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Background: Mild renal dysfunction (MRD) is a common condition often associated with diabetes or inflammation and regarded as
a risk factor for cardiovascular disease in patients with hypertension. Few studies have examined the role of lipocalin-2 (LCN2) as
a regulator of iron and a contributor to anemia in MRD. The aim of this study was to investigate the relationship between LCN2,
soluble transferrin receptor (sTfR), erythropoietin (EPO), reticulocyte production, and the prevalence of anemia in MRD.

Methods: A total of 235 subjects with MRD were evaluated. LCN2, sTfR, EPO, and iron levels were measured. Reticulocyte
maturity index (RMI) and corrected LCN2 (cLCN2) values were calculated using reticulocyte subpopulations and the inflammation
index, respectively.

Results: Subjects with LCN2 elevation had significantly higher sTfR and significantly lower RMI levels than those without LCN2
elevation. Compared to subjects without LCN2 elevation, those with LCN2 elevation exhibited significantly lower hemoglobin (12.9 +
1.6 g/dL vs 14.0 + 1.7 g/dL, p < 0.001) and more prevalent anemia (27.7% vs 13.3%, p = 0.008). Patients with anemia had
significantly higher LCN2 and cLCN2 than those without anemia. LCN2 was positively correlated with sTfR and negatively correlated
with RMI but not EPO. Elevated LCN2 led to a 1.3-fold increase in the prevalence of anemia (odds ratio: 1.302; 95% CI: 1.012-2.527;
p < 0.001).

Conclusion: LCN2 elevation may contribute to the development of anemia in MRD, particularly in conjunction with restricted iron
availability and suppressed reticulocyte production.
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Introduction

Mild renal dysfunction (MRD) usually causes no symptoms or only slight clinical manifestations; thus, it is often
incidentally discovered and less seriously recognized. However, MRD is common in persons with diabetes, inflamma-
tion, or hypertension. In fact, MRD was detected in 10-40% of people with prolonged primary hypertension.! Although
MRD does not necessarily evolve into end-stage kidney disease, it is regarded as an independent risk factor for
cardiovascular disease in patients with hypertension.” MRD is closely related to several factors, such as dyslipidemia,
older age, high blood pressure, and smoking status.® In particular, systemic inflammation is an important component of
the pathogenesis of renal dysfunction.*

Decreased kidney function is associated with a lower hemoglobin level and a higher prevalence of anemia.” Anemia in
kidney diseases is clinically important because it is closely related to the progression to chronic kidney diseases and
increased cardiovascular comorbidities.® Anemia in renal dysfunction is largely due to the insufficient production of
erythropoietin (EPO), a hormone that stimulates erythropoietic activity in response to decreased oxygen levels.” In patients

with anemia, effective erythropoiesis can be monitored by quantitative measurement of reticulocyte subpopulations. The
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reticulocyte maturity index (RMI) is calculated from three reticulocyte subfractions, such as low-, middle-, and high-
fluorescence reticulocytes (LFR, MFR, and HFR, respectively) and can be used as the earliest and most sensitive predictor
for erythropoiesis.®

Lipocalin-2 (LCN2), also known as neutrophil gelatinase-associated lipocalin, is a small glycoprotein expressed in
various tissues, including the kidney, lung, bone marrow, and adipose tissues.” As LCN2 is upregulated shortly after renal
tubular damage, it has been accepted as a promising marker for the early detection of acute kidney injury.'® However,
plasma LCN2 levels are affected by inflammation. Recently, several studies reported that LCN2 is involved in the iron
transport pathway and inhibits erythropoiesis by inducing apoptosis.'''?

Transferrin receptor (TfR) is a membrane glycoprotein receptor involved in iron transport through the binding of
transferrin. Soluble TfR (sTfR), a cleaved form of the extracellular portion of TfR, reflects functional iron status.'> As
sTfR is not affected by inflammatory conditions, it has been used to assess the iron status in patients with inflammation.'*
An elevated sTfR level is usually observed in an iron-deficient state. Accordingly, serum sTfR levels are inversely
correlated with the amount of iron available for erythropoiesis.'

Previous studies have largely focused on the clinical use of LCN2 as an indicator of acute kidney injury and
a predictor of worsening kidney function in chronic renal diseases.”'® However, limited studies have closely examined
the effect of LCN2 on sTfR, RMI, and EPO in subjects with mildly reduced kidney function. Therefore, this study
investigated the possible association between LCN2, sTfR, RMI, EPO, and the prevalence of anemia in persons with
MRD. This study also evaluated whether LCN2 elevation is related to decreased iron availability and suppressed
reticulocyte production.

Materials and Methods

Subject Populations

This cross-sectional observational study was performed on 235 participants (132 males and 103 females) with MRD who
had no history of iron supplementation, lipid-lowering therapies, and hemodialysis. This study was conducted using the
data obtained from patients who were diagnosed with MRD between January 2019 and June 2022 at Inha University
Hospital. The participants’ age ranged from 48 to 71 years (mean age: 60.3 years). Age- and sex-matched healthy
individuals (n = 92) without evidence of impaired kidney function, inflammation, and anemia were enrolled as the control
group. MRD was defined as creatinine clearance (CrCl) of 60 to <90 mL/min or the presence of microalbuminuria.'® The
following subjects were excluded from the study because their conditions may affect LCN2 and sTfR levels: (a) those
with sepsis, malignancy, and stroke; (b) those with a history of recent surgery; (c) those with acute blood loss or blood
transfusion; and (d) individuals who were pregnant. Subjects with incomplete data for the anthropometric measures and
laboratory tests were also excluded from the analysis. Information for smoking history was obtained by reviewing
medical records. This study protocol was approved by the institutional review board of Inha University Hospital
(approval number: 2023-03-006), and written informed consent was obtained from the participants. This study was
performed in accordance with the guidelines of the Declaration of Helsinki.

Measurement of Laboratory Parameters

Blood samples (7 mL) were collected from participants after fasting for at least eight hours. All laboratory measurements
were performed using blood samples obtained before treatment. Samples were centrifuged at 2500xg for 20 min and
immediately analyzed for the following parameters: iron profiles, high-sensitivity C-reactive protein (hsCRP), and
creatinine. For the measurement of LCN2, sTfR, and EPO, samples were stored at —80°C until analysis. Plasma
LCN2 levels were measured by a fluorescence immunoassay using the Triage assay kit (Alere, Inc., San Diego, CA,
USA). An LCN2 cutoff level was set at 150 ng/mL."” Serum sTfR concentrations were measured by a particle enhanced
immunoturbidimetric assay using the Tina-quant sTfR assay kit (Roche Diagnostics, Mannheim, Germany). EPO was
analyzed using an enzyme-linked immunosorbent assay with a Quantikine EPO ELISA kit (R&D Systems, Minneapolis,
MN, USA). Reticulocytes and their subpopulations were estimated using a hematologic analyzer (Sysmex XE-2100,
TOA Medical Electronics, Kobe, Japan). The RMI was calculated from the proportion of reticulocyte subpopulations
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using the following equation: RMI (%) = [(MFR + HFR)/LFR] x 100.'® Serum hsCRP levels were measured with an
immunonephelometry assay (Dade Behring, Inc., Deerfield, IL, USA). Erythrocyte sedimentation rate (ESR) was tested
with the Westergren sedimentation technique using StaRRsed Auto-Compact (Mechatronics Manufacturing BV, Zwaag,
Netherlands). The corrected ESR (cESR) was calculated using patient’s hematocrit.'” An elevated level of hsCRP and
cESR was defined as >0.3 mg/dL and >15 mm/h, respectively,'” which was considered laboratory evidence of
inflammation. Iron profiles and serum Cr levels were measured using a chemical analyzer (Cobas 8000 C702; Roche
Diagnostics, Mannheim, Germany). Anemia was defined as hemoglobin <13.0 g/dL for males and as hemoglobin <12.0
g/dL for females.?’

The CrCl was estimated using the Cockcroft-Gault equation.”'

The albumin-to-Cr ratio (ACR) was calculated as follows: ACR (pg/mg Cr) = [urine albumin level (ug/mL)/urine Cr
level (mg/dL)] x 100.%* Microalbuminuria was defined as an ACR of 30-300 pug/mg Cr.>

Calculation of Corrected LCN2 Values

To minimize the effect of inflammation on LCN2, plasma LCN2 levels were corrected using the inflammation index.
Corrected LCN2 (cLCN2) values were calculated using the following equation: cLCN2 = plasma LCN2 level/inflammation
index. The inflammation index was obtained from the sum of the scores, which were given to patients based on hsCRP and
CESR levels.”* The percent difference between corrected and uncorrected LCN2 levels was computed using the following
formula: percent difference = [(uncorrected LCN2 levels — corrected LCN2 levels)/uncorrected LCN2 levels] x 100.%

Statistical Analysis

Data were presented as mean + standard deviation (SD) or as median (interquartile range: IQR). To analyze the data
between the two groups, a Student’s -test and a Mann—Whitney U-test were used. Categorical variables were expressed
as frequencies and percentages. To identify the normality of the data, the Shapiro-Wilk test was used. The 3 test was
used to analyze categorical variables. A multivariate linear regression analysis was performed to evaluate the relationship
between LCN2, sTfR, reticulocyte-related parameters, and iron profiles. The association between an elevated LCN2 level
and the presence of anemia was assessed by a multivariate logistic regression analysis with adjustment for potential
confounders, such as age, sex, body mass index (BMI), systolic blood pressure (SBP), current smoking, and hsCRP.
Statistical analyses were performed using the SPSS software package (version 26; IBM SPSS Statistics, Armonk, NY,
USA) and MedCalc statistical software (version 20; MedCalc Software Ltd., Ostend, Belgium). A value of p < 0.05 was
considered statistically significant.

Results

Clinical and Laboratory Characteristics of Participants

Of the 235 participants, 137 (58.3%) had elevated LCN2 levels, 51 (21.7%) had anemia, and 82 (34.9%) had elevated
hsCRP levels. LCN2 and cLCN2 levels of persons with MRD were significantly higher than those of healthy individuals
(p < 0.001). The percent difference between LCN2 and ¢cLCN2 was 12.5%, which was significantly higher than that of
healthy subjects (p < 0.001) (Table 1).

RMI, sTfR, Serum Iron, and Hemoglobin Levels According to LCN2 Levels

The mean hemoglobin levels were significantly lower in persons with LCN2 elevation than in those without LCN2
elevation (12.9 = 1.6 g/dL vs 14.0 £ 1.7 g/dL, p < 0.001) (Figure 1). Anemia was 2.1-fold more prevalent in subjects with
LCN2 elevation than those without LCN2 elevation (27.7% vs 13.3%, p = 0.008). Compared to individuals without
elevated LCN2 levels, those with elevated LCN2 levels had significantly higher sTfR and a significantly lower RMI
(3.04 mg/L and 1.02% vs 2.01 mg/L and 1.28%, respectively, p < 0.001). However, there was no significant difference in
anthropometric parameters and current smoking between the two groups (Table 2).
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Table | Clinical and Laboratory Characteristics of Subjects

Parameters Patients with MRD | Healthy Individuals p value
(n = 235) (n=92)

Clinical characteristics

Age (year) 603 £75 594 + 6.8 0.317

Sex (male; n, %) 132 (56.2) 49 (53.3) 0.631

BMI (kg/m?) 234 £ 3.6 229 £ 3.2 0.243

SBP (mmHg) 1253 £ 12.1 1212 £ 9.5 0.004

Current smoking (n, %) 54 (22.9) 20 (21.7) 0.815
Lipocalin

LCN2 (ng/mL) 165.3 (92.5-241.0) 67.5 (57.3-132.8) < 0.001

Elevated LCN2 (n, %) 137 (58.3) 0 (0.0 < 0.001

cLCN2 (ng/mL) 146.2 (71.3-192.5) 67.5 (57.3-132.8) < 0.001

Percent difference (%)* 12.5 + 8.4 0.0 £ 0.0 < 0.001
Iron profiles

sTfR (mg/L) 2.54 + 1.86 1.32 + 0.65 < 0.001

Serum iron (ug/dL) 36.9 + 28.1 643 + 412 < 0.001

TS (%) 19.7 £ 13.6 28.1 + 174 < 0.001

Serum ferritin (ng/mL) 51.4 (20.1-187.2) 65.3 (41.7-152.8) 0.047
Renal parameters

EPO (IU/L) 10.5 (4.2-16.3) 14.3 (5.6-19.1) 0.015

Estimated CrCl (mL/min) 70.1 £ 86 932+ 45 < 0.001
Hematologic parameters

Hemoglobin (g/dL) 134+ 1.8 149 = I.1 < 0.001

Anemia (n, %) 51 (21.7) 0 (0.0 < 0.001
Inflammatory parameters

hsCRP (mg/dL) 0.26 (0.13-2.14) 0.09 (0.04-0.25) < 0.001

Elevated hsCRP (n, %) 82 (34.9) 0 (0.0 < 0.001

cESR (mm/h) 143 = 121 87 %52 < 0.001

Notes: Data are expressed as mean + SD, median (IQR), or frequency (%). *Percent difference between LCN2
and cLCN2.

Abbreviations: BMI, body mass index; SBP, systolic blood pressure; LCN2, lipocalin-2; cLCN2, corrected
lipocalin-2; sTfR, soluble transferrin receptor; TS, transferrin saturation; EPO, erythropoietin; CrCl, creatinine
clearance; hsCRP, high-sensitivity C-reactive protein; cESR, corrected erythrocyte sedimentation rate; MRD,
mild renal dysfunction.

LCN2, sTfR, and EPO Levels in Patients with and without Anemia

Patients with anemia had significantly higher LCN2 and ¢cLCN2 levels than those without anemia (195.8 ng/mL and
176.3 ng/mL vs 142.0 ng/mL and 123.2 ng/mL, respectively, p < 0.001). Compared with non-anemic subjects, anemic
patients had significantly higher sTfR levels and significantly lower serum iron levels. However, no significant difference
was noted in hsCRP and EPO levels between the groups (Table 3).

Relationship Between LCN2, sTfR, RMI, and EPO Levels

After adjusting for potential confounders, LCN2 was positively correlated with sTfR (r = 0.232) and negatively
correlated with the RMI (r = —0.229), serum iron (r = —0.201), and hemoglobin (r = —0.245). However, no significant
association was noted between LCN2 and EPO (Table 4). A scatter plot of the relationship between LCN2 and
hemoglobin levels is shown in Figure 2.

Association Between LCN2 Elevation and the Presence of Anemia

The association between LCN2 elevation and the presence of anemia was evaluated using a multivariate logistic
regression analysis. An elevated LCN2 level (>150 ng/mL) resulted in a 1.3-fold increase in the prevalence of anemia
in patients with MRD (odds ratio: 1.302, 95% CI: 1.012-2.527; p < 0.001) (Table 5).
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Figure | Hemoglobin levels according to LCN2 levels in patients with mild renal dysfunction. Hemoglobin levels are significantly lower in patients with elevated LCN2 levels
than in those without elevated LCN2 levels (12.9 = 1.6 g/dL vs 14.0 £ 1.7 g/dL). *p < 0.001.

Discussion

In the present study, the relationship between LCN2, erythropoiesis, and iron status was examined by measuring sTfR,
RMI, and EPO levels in MRD patients. Our results demonstrated that augmented LCN2 levels were closely linked to the
prevalence of anemia in patients with MRD. However, there have been conflicting results on the relationship between

Table 2 RMI, sTfR, and Serum Iron Levels and the Prevalence of Anemia According to

LCN2 Levels
Parameters LCN2 Levels p value
Elevated (n = 137) | Non-Elevated (n = 98)
Age (year) 598 +72 60.7 £79 0.365
Sex (male; n, %) 78 (56.9) 54 (55.1) 0.784
BMI (kg/m?) 23.1 + 34 236 + 3.7 0.285
SBP (mmHg) 127.3 + 12.2 124.3 + 12.0 0.062
Current smoking (n, %) 30 (21.9) 24 (24.5) 0.641
sTfR (mg/L) 3.04£2.15 201 £ 136 < 0.001
RMI (%) 1.02 + 0.49 1.28 + 0.54 < 0.001
EPO (IU/L) 9.8 (3.6-15.4) 1.1 (5.2-17.5) 0.214
Serum iron (pg/dL) 319+ 182 42.6 +23.1 < 0.001
Erythrocytes (x 10'%/L) 4.12 £0.75 458 + 0.96 <0.001
Anemia (n, %) 38 (27.7) 13 (13.3) 0.008
Estimated CrCl (mL/min) 674+ 7.1 738 +92 < 0.001
hsCRP (mg/dL) 0.34 (0.21-2.59) 0.19 (0.12-1.83) < 0.001

Notes: Data are expressed as mean + SD, median (IQR), or frequency (%).

Abbreviations: BMI, body mass index; SBP, systolic blood pressure; sTfR, soluble transferrin receptor; RMI,
reticulocyte maturity index; EPO, erythropoietin; CrCl, creatinine clearance; hsCRP, high-sensitivity C-reactive
protein; LCN2, lipocalin-2.
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Table 3 LCN2, sTfR, and EPO Levels in Patients with and without Anemia

Parameters Patients p value
With Anemia (n = 51) | Without Anemia (n = 184)
Age (year) 612 +74 59.6 +7.8 0.192
Sex (male; n, %) 27 (52.9) 105 (57.1) 0.593
LCN2 (ng/mL) 195.8 (97.2-278.5) 142.0 (63.5-205.3) < 0.001
cLCN2 (ng/mL) 176.3 (82.1-214.6) 123.2 (56.4-172.8) < 0.001
EPO (IU/L) 8.9 (3.4-15.1) 10.7 (4.5-18.9) 0.145
sTfR (mg/L) 3.61 £243 2.18 + 1.67 < 0.001
Serum iron (pg/dL) 245 + 16.2 432 215 < 0.001
Estimated CrCl (mL/min) 672 +74 715 +89 0.002
hsCRP (mg/dL) 0.29 (0.24-2.35) 0.24 (0.19-2.17) 0417

Notes: Data are expressed as mean + SD, median (IQR), or frequency (%).
Abbreviations: LCN2, lipocalin-2; cLCN2, corrected lipocalin-2; EPO, erythropoietin; sTfR, soluble transferrin receptor;
CrCl, creatinine clearance; hsCRP, high-sensitivity C-reactive protein.

Table 4 Relationship Between LCN2 and sTfR, RMI, EPO, Serum lIron, and
Hemoglobin Levels

Parameters Univariate Multivariate*
Standardized p p value Standardized p p value
sTRR 0.275 < 0.001 0.232 < 0.001
Serum iron —0.242 < 0.001 —0.201 < 0.001
Hemoglobin -0.318 < 0.001 —0.245 < 0.001
EPO —0.126 0.041 —0.097 o0.101
RMI —0.273 < 0.001 —0.229 < 0.001

Notes: *Adjusted for age, sex, body mass index, systolic blood pressure, current smoking, and high-
sensitivity C-reactive protein.

Abbreviations: sTfR, soluble transferrin receptor; RMI, reticulocyte maturity index; EPO, erythro-
poietin; LCN2, lipocalin-2.

LCN2 and anemia. For instance, in several studies, plasma LCN2 levels were significantly higher in subjects with anemia
than in those without anemia and negatively correlated with hemoglobin levels.>*?” In contrast, in another study, there
was no significant difference in LCN2 levels between anemic and non-anemic subjects, and there was no significant
association between LCN2 and hemoglobin levels.”® In our study, hemoglobin levels were significantly lower in patients
with elevated LCN2 levels than in those without elevated LCN2 levels. Moreover, compared with non-anemic indivi-
duals, patients with anemia had significantly higher LCN2 levels. In particular, after correcting with the inflammatory
index, cLCN2 values were still higher in anemic patients than in non-anemic subjects. These results suggest that LCN2
elevation may be related to decreased hemoglobin levels in MRD, independent of inflammation. These findings are in
accordance with a previous study, which demonstrated that LCN2 levels were negatively correlated with hemoglobin
levels in a rat renal anemia model.”” However, our results differ from a study showing no significant association between
LCN2 and hemoglobin levels in patients on hemodialysis.>® These inconsistencies may be due to the differences in
subject populations, disease severity, and ongoing treatment. In particular, the presence and magnitude of systemic
inflammation may induce these discordant results between studies.

LCN2 has been known as a useful biomarker for renal dysfunction; however, it is affected by various inflammatory
conditions.>! In fact, LCN2 is intimately engaged in the inflammatory process, acting as an acute phase protein, and its
blood levels are elevated in many inflammatory diseases.*” In our study, approximately one-third of the patients with
renal dysfunction had elevated hsCRP levels. In such a condition, it is hard to accurately examine the role of LCN2 in
kidney function because LCN2 levels may be elevated by underlying inflammation. Therefore, in the present study, to
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Figure 2 Scatter plots of the relationship between LCN2 and hemoglobin levels in patients with mild renal dysfunction. The LCN2 levels are negatively correlated with

hemoglobin levels (y = —0.01I1x + 13.907; r* = 0.101; p < 0.001).

reduce the effect of inflammation on LCN2 levels, cLCN2 values were calculated, and the new parameter was used for
assessing subjects. In this study, the percent difference between LCN2 and cLCN2 levels was 12.5%, suggesting that

inflammation may be responsible for approximately 12% of LCN2 elevation in our patients.
The RMI is a useful laboratory parameter of erythropoietic activity in anemia, which corresponds to the fraction of
young reticulocytes released prematurely.”® A previous study demonstrated that the RMI was the earliest indicator of

Table 5 Association Between LCN2 Elevation and the Presence of Anemia in Subjects

with MRD

LCN2 Elevation (> 150 ng/mL)

Presence of Anemia

Odds Ratio (95% CI) p value

Unadjusted 2.386 (1.102-4.541) < 0.001
Adjusted for

Age, sex, and BMI 2.147 (1.057-4.262) < 0.001

Age, sex, BMI, and SBP 1.843 (1.049-3.673) < 0.001

Age, sex, BMI, SBP, and current smoking 1.651 (1.025-3.221) < 0.001

Age, sex, BMI, SBP, current smoking, and hsCRP 1.302 (1.012-2.527) < 0.001

Abbreviations: LCN2, lipocalin-2; BMI, body mass index; SBP, systolic blood pressure; hsCRP, high-sensitivity

C-reactive protein; Cl, confidence interval.
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engraftment following bone marrow transplantation.>* LCN2 plays a role in mediating erythroid lineage cell suppression
in bone marrow.*® In the present study, the RMI was measured for assessing erythropoietic activity. The RMI was
significantly lower in patients with elevated LCN2 levels than in those without elevated LCN2 levels. After adjusting for
confounders, LCN2 was inversely correlated with the RMI. Furthermore, compared to subjects without LCN2 elevation,
those with LCN2 elevation displayed more prevalent anemia. These results imply that LCN2 elevation may contribute to
the development of anemia by diminishing reticulocyte production. This assumption is supported by the results of
a previous study showing that elevated LCN2 levels induced erythropoiesis inhibition and arrested the differentiation of
erythroid precursors through an autocrine regulatory pathway.*®

EPO is a glycoprotein hormone produced in the kidneys and stimulates the production of erythrocytes. Therefore, it
has been used to treat anemic patients with renal diseases.>’ However, there have been many different results regarding
the association between EPO and kidney function. One study showed no significant difference in EPO and hemoglobin
levels between patients with MRD and those with normal kidney function.*® In contrast, Korte et al*’ reported that MRD
was sufficient to induce inadequate EPO production; thus, EPO should be measured in patients with MRD and
unexplained anemia. In our study, EPO levels in patients with MRD were examined according to the presence of
anemia. There was no significant difference in EPO levels between patients with and without anemia. However,
a multivariate logistic regression analysis revealed that LCN2 elevation led to a 1.3-fold increase in the prevalence of
anemia. These findings suggest that LCN2 may play a more crucial role in erythropoiesis than EPO, at least in patients
with MRD. These findings are consistent with the results of one study demonstrating that anemia did not occur from
reduced EPO in patients with mild to moderate renal insufficiency.*® Additionally, another study showed that LCN2
expression was not induced by EPO but by anemia.*!

There have been various results showing the relationship between LCN2 and iron profiles. Yazdani et al** reported
that LCN2 was negatively correlated with iron parameters, such as serum iron, serum ferritin, and transferrin saturation.
However, Bolignano et al*> demonstrated that LCN2 was positively correlated with transferrin saturation in hemodialysis
patients. Interestingly, in another study, LCN2 levels were not associated with iron metabolism in patients with
cardiorenal failure.** In our study, LCN2 was positively correlated with sTfR and negatively correlated with serum
iron levels. Additionally, in the present study, patients with LCN2 elevation had significantly higher sTfR levels than
those without LCN2 elevation. Considering that sTfR is a reliable indicator for functional iron deficiency,*® these results
indicate that LCN2 may contribute to the development of anemia through iron regulation in patients with MRD.

This study has several limitations. For instance, a bone marrow examination was not performed to assess erythropoiesis.
Blood oxygen levels in relation to EPO could also not be measured. As this study was designed through a cross-sectional
approach, the evidence for a cause-and-effect relationship between LCN2 and anemia was limited. In this study, we could
not use a structured questionnaire to collect data from participants. Despite these limitations, to the best of our knowledge,
this is the first study to report a potential role of LCN2 in the presence of anemia in MRD, especially in connection with
sTfR and the RMI. Further studies are needed to verify the findings of our study in larger randomized prospective trials.

Conclusions

In conclusion, this study demonstrated that LCN2 levels were significantly elevated in anemic patients, positively
correlated with sTfR, and negatively correlated with RMI, serum iron, and hemoglobin levels. These results suggest
that LCN2 elevation may play a crucial role in the development of anemia in subjects with mildly decreased kidney
function, possibly by restricting iron availability and suppressing reticulocyte production.

Abbreviations
LCN2, lipocalin-2; cLCN2, corrected lipocalin-2; sT{R, soluble transferrin receptor; RMI, reticulocyte maturity index;
EPO, erythropoietin; CrCl, creatinine clearance; MRD, mild renal dysfunction.
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