q3 1.785 (1.420, <0.001 1.751 (1.388, <0.001 1.633 (1.283, <0.001 1.118 (0.825, 0.471
2.243) 2.208) 2.079) 1.515)
Q4 3.035 (2.446, <0.001 2.936 (2.354, <0.001 2.511 (1.988, <0.001 1.373 (1.041, 0.025
3.767) 3.661) 3.171) 1.810)
Per 1 log 1.652 (1.510, <0.001 1.630 (1.488, <0.001 1.493 (1.360, <0.001 1.125(1.022, 0.016
increase 1.808) 1.785) 1.637) 1.239)

Model 1, unadjusted model. Model 2, model 1 + adjusted for age and gender. Model 3, model 2 + adjusted for age-adjusted
Charlson Comorbidity Index, primary cause of CKD, smoking status, medication (ACEi/ARBs, diuretics, statins, and antiplatelets/
anticoagulants), BMI, and SBP. Model 4, model 3 + adjusted for hemoglobin, albumin, HDL-C, fasting glucose, 25(0H)D, hs-CRP, CKD
stages, spot urine PCR, LVMI, and LVEF. Cl, confidence interval; ESKD, end-stage kidney disease; HR, hazard ratio; Q1, 1st quartile; Q2,

2nd quartile; Q3, 3rd quartile; Q4, 4th quartile.

Table 4. HRs for the incident ESKD by serum hepcidin levels after multiple imputation

Outcome  Serum Model 1 Model 2 Model 3 Model 4
hepcidin
levels HR (95% Cl) pvalue HR (95% Cl) pvalue HR (95% Cl) pvalue HR (95% Cl)  p value
Incident Q1 Reference Reference Reference Reference
ESKD Q2 1.054 (0.820, 0.680 1.031 (0.800, 0.813 0.991 (0.768, 0.945 1.047 (0.788, 0.754
1.356) 1.328) 1.278) 1.390)
Q3 1.785 (1.414, <0.001 1.751 (1.384, <0.001 1.599 (1.261, <0.001 1.143 (0.887, 0.302
2.253) 2.215) 2.028) 1.474)
Q4 3.035 (2.442, <0.001 2.935 (2.355, <0.001 2.524 (2.018, <0.001 1.289 (1.019, 0.034
3.770) 3.659) 3.158) 1.630)
Per 1 log 1653 (1.516, <0.001 1.630 (1497, <0.001 1.496 (1.375, <0.001 1.118 (1.030, 0.008
increase 1.797) 1.773) 1.627) 1.213)

Model 1, unadjusted model. Model 2, model 1 + adjusted for age and gender. Model 3, model 2 + adjusted for age-adjusted
Charlson Comorbidity Index, primary cause of CKD, smoking status, medication (ACEi/ARBs, diuretics, statins, and antiplatelets/
anticoagulants), BMI, and SBP. Model 4, model 3 + adjusted for hemoglobin, albumin, HDL-C, fasting glucose, 25(0OH)D, hs-CRP, CKD
stages, spot urine PCR, LVMI, and LVEF. Cl, confidence interval; ESKD, end-stage kidney disease; HR, hazard ratio; Q1, 1st quartile; Q2,

2nd quartile; Q3, 3rd quartile; Q4, 4th quartile.

not seem likely either that hepcidin may play a com-
pensatory role against CKD progression. Although
hepcidin demonstrated a kidney-protective role in a
murine model of experimental urinary tract infection
[32], the context should be apart from CKD. Collectively,
it is postulated that the functional role of hepcidin in the
progression of CKD is minor and is mostly limited to the
development of renal anemia.

Nevertheless, based on our finding, the elevation in
serum hepcidin levels is an independent predictor of
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CKD progression. Although hepcidin critically con-
tributes to the development of renal anemia by alter-
ation of iron metabolism, the expression of hepcidin is
regulated by diverse factors, one of which is inflam-
mation [8, 9, 12]. IL-6, by activation of STAT3 (signal
transducer and activator of transcription 3), directly
upregulates the transcription of hepcidin [14, 35, 36].
Alternatively, it is also well known that the reduced
renal production of EPO in patients with CKD results
in unopposed hepcidin expression [37]. Because both
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Table 5. HRs for the incident ESKD by serum hepcidin levels in various subgroups

Serum hepcidin  Events, Unadjusted HR p for Adjusted HR p for
levels n (%) (95% Cls) interaction (95% Cls) interaction
Age <60 years Q1 78 (21.0)  Reference 0.506 Reference 0.371
Q2 74 (22.0)  1.130 (0.822, 1.554) 0.995 (0.697,
1.421)
Q3 116 (33.2) 2.011 (1.508, 2.682) 0.995 (0.717,
1.380)
Q4 150 (47.8) 3.193 (2.426, 4.203) 1.180 (0.859,
1.620)
Age >60 years Q1 43 (27.6)  Reference Reference
Q2 48 (24.7) 0.877 (0.581, 1.324) 0.907 (0.552,
1.492)
Q3 57 (32.2) 1370 (0.921, 2.036) 1.145 (0.726,
1.807)
Q4 106 (50.0) 2.575 (1.804, 3.674) 1.411 (0.935,
2.131)
Male Q1 68 (26.3)  Reference 0.025 Reference 0.165
Q2 77 (23.3) 0.884 (0.638, 1.225) 1.091 (0.751,
1.585)
Q3 107 (30.5) 1.382 (1.019, 1.875) 1.331 (0.947,
1.870)
Q4 156 (45.1) 2.281 (1.714, 3.036) 1.608 (1.162,
2.224)
Female Q1 53 (19.8)  Reference Reference
Q2 45 (22.5) 1.259 (0.846, 1.873) 0.893 (0.575,
1.386)
Q3 66 (37.7) 2.459 (1.711, 3.535) 0.623 (0.407,
0.955)
Q4 100 (55.6) 4.422 (3.163, 6.181) 0.869 (0.575,
1.313)
BMI <25 kg/m? Q1 79 (23.7)  Reference 0.466 Reference 0.693
Q2 75 (24.7)  1.100 (0.802, 1.509) 1.089 (0.762,
1.556)
Q3 86 (31.3)  1.587 (1.169, 2.155) 0.946 (0.669,
1.339)
Q4 151 (48.9) 3.053 (2.324, 4.012) 1.157 (0.843,
1.587)
BMI >25 kg/m? Q1 42 (21.9)  Reference Reference
Q2 47 (21.4)  1.030 (0.678, 1.566) 1.120 (0.696,
1.801)
Q3 86 (34.7)  2.093 (1.441, 3.040) 1.375 (0.908,
2.081)
Q4 103 (48.4) 3.059 (2.128, 4.398) 1.741 (1.138,
2.665)
eGFR =45 mL/min/ Q1 25 (7.6) Reference 0.037 Reference 0.023
1.73 m?2 Q2 13 (4.3) 0.647 (0.330, 1.271) 0.501 (0.222,
1.126)
Q3 27 (10.7)  1.908 (1.093, 3.330) 1.713 (0.873,
3.361)
Q4 9 (6.5) 0.976 (0.453, 2.105) 0.625 (0.240,
1.629)
eGFR <45 mL/min/ Q1 96 (48.0) Reference Reference
1.73 m? Q2 109 (47.4) 1.012 (0.769, 1.331) 1.242 (0.914,
1.688)
500 Kidney Dis 2024;10:492-503 Suh et al.
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Table 5 (continued)

Serum hepcidin  Events, Unadjusted HR p for Adjusted HR p for
levels n (%) (95% Cls) interaction (95% Cls) interaction
Q3 146 (53.3) 1.402 (1.083, 1.815) 0.988 (0.742,
1.316)
Q4 247 (63.8) 1.939 (1.530, 2.455) 1.405 (1.078,
1.833)
Spot urine Q1 29 (11.3)  Reference 0.939 Reference 0.557
ACR <300 mg/g Q2 32 (11.9) 1.113 (0.672, 1.841) 1.388 (0.786,
2451)
Q3 37 (16.1)  1.891 (1.160, 3.082) 1.261 (0.717,
2.220)
Q4 54 (27.0)  2.981 (1.864, 4.693) 1.808 (1.070,
3.055)
Spot urine Q1 91 (34.3) Reference Reference
ACR >300 mg/g Q2 87 (35.4) 1.133 (0.844, 1.520) 0.950 (0.681,
1.326)
Q3 132 (46.0) 1.652 (1.264, 2.159) 0.872 (0.643,
1.182)
Q4 198 (63.7) 2.996 (2.334, 3.846) 1.067 (0.795,
1.431)

The model was adjusted for age, gender, age-adjusted Charlson Comorbidity Index, primary causes of CKD, smoking status,
medication (ACEis/ARBs, diuretics, statins, antiplatelets/anticoagulants), BMI, SBP, hemoglobin, albumin, HDL-C, fasting glucose,
25(0OH)D, hs-CRP, CKD stages, spot urine PCR, LVMI, and LVEF at the baseline. ACR, albumin-to-creatinine ratio; BMI, body mass
index; Cl, confidence interval; eGFR, estimated glomerular filtration rate; ESKD, end-stage kidney disease; HR, hazard ratio; Q1, 1st

quartile; Q2, 2nd quartile; Q3, 3rd quartile; Q4, 4th quartile.

inflammation and impaired EPO production are re-
markable features of advanced CKD, it seems rea-
sonable that the elevation in serum hepcidin levels is a
reflection of deteriorating kidney function and may
predict the risk of incident ESKD.

Several limitations are to be acknowledged in the
current study. First, due to the observational study
design, we are not able to confirm the casual relation
between serum hepcidin levels and the risk of incident
ESKD. Indeed, as hepcidin is a major pathogenic
molecule of renal anemia, and as the severity and
prevalence of anemia are increased among the patients
with more advanced CKD, serum hepcidin levels may
be simply elevated in the patients with more severe
renal anemia and low eGFR. Yet we rigorously adjusted
hemoglobin levels in Cox proportional hazard models
to prove the association between serum hepcidin levels
and a kidney outcome that is independent of the
presence or absence of anemia. Therefore, it is very
likely that serum hepcidin levels are a predictor for the
risk of incident ESKD. Second, the mechanistic insights
on the relation between serum hepcidin levels and CKD
progression are lacking in the current study, which
mainly analyzed clinical data. However, we included a

Hepcidin and ESKD

thorough review on the currently available publications
on hepcidin, which strongly indicates a potential role of
serum hepcidin levels as a predictor of CKD pro-
gression, as discussed above. Third, because the
KNOW-CKD is a cohort of Korean patients resident in
South Korea, the extrapolation of the result presented
in the current study requires a precaution. Neverthe-
less, provided that the association between serum
hepcidin levels and renal prognosis in patients with
pre-dialysis CKD has barely been studied so far, the
cross-validation of the finding using other CKD cohorts
should be required. Fourth, serum hepcidin level was
measured only once at the baseline in the current study,
while serum hepcidin levels may increase as CKD
progresses, as the eGFR significantly decreases as serum
hepcidin levels increase (Table 1). Yet, based on this
correlation, we assume that the repeated measurement
of serum hepcidin levels may more precisely predict the
risk of incident ESKD, even though only a single
measurement was significantly associated with renal
prognosis with the adjustment of the baseline status of
kidney function.

In conclusion, we report that elevation in serum
hepcidin levels is significantly associated with increased
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risk of incident ESKD among the patients with pre-
dialysis CKD. It is expected that the measurement of
serum hepcidin levels may help early identification of the
patients at higher risk of CKD progression.
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