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Introduction: Anemia is a common complication of chronic kidney disease (CKD) in children; however, the

role of inflammation in its pathogenesis remains incompletely understood.

Methods: To elucidate the role of interleukin (IL)-6 in renal anemia, we induced CKD by adenine diet in juvenile

wild-type (WT) and IL-6 deficient (Il6KO) mice, and examined serum IL-6 and relevant parameters in children

with CKD.

Results: WT-CKD mice developed anemia despite increases in serum erythropoietin and displayed low

serum iron and elevated serum IL-6. IL-6 deficiency resulted in a significant improvement of red blood cell

count and hemoglobin in CKD mice. This effect was associated with improvement of hypoferremia by Il6

deletion, likely mediated by hepcidin. However, correction of hypoferremia by oral iron supplementation in

WT-CKD mice did not fully replicate the protective effects of Il6 deletion, suggesting an additional iron-

independent role for IL-6 in CKD-anemia. Indeed, Il6 deletion mitigated the severity of renal fibrosis and

alleviated relative erythropoietin insufficiency in CKD mice. Cytokine profiling in a pediatric CKD cohort

demonstrated that of 10 cytokines (IL-1b, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12, IL-13, tumor necrosis factor

(TNF)-a, and interferon-g), only IL-6 was significantly (inversely) associated with hemoglobin when

adjusted for glomerular filtration rate (GFR). The association between IL-6 and hemoglobin in children with

CKD remained significant after adjustment for CKD stage, iron therapy, and hepcidin.

Discussion: IL-6 contributes to development of anemia in juvenile CKD, through mechanisms that include

induction of hypoferremia, aggravation of renal fibrosis, and alteration of the erythropoietin axis. IL-6

appears to be a promising therapeutic target in the management of CKD-anemia.
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KD in children is associated with significant
morbidity, mortality, and high economic burden.1,2

Anemia complicates CKD in more than 50% of children
before they reach end-stage renal disease.3 Anemia nega-
tively affects quality of life in children with CKD4 and in-
creases risk of hospitalization.5 The presence of anemia at
initiation of dialysis is associated with higher risk of death
in children.6
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The pathogenesis of renal anemia (CKD-anemia) in-
cludes dysfunction of the erythropoietin (Epo) axis,
decreased red blood cell (RBC) life span, impact of
nutritional factors, and both occult and iatrogenic
blood losses, among other factors. Recently, it was
recognized that CKD-anemia shares important features
with anemia of inflammation. Indeed, CKD has been
characterized as a state of chronic low-grade inflam-
mation,7 and adult patients with CKD-anemia show
upregulation of proinflammatory cytokines.8

IL-6 was originally identified as a regulator of B-cell
differentiation9 and subsequently shown to have
pleiotropic functions regulating a multitude of physi-
ologic processes. IL-6 is produced by numerous cell
Kidney International Reports (2019) 4, 470–483
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types, including monocytes, macrophages, lympho-
cytes, fibroblasts, and endothelial cells in response to a
variety of stimuli,10 particularly in response to uremic
toxins.11 Circulating levels of IL-6 inversely correlate
with GFR in adult patients with CKD.12,13 IL-6 is an
independent predictor of mortality in adult patients
starting peritoneal and hemodialysis.14 Peripheral
blood mononuclear cells from hemodialysis patients
produced more IL-6 than those from healthy subjects,
when stimulated in vitro.15 IL-6 is elevated in pediatric
dialysis patients.16 However, very few studies have
evaluated IL-6 in children with pre-dialysis CKD.17,18

Regulation of erythropoiesis is one of the functions of
IL-6, which has been implicated in nonrenal anemias.
Elevated IL-6 levels correlate with increased
erythropoiesis-stimulating agent (ESA) requirements due
to ESA-resistance in adult hemodialysis patients.19,20 Use
of a biocompatible dialyzer associated with enhanced IL-6
clearance improved anemia and reduced ESA response
index in such patients.21 In children with CKD, inflam-
matory response may differ from adults.22,23 Therefore, it
is important to elucidate the role of IL-6 in the patho-
physiology of CKD-anemia in children.

The effects of IL-6 on erythropoiesis likely include iron-
mediated and iron-independent actions. IL-6 is the major
upstream activator of hepcidin, a hepatic iron-regulatory
hormone, in anemia of inflammation.24–26 Hepcidin
binds to iron exporter ferroportin, expressed on enter-
ocytes, hepatocytes, and macrophages, forming a
hepcidin-ferroportin complex that is internalized to un-
dergo lysosomal degradation, which prevents iron egress
from the cells. Thus, increased hepcidin, due to higher
circulating levels of IL-6, leads to iron sequestration,
decreased iron absorption, and lack of iron availability for
erythropoiesis. Because iron availability is a rate-limiting
step in the maturation of RBCs, hepcidin overproduction
leads to anemia. However, it remains to be confirmed
whether IL-6 increases hepcidin in juvenile CKD.

Experimental studies have also identified iron-
independent effects of IL-6 on erythropoiesis in
anemia of inflammation.27–29 IL-6 directly impaired
the erythroid development of human TF-1 eryth-
roleukemic cells in vitro in a dose-dependent
manner.30 Hepcidin knockout (KO) and Il6KO mice
exhibit different patterns in the development and
the resolution of anemia of inflammation, such that a
more rapid recovery of erythropoiesis is observed in
Il6KO mice.27 This suggests a direct detrimental ef-
fect of IL-6 on erythropoiesis, distinct from effects
on iron metabolism.

Thus, although the effect of IL-6 in nonrenal ane-
mias of inflammation has been established, evidence
that IL-6 may be involved in the pathogenesis of CKD-
anemia is preliminary.31 The possible relationship
Kidney International Reports (2019) 4, 470–483
between anemia and IL-6 in pediatric CKD is largely
unknown and requires investigation.18 Here we pre-
sent our studies elucidating the effects of Il6KO on
experimental CKD-anemia in juvenile mice, and a par-
allel clinical study to examine the translational signif-
icance of these observations in children with CKD.

MATERIALS AND METHODS

Animals and Experimental Design

The animal protocol was approved by the Institutional
Animal Care and Use Committee. B6.129S2-Il6tm1Kopf/J
(Il6KO) mice were purchased from the Jackson Labora-
tory (Bar Harbor, ME). At weaning (21 days of age) WT
and Il6KO mice were randomly assigned to 4 groups ($5
mice per group): WT-controls, Il6KO-controls [CKD(�)],
WT CKD, and Il6KO CKD [CKD(þ)]. CKD was induced by
a 0.2% adenine diet (Envigo, Madison, WI). Eight weeks
later, mice were euthanized via pentobarbital injection.

Blood Biochemistry and Complete Blood Count

Blood was collected via retro-orbital puncture 6 weeks
through the experimental period and from the inferior
vena cava at euthanasia. Blood urea nitrogen (BUN) and
creatinine were measured on the Beckman Coulter
(Brea, CA) AU 680 analyzer. Serum iron was measured
using colorimetric assay (Pointe Scientific, Canton, MI).
Enzyme-linked immunosorbent assay was used to
measure hepcidin (IntrinsicLifesciences, La Jolla, CA)
and Epo (R&D Systems, Minneapolis, MN). Cytokines
were measured using a V-Plex kit from Meso Scale
Discovery (Rockville, MD) on the SI2400 Multiplex
Analyzer. Mouse blood counts were performed on the
IDEXX Procyte DX analyzer (Westbrook, ME). The
reticulocyte index was calculated as follows: [reticulo-
cyte (%) � mouse hematocrit (%)] / [average hemato-
crit (%) in the control WT CKD(�) group of mice].

Flow Cytometry

To measure phagocytosis of RBCs by macrophages
in spleen, we used fluorescein isothiocyanate–
conjugated F4/80, phycoerythrin-conjugated CD115
and phycoerythrin-Cyanine7–conjugated GR-1 anti-
bodies (Biolegend, San Diego, CA) to detect macro-
phage population. To identify mature RBCs, we used
allophycocyanin-conjugated Ter-119 antibody (BD
Biosciences, San Jose, CA). Spleen single-cell sus-
pensions were incubated with antibody cocktails for
40 minutes at 4�C in the dark. The stained cells were
washed twice, fixed with 2% paraformaldehyde
(Santa Cruz Biotechnology; Dallas, TX) and captured
(50,000 events per sample) using BD Accuri C6 in-
strument (BD Biosciences). The internalization of
RBCs by macrophages was determined by gating a
Ter119 histogram on F4/80 expressing multiplet
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population (the gating strategy is illustrated in
Supplementary Figure S1).

Real-Time Quantitative Polymerase Chain

Reaction

Total kidney RNA was purified using PureLink RNA
Mini Kit (ThermoFisher Scientific, Waltham, MA). The
reverse transcription to complementary DNA was car-
ried out using High-Capacity cDNA Reverse Tran-
scription Kit (ThermoFisher Scientific). Real-time
quantitative polymerase chain reaction was performed
using the TaqMan Gene Expression Assay and Master
Mix (ThermoFisher Scientific) in an ABI 7900 HT Fast
Real-Time PCR System (Applied Biosystems, Foster
City, CA). Primers and probes were obtained from
ThermoFisher Scientific and mouse Gapdh was used as
an internal control (Fn1, Mm01256744_m1; Gapdh,
Mm99999915_g1). Data were analyzed by the compar-
ative CT method.32

Western Blotting

Kidneys were harvested in tissue protein extraction
agent (ThermoFisher Scientific) lysis buffer. Protein
concentrations were determined using the bicincho-
ninic acid assay (ThermoFisher Scientific). Protein ex-
tracts were loaded on Midi-Protein TGX gel (Bio-Rad,
Hercules, CA). Proteins were electroblotted onto poly-
vinyl difluoride membranes (MilliporeSigma, Burling-
ton, MA). After transfer, nonspecific binding was
prevented with 5% skimmed milk prepared in 0.1%
tris-buffered saline–Tween (Bio-Rad). After blocking,
the membrane was incubated with anti-fibronectin
antibody (Abcam, Cambridge, MA). Following sec-
ondary antibody incubation, targeted bands were
visualized using enhanced chemiluminescence solution
(ThermoFisher Scientific). Quantification of western
blots was performed using ImageJ software (National
Institutes of Health, Bethesda, MD).

Histology

Organs were fixed in 10% formalin for 24 hours and
subsequently paraffin embedded. Sections were cut 5-
mm thick. Kidney sections were stained with Masson
trichrome. Spleens and bone marrow sections were
stained with Perls Prussian blue.

Patients

Children were enrolled in pediatric nephrology clinics at
Weill Cornell Medical Center after obtaining informed
consent. The study was approved by the institutional
review board. Eligibility criteria included the following:
age <21 years, CKD stage 2 and above, no acute illnesses
at the time of blood collection. Serum and plasma were
separated immediately from collected blood samples and
stored at �80 degrees until analyzed. Quantitative
472
immunoassays were used to determine the serum con-
centrations of hepcidin (IntrinsicLifesciences, La Jolla,
CA), growth hormone (ALPCO, Salem, NH), and insulin-
like growth factor 1 (R&D, Minneapolis, MN).

Statistical Analyses

Experimental data were reported as means� SD, and the
differences between 2 groups were determined with
Student t test. One-way analysis of variance was used for
the analysis of differences among 4 groups. Human
variables normality was tested using Shapiro-Wilk W
test (Supplementary Table S1). Non-normally distributed
variables were subjected to the common logarithmic
transformation and re-tested for normality
(Supplementary Table S1). The distributions of Log Il-6
and Log hepcidin passed the normality testing
(Supplementary Figure S2). For cytokine profiling anal-
ysis, cytokine levels were categorized into tertiles. The
c2 test was performed to detect difference in categorical
variables and analysis of variance versus Kruskal-Wallis
tests to compare continuous variables. The correlations
were assessed using Spearman’s rank test.Multiple linear
regressionwas used for multivariate analyses. GraphPad-
Prism (La Jolla, CA) and STATA-12.0 (Stata Corp, College
Station, TX) were used for statistical analyses.

RESULTS

Juvenile Mice With CKD-Anemia Have Elevated

Serum IL-6

CKDwas induced in juvenile mice by adenine diet.33WT
mice fed the adenine diet [CKD(þ)] exhibited elevation of
BUN and serum creatinine compared with their WT lit-
termates fed a regular diet [CKD(�)] that served as con-
trols (Table 1). The body growth of juvenile WT CKD(þ)
mice was impaired. WT CKD(þ) mice developed anemia,
characterized by reduced RBC counts, hemoglobin, he-
matocrit, and mean corpuscular volume (MCV). The
percentage, but not the absolute count of reticulocytes
was elevated in the peripheral blood ofWT CKD(þ) mice
compared with WT CKD(�) mice. CKD(þ) mice dis-
played alterations in iron metabolism, evident by
elevated serum hepcidin, low serum iron, and high
spleen iron content. Serum TNF-a and, importantly,
serum IL-6 levels were elevated in WT CKD(þ) mice.

Deletion of Il6 Improves CKD-Anemia in

Juvenile Mice

Il6 deletion led to improvement in RBC count, hemo-
globin, hematocrit, and mean corpuscular hemoglobin
(Figure 1a–d) in CKD(þ) mice after 8 weeks of adenine
diet. Hemoglobin in Il6KO CKD(þ) mice was 50.9%
higher than in WT CKD(þ) mice. There was also an
improvement of MCV in Il6KO CKD(þ) group
compared with WT CKD(þ) (Figure 1e), although not as
Kidney International Reports (2019) 4, 470–483



Table 1. Parameters of chronic kidney disease in wild-type mice

Parameters
Control diet
(n [ 8)

Adenine diet
(n [ 8) P

BUN (mg/dl) 32.5 � 1.4 261.3 � 10.0 <0.001

Serum creatinine (mg/dl) 0.18 � 0.02 1.17 � 0.06 <0.001

Creatinine / BMI (cm2/dl) 9.58 � 1.21 105.70 � 9.76 <0.001

Body length (cm) 17.83 � 0.12 15.49 � 0.14 <0.001

Body weight (g) 24.70 � 0.51 10.93 � 0.54 <0.001

BMI (kg/cm2) 19.42 � 0.32 11.36 � 0.42 <0.001

IL-6 (pg/ml) 6.8 � 6.5 86.4 � 21.3 <0.001

TNF-a (pg/ml) 8.0 � 4.5 33.8 � 6.2 <0.001

WBC (103/ml) 8.91 � 0.93 3.12 � 0.53 0.001

Neutrophil (103/ml) 0.78 � 0.09 0.89 � 0.17 0.56

Neutrophil % 9.28 � 1.32 28.90 � 2.48 <0.001

Monocyte (103/ml) 0.07 � 0.02 0.08 � 0.02 0.82

Monocyte % 0.78 � 0.14 2.27 � 0.52 0.010

Lymphocyte (103/ml) 0.79 � 0.83 2.04 � 0.37 <0.001

Lymphocyte % 87.12 � 1.51 64.76 � 3.27 <0.001

Platelets (103/ml) 809.1 � 55.5 1871.0 � 190.4 <0.001

RBC (106/ml) 10.27 � 0.19 5.52 � 0.26 <0.001

Hemoglobin (g/dl) 14.73 � 0.32 6.31 � 0.39 <0.001

Hematocrit (%) 52.22 � 0.91 22.63 � 1.31 <0.001

MCV (fl) 50.86 � 0.64 40.94 � 0.51 <0.001

MCH (pg) 14.73 � 0.07 13.13 � 0.16 <0.001

MCHC (g/dl) 28.70 � 0.26 32.30 � 0.47 <0.001

Reticulocyte (103/ml) 385.50 � 32.82 391.70 � 55.54 0.92

Reticulocyte % 3.73 � 0.29 6.98 � 1.02 0.003

Hepcidin (ng/ml) 669.0 � 102.6 3016.0 � 739.0 0.039

Iron (mg/dl) 131.6 � 11.7 48.7 � 16.2 0.029

Spleen iron (mg/g) 143.7 � 40.2 302.9 � 68.6 0.026

BMI, body mass index; BUN, blood urea nitrogen; MCH, mean corpuscular hemoglobin;
MCHC, mean corpuscular hemoglobin concentration; MCV, mean corpuscular volume;
RBC, red blood cells; WBC, white blood cells.
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robust as improvement in mean corpuscular hemoglo-
bin. Mean corpuscular hemoglobin content (Figure 1f)
and RBC distribution width (Figure 1g) were not
different between the WT CKD(þ) and Il6KO CKD(þ)
groups. Absolute reticulocyte count was not different
between the groups (Figure 1h). However, average
reticulocyte percent was almost twice as high in WT
CKD(þ) mice than in WT CKD(�) mice. (Figure 1i).
Because reticulocyte percentage is frequently misleading
in a setting of anemia, we adjusted reticulocyte percent
for the degree of anemia using reticulocyte index. No
change in reticulocyte index was observed in WT mice
following CKD induction. In Il6KO mice, however, in-
duction of CKD resulted in a decrease of reticulocyte in-
dex (Figure 1j). Importantly, the differences in relative
reticulocytosis between WT CKD(þ) and Il6KO CKD(þ)
groups (Figure 1i and j) did not correspond to the dif-
ferences in anemia between these groups (Figure 1a–e).
This discrepancy can be explained by the differences in
RBC destruction rates between the CKD(þ) groups. Taken
together, our reticulocyte and total RBC data suggest that
Il6 deletion may have improved RBC life span in CKD(þ)
mice (Figure 1k). Indeed, thrice more spleen macrophage/
RBC multiplets were found in WT CKD(þ) group than
in Il6KO CKD(þ) group, indicating suppression of
Kidney International Reports (2019) 4, 470–483
splenic RBC recycling (erythrophagocytosis) by Il6
deletion in CKD(þ) mice (Figure 1l and Supplementary
Figure S1).

After 6 weeks of adenine diet, CKD(þ) mice were
already mildly anemic; however, the differences be-
tween RBC count, hemoglobin, and hematocrit between
WT CKD(þ) and Il6KO CKD(þ) mice were not yet
statistically significant (Supplementary Figure S3).

Kidney Function in Juvenile WT and Il6KO Mice

With CKD

Il6KO mice were previously reported to be partially
resistant to renal fibrosis.34 It is therefore plausible that
improvement of renal function due to Il6 deletion may
contribute to improvement of anemia in Il6KO CKD(þ)
mice. Indeed, Il6KO CKD(þ) mice had less severe renal
tubulointerstitial fibrosis as assessed by Masson tri-
chrome staining than the WT CKD(þ) mice (Figure 2a),
and lower expression of kidney fibronectin mRNA and
protein (Figure 2b and c). Furthermore, Il6 deletion
improved BUN and serum creatinine (Figure 3d and e)
in CKD(þ) mice. Changes in body weight and linear
body growth were similar between WT and Il6KO
CKD(þ) mice throughout the experimental period
(Supplementary Figure S4).

Deletion of Il6 Ameliorates Alteration of Iron

Metabolism in Juvenile Mice With CKD

As expected, CKD led to elevation of serum hepcidin.
However, Il6KO CKD(þ) mice showed significantly lower
serum hepcidin than WT CKD(þ) mice (Figure 3a).
Consequently, hypoferremia, seen in WT CKD(þ) mice,
was not present in Il6KO CKD(þ) mice (Figure 3b). WT
CKD(þ) mice showed increased iron stores in the spleen
(Figure 3c and d) and bone marrow (Figure 3d), compared
with WT CKD(�) mice. Iron sequestration in the
spleen and bone marrow was attenuated in Il6KO
CKD(þ) mice. Thus, Il6 deletion mitigated the over-
production of hepcidin in CKD(þ) mice, reducing
iron sequestration and thereby improving iron
availability for erythropoiesis, which likely
contributed to the improvement of anemia.

Correction of Hypoferremia With Oral Iron Does

Not Recapitulate Effects of Il6 Deletion in

CKD(þ) Mice

Because Il6 deletion normalized serum iron in CKD(þ)
mice, we sought to examine whether normalization of
serum iron in the presence of intact IL-6 signaling would
replicate the effects of Il6 deletion in this model of CKD.
Should that be the case, one could argue that perhaps the
pro-anemic action of IL-6 in CKD was solely due to the
effects of IL-6 on iron metabolism. To test this, we
corrected hypoferremia in WT CKD(þ) mice by a
473



0

5

10

15

20 ***
***

***

H
em

og
lo

bi
n 

(g
/d

l)

0

20

40

60 ***
***

***

H
em

at
oc

ri
t (

%
)

W
T C

KD(-)

Il6
KO C

KD(-)

W
T C

KD(+)

Il6
KO C

KD(+)

W
T C

KD(-)

Il6
KO C

KD(-)

W
T C

KD(+)

Il6
KO C

KD(+)

W
T C

KD(-)

Il6
KO C

KD(-)

W
T C

KD(+)

Il6
KO C

KD(+)

W
T C

KD(-)

Il6
KO C

KD(-)

W
T C

KD(+)

Il6
KO C

KD(+)

W
T C

KD(-)

Il6
KO C

KD(-)

W
T C

KD(+)

Il6
KO C

KD(+)

W
T C

KD(-)

Il6
KO C

KD(-)

W
T C

KD(+)

Il6
KO C

KD(+)

W
T C

KD(-)

Il6
KO C

KD(-)

W
T C

KD(+)

Il6
KO C

KD(+)

W
T C

KD(-)

Il6
KO C

KD(-)

W
T C

KD(+)

Il6
KO C

KD(+)

W
T C

KD(-)

Il6
KO C

KD(-)

W
T C

KD(+)

Il6
KO C

KD(+)

W
T C

KD(-)

Il6
KO C

KD(-)

W
T C

KD(+)

Il6
KO C

KD(+)

0

5

10

15 ***
***

***

R
B

C
 (1

06 /u
l)

0
30

35

40

45

50

55
***

***

*

M
C

V
 (f

l)

0
10

12

14

16 ***
***

***

M
C

H
(p

g)

0
20

25

30

35
***

***
M

C
H

C
 (g

/d
l)

0

2

4

6

8

10
**

*

R
et

ic
ul

oc
yt

e 
(%

)

0

200

400

600

Re
tic

ul
oc

yt
e s

(1
03 /u

l)

a b c d

e f g h

i j k

Ter119

Sp
le

en
 m

ac
ro

ph
ag

e/
R

B
C

m
ul

tip
le

ts
co

un
t

W
T C

KD(+)

Il6
KO C

KD(+)
0.0
0.1
0.2
0.3
0.4

4
5
6
7
8

T
ot

al
 R

B
C

( 1
06 / u

l)

Reticulocytes
(ns)

***

Mature RBC

l

WT CKD(+) Il6KO CKD(+) 

0

2

4

6

R
et

ic
ul

oc
yt

e 
in

de
x 

(%
)

*

0
15

20

25
***

*

R
D

W
 (%

)

m
ul

tip
le

ts
co

un
t

WT CKD(+)) Il6KO CKD(+))

F4/80+ Ter119+
9.5

F4/80+ Ter119-
90.5

F4/80+ Ter119+
30.8

F4/80+ Ter119-
69.2

Figure 1. Interleukin (IL)-6 deletion improves anemia in juvenile mice with chronic kidney disease (CKD). Peripheral blood erythroid parameters
in 4 groups of mice: wild-type controls [WT CKD(�)], IL-6–deficient controls [Il6KO CKD(�)], WT with adenine-induced CKD [WT CKD(þ)], IL-6–
deficient with adenine-induced CKD [Il6KO CKD(þ)]. (a) Red blood cell count (RBC). (b) Hemoglobin. (c) Hematocrit. (d) Mean corpuscular
hemoglobin (MCH). (e) Mean corpuscular volume (MCV). (f) Mean corpuscular hemoglobin content (MCHC). (g) Red blood cell distribution width
(RDW). (h) Percentage of reticulocytes divided by the total number of RBCs � 100. (i) Reticulocyte index ¼ [reticulocyte (%) � mouse hematocrit
(%)] / [average hematocrit (%) in the control WT CKD(�) group of mice]. (j) Absolute reticulocyte count (not different between the groups). (k)
Increase of mature fraction of circulating RBCs without significant changes in reticulocyte counts in Il6KO CKD(þ) mice compared with WT
CKD(þ) mice suggest that Il6 deletion may have increased RBC life span. (l) Flow cytometry analysis of spleen cell suspensions indicates
decreased hemophagocytosis in Il6KO CKD(þ) mice compared with WT CKD(þ) mice. The counts of Ter119-expressing RBCs (as shown in the
histograms) gated from the multiplets positive for F4/80-expressing macrophages were 3 times lesser in Il6KO CKD(þ) mice compared with WT
CKD(þ) mice (9.5% vs. 30.8%). Blood was collected at euthanasia (8 weeks after the initiation of the adenine diet). n $ 5 per group. No
statistically significant differences in any of the peripheral blood parameters were seen between WT CKD(�) and Il6KO CKD(�) mice. Error bars
are SDs. *P < 0.05; **P < 0.01; ***P < 0.001.
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therapeutic supplementation of the mouse diet with
0.5% carbonyl iron (Figure 4). This iron therapy indeed
normalized serum iron in CKD(þ) mice (Figure 4a). In
contrast to Il6 deletion, however, iron therapy did not
improve RBC count in CKD(þ) mice (Figures 4b and 1a).
Iron therapy improved hemoglobin and MCV (Figure 4c
and d), but not as effectively as did deletion of Il6 (18%
vs. 50.9% hemoglobin rise, respectively). Furthermore,
iron therapy unexpectedly led to a rise in BUN and
serum creatinine (Figure 4e and f). Thus, correction of
hypoferremia by iron therapy did not reproduce the
effects of Il6 deletion in juvenile CKD(þ) mice.
Normalization of serum iron in CKD(þ) mice was
474
associated with improvement of RBC production in the
absence, but not in the presence of IL-6 (Figure 4g).
Therefore, normalization of circulating iron per se was
not sufficient to rescue RBC production in our model of
CKD. Thus, the protective action of Il6 deletion against
anemia was beyond its effect on circulating iron. This
suggests that IL-6 may exert iron-independent effects
contributing to the development of CKD-anemia.

Erythropoietin in Juvenile WT and Il6KO Mice

With CKD

Serum Epo levels were assessed after 6 weeks and 8
weeks of adenine diet (Figure 5a). At 6 weeks, serum Epo
Kidney International Reports (2019) 4, 470–483
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Figure 2. Kidney histology and renal function in wild-type (WT) and interleukin-6 deficient (Il6KO) juvenile mice with and without chronic kidney
disease (CKD). (a) Masson trichrome staining demonstrated normal kidney histology in control WT CKD(�) and Il6KO CKD(�) mice. In WT
CKD(þ) mice, kidneys were affected by extensive tubulointerstitial fibrosis, tubular atrophy, and tubular dilation. These changes were atten-
uated in Il6KO CKD(þ) mice. Representative images: original magnification �4, scale bars ¼ 500 mm (left and middle); original
magnification �40, scale bars ¼ 50 mm (right). (b) Fibronectin mRNA and (c) protein expression in the kidney tissue. (d) Blood urea nitrogen
(BUN). (f) Serum creatinine; n $ 5 per group (d,e). Error bars are SDs. *P < 0.05; **P < 0.01; ***P < 0.001.
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inWT CKD(þ) mice was significantly higher than inWT
CKD(�) mice, but there was no difference between
Il6KOCKD(þ) and Il6KOCKD(�) mice.WTCKD(þ) mice
had higher levels of circulating Epo than Il6KO CKD(þ)
mice, whereas RBCs and hemoglobin at that time had the
opposite trend (Supplementary Figure S4). This in-
dicates a relative Epo resistance in WT CKD(þ) mice at 6
weeks, which was mitigated by Il6 deletion. At 8 weeks,
serum Epo in WT CKD(þ) mice was significantly lower
than at 6 weeks. Serum Epo levels were similar between
WT CKD(þ) and WT CKD(�) groups at 8 weeks. In
contrast, Il6KO CKD(þ) mice had higher serum Epo than
Il6KO CKD(�) mice at that time (Figure 5a). The differ-
ences in kidney Epo protein (Figure 5b) were consistent
with the differences in serum Epo levels at 8 weeks. The
kidney was still able to respond to anemia as indicated
by a modest increase in Epo production in both CKD(þ)
groups; however, the more anemic WT CKD(þ) mice
displayed significantly lower Epo expression in the
kidney than Il6KO CKD(þ) mice. Liver Epo expression
was not different among the 4 groups of mice (Figure 5c).
We conclude that IL-6 appears to induce Epo resistance
early in the course of experimental CKD and may impair
renal Epo production in advanced CKD.

Characteristics of the Pediatric CKD Cohort

To elucidate the translational significance of our
experimental findings, we used a cohort of children
Kidney International Reports (2019) 4, 470–483
with CKD. The cohort was composed of 63 children
with estimated GFR <90 ml/min per 1.73 m2 (Table 2).
Most children had nonglomerular CKD etiology, mainly
congenital anomalies of the kidneys and urinary tract.
Stage III was the most common CKD stage (52.4%).
Children overall had well-controlled CKD–mineral and
bone disorder and blood pressure. Approximately one-
half of the cohort (48.8%) had microalbuminuria.
Although most children had a normal body mass index,
many, as expected, were short (median height Z
score ¼ �1.1). Anemia, defined as hemoglobin below
the fifth age- and sex-specific percentile, was present in
33.3% of children. Iron therapy was used in 38% of
the cohort, whereas only 6 children were receiving
ESA therapy. Serum hepcidin values were comparable
with those reported by Atkinson et al.35 in a similar
cohort of iron-naïve children.

Cytokine Profiling Identified an Association

Between IL-6 and CKD-Anemia in Children

To delineate the role of inflammation in the development
of anemia in children with CKD, we measured serum
levels of 10 cytokines (IL-1b, IL-2, IL-4, IL-6, IL-8, IL-10,
IL-12, IL-13, TNF-a, and interferon-g). In unadjusted
analysis, serum IL-6 and TNF-a were significantly asso-
ciated with hemoglobin (Supplementary Table S2).
Because iron supplementation was the leading treatment
for anemia in our cohort, and iron can exert
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Figure 3. Systemic iron homeostasis in wild-type (WT) and interleukin-6 deficient (Il6KO) juvenile mice with and without chronic kidney disease
(CKD). (a) Serum hepcidin. (b) Serum iron. (c) Spleen tissue iron concentration. No statistically significant differences in spleen iron content
were observed between Il6KO CKD(�) and Il6KO CKD(þ) mice. (d) Representative images of spleen and bone marrow iron stains (Prussian
blue); original magnification �40. WT CKD(þ) mice had more blue-stained ferric iron deposits in the spleen and bone marrow than their WT
CKD(�) controls, whereas less iron was deposited in the spleen and bone marrow of Il6KO CKD(þ) mice compared with WT CKD(þ) mice.
Increase in bone marrow adiposity was seen in both WT CKD(þ) and Il6KO CKD(þ) mice. Error bars are SDs. *P < 0.05; **P < 0.01. n $ 5 per
group. Scale bars ¼ 50 mm.
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proinflammatory effects, we evaluated association be-
tween iron status and serum cytokines. None of the
cytokine levels were associated with serum iron, trans-
ferrin saturation, or serum ferritin. Given the known
inverse relationship between inflammation and GFR, we
adjusted our analysis for GFR. In this adjusted analysis
(Figure 6), IL-6 remained significantly associated with
hemoglobin, whereas the association between TNF-a and
hemoglobin was attenuated to a statistically nonsignifi-
cant trend (P ¼ 0.068).

Clinical Correlates of IL-6 in Children With CKD

To characterize the relationship between IL-6 and clin-
ical characteristics of CKD in children, we stratified our
pediatric cohort by IL-6 tertiles. There were no differ-
ences in age, sex, race/ethnicity, CKD etiology,
microalbumin-to-creatinine ratio, body mass index
percentiles, body weight and height Z-scores between
children from different IL-6 tertiles (Table 3). There was
476
no association between serum IL-6 and serum insulin-
like growth factor 1 or growth hormone
(Supplementary Table S3). Serum IL-6 inversely corre-
lated with GFR. Associations between IL-6, parathyroid
hormone, and vitamin D were not significant when
adjusted for GFR (not shown). The number of children
receiving iron therapy was not significantly different
between IL-6 tertiles (Table 3). IL-6 inversely correlated
with hemoglobin, hematocrit, and RBC (Figure 7a–c),
and positively correlated with hepcidin (Figure 7d).

Association Between IL-6 and Erythroid Param-

eters in Children With CKD Remains Significant

After Adjustment for Renal Function, Hepcidin,

and Iron Therapy

In addition to hemoglobin, hematocrit, and RBC, parame-
ters of iron status were included in the stepwise multi-
variate analyses (Table 4). In unadjusted analysis (Model
1), there was no association between serum iron,
Kidney International Reports (2019) 4, 470–483
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transferrin saturation, or serum ferritin with serum IL-6.
After adjustment for demographic characteristics and
CKD stage (Model 2), and additional adjustment for iron
therapy (Model 3), hemoglobin, hematocrit, and RBC
count remained significantly associatedwith IL-6, whereas
there was still no association between iron status and IL-6.
Interestingly, after adjustment for hepcidin (Model 4), the
association between serum iron and IL-6 became statisti-
cally significant, which highlights the essential role of
hepcidin in the relationship between IL-6 and iron status.
There was still no association between transferrin satura-
tion or ferritin with IL-6 after adjustment for hepcidin.
Erythroid parameters remained significantly associated
with IL-6 after adjustment for hepcidin. Thus,multivariate
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analyses indicate that the role of IL-6 in the development of
CKD-anemia in children is distinct from hepcidin, iron
therapy, and renal function.
DISCUSSION

In this study, we demonstrated the role of IL-6 in the
development of juvenile CKD-anemia, using mutant
Il6 deficient juvenile mice. We elucidated pleiotropic
effects of IL-6 on iron metabolism, renal fibrosis, and
Epo production. The translational significance of
our experimental findings was confirmed by the in-
dependent inverse association between serum IL-6
and hemoglobin in children with CKD.
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Figure 6. Associations between cytokines and hemoglobin in chil-
dren with chronic kidney disease (CKD). Each bar represents a
separate regression analysis of hemoglobin on the respective serum
cytokine, adjusted for glomerular filtration rate; t-statistic values
corresponding to the significance levels (P) for the overall models
were graphed. Negative values correspond to inverse correlations.
n ¼ 63. *P < 0.05. IFN, interferon; IL, interleukin; TNF, tumor necrosis
factor.

Table 2. General, renal, and hematologic characteristics of the
pediatric chronic kidney disease cohort
Cohort characteristics Values, n (%) or median [IQR] N [ 63

Age (yr) 12.3 [7.2–17.0]

Male sex 38 (60.30)

Black race 14 (22)

Hispanic ethnicity 19 (30)

Glomerular etiology 16 (25)

GFR (ml/min per 1.73 m2) 42.0 [30.1–56.2]

Urine ACR (mg/g) 54.9 [10.8–197.9]

Phosphorus (mg/dl) 4.5 [3.7–5.1]

PTH (ng/l) 95 [46–248]

25(OH)-Vitamin D (ng/ml) 28.1 [20.1–34.7]

Neutrophil/lymphocyte ratio 1.58 [0.97–2.53]

Alkaline phosphatase (IU/l) 196.5 [103.0–265.0]

Hemoglobin (g/dl) 12.0 [11.1–12.9]

Hematocrit (%) 35.5 [32.8–38.5]

RBC (106/ml) 4.3 [3.9–4.8]

Serum hepcidin (ng/ml) 42.8 [24.0–72.1]

Serum iron (mcg/dl) 69.0 [47.0–90.5]

Transferrin saturation (%) 23.0 [16.0–30.0]

Serum ferritin (ng/ml) 58.5 [31.0–216.6]

Iron therapy 24 (38)

ESA therapy 6 (9.5)

Systolic blood pressure percentile 64.8 [35.5–82.9]

Diastolic blood pressure percentile 58.8 [41.1–86.7]

Serum albumin (g/dl) 4.0 [3.7–4.3]

BMI percentile 61.5 [35.7–89.6]

Weight Z score �0.52 [�1.39 to 0.68]

Height Z score �1.04 [�2.16 to �0.09]

ACR, albumin-to-creatinine ratio; BMI, body mass index; ESA, erythropoiesis-stimulating
agents; GFR, glomerular filtration rate (estimated using bedside Schwartz formula); PTH,
parathyroid hormone.
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IL-6 is one of the major cytokines implicated in
anemia of inflammation. However, it remained un-
known whether IL-6 was associated with CKD-anemia
independently of renal function. Consistent with a
previous report,8 our unadjusted analysis demon-
strated that IL-6 and TNF-a were associated with he-
moglobin in children with CKD. Importantly, the
association between IL-6 and hemoglobin remained
significant after adjustment for GFR in our cohort,
whereas the association between TNF-a and hemoglo-
bin was no longer significant after adjustment for GFR.
None of the other 8 cytokines that we screened showed
an association with hemoglobin. Thus, the results of
our cytokine profiling indicated a specific role for IL-6
in the development of CKD-anemia in children.

To test whether IL-6 has a causative effect on the
development of CKD-anemia, we induced CKD in ju-
venile IL-6–deficient mice. Deletion of Il6 mitigated the
severity of CKD-anemia, indicating a nonredundant
pro-anemic role of IL-6 in CKD. Analysis of the pe-
ripheral blood of CKD(þ) mice indicated that Il6 dele-
tion improved the number of circulating RBCs and
increased their volume (MCV), while not affecting
mean corpuscular hemoglobin content. In contrast to
478
the total RBC count, the absolute reticulocyte count
was not affected by Il6 deletion. At the same time, the
percentage of reticulocytes and the relative reticulocyte
index was reduced in Il6KO CKD(þ) mice. The seeming
discrepancy between reduced relative reticulocytosis
and improved anemia in Il6KO CKD(þ) mice can be
explained by the differences in RBC life span, a known
phenomenon in CKD.36 Rescue of the relative retic-
ulocytosis in Il6KO CKD(þ) mice may therefore indicate
the possible protective effect of Il6 deletion on RBC life
span in CKD. Indeed, similar to Il6KO mice with anemia
of inflammation,27 RBC recycling in the spleen was
reduced in Il6KO CKD(þ) mice.

IL-6 is one of the main described activators of hep-
cidin in anemia of inflammation.24 In our experiments,
Il6KO CKD(þ) mice had significantly lower serum
hepcidin than WT CKD(þ) mice. In children with CKD,
we observed direct correlation between serum IL-6 and
serum hepcidin. Consequently, hypoferremia, observed
in WT CKD(þ) mice, was not present in Il6KO CKD(þ)
mice, likely due to improved iron absorption and
reduced iron sequestration in a setting of reduced
hepcidin induction in Il6KO mice. Indeed, the iron
overload that we observed in the spleen and bone
marrow of WT CKD(þ) mice was mitigated by Il6
deletion. In children with CKD, there was no unad-
justed association between serum iron and IL-6. The
seeming discrepancy between human and mouse data
could be explained by the confounding effect of iron
therapy that many children in our cohort were
receiving. After adjustment for iron therapy, hepcidin,
GFR, and demographic characteristics, serum iron was
Kidney International Reports (2019) 4, 470–483



Table 3. Clinical parameters stratified by interleukin (IL)-6 tertiles in the cohort of children with chronic kidney disease

Cohort characteristics

IL-6 tertiles

PI (n [ 21) II (n [ 21) III (n [ 21)

Age, yr 9.13 (6.34–13.99) 13.64 (7.31–18.27) 15.74 (11.89–17.78) 0.12

Male sex, n (%) 14 (75) 12 (57) 12 (57) 0.78

Black race, n (%) 4 (19) 4 (19) 6 (29) 0.69

Hispanic ethnicity, n (%) 5 (24) 8 (38) 6 (29) 0.59

Glomerular etiology, n (%) 4 (19) 8 (38) 4 (19) 0.26

GFR, ml/min per 1.73 m2 51.83 (37.95–73.19) 45.50 (38.27–50.45) 30.86 (14.61–46.20) <0.001

Urine ACR, mg/g 30.0 (4.5–136.2) 97.0 (29.9–160.1) 185.5 (15.1–392.5) 0.21

Phosphorus, mg/dl 4.60 (3.90–5.20) 4.30 (3.70–4.80) 4.70 (3.70–5.10) 0.54

PTH, ng/l 38 (36–49) 58.50 (43–95) 255.70 (182–546.70) <0.001

Vitamin D, ng/ml 28 (21.40–34.80) 31.70 (28.10–35.40) 20.15 (17.20–23.90) 0.03

Neutrophil/lymphocyte ratio 1.21 (0.91–1.88) 1.61 (0.73–2.21) 2.03 (1.24–4.50) <0.001

Alkaline phosphatase, IU/l 198.50 (124–253) 187.50 (77.50–252) 196 (109.50–292) 0.73

Iron therapy, n (%) 4 (24) 10 (48) 9 (43) 0.24

ESA therapy, n (%) 1 (4.80) 0 (0) 5 (24) 0.02

Systolic blood pressure percentile 51.10 (37.10–70.60) 64.90 (32.40–75.50) 80.50 (34.40–95.20) 0.28

Diastolic blood pressure percentile 47.30 (40.70–67.00) 53.80 (37.10–79.60) 86.10 (52.80–94.10) 0.05

BMI percentile 73.30 (44.80–81.90) 52.60 (30.20–82.10) 65.50 (34.40–95.30) 0.66

Weight Z score �0.67 (�1.56 to 0.49) �0.46 (�0.86 to 0.64) �0.18 (�1.61 to 1.60) 0.53

Height Z score �1.32 (�2.15 to �0.55) �0.58 (�1.69 to �0.04) �1.01 (�2.33 to �0.22) 0.48

ACR, albumin/creatinine ratio; ESA, erythropoiesis-stimulating agents; GFR, glomerular filtration rate (estimated using bedside Schwartz formula); PTH, parathyroid hormone.
Continuous variables presented as median (interquartile range).
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significantly associated with IL-6 in children with CKD.
Thus, reduction of iron availability for erythropoiesis
due to induction of hepcidin by IL-6 appears to be one
of the mechanisms by which IL-6 contributes to the
development of CKD-anemia. Association between iron
status and RBC size (MCV) has been described in chil-
dren with CKD37 and may account for improved MCV
that we observed in both Il6KO and HampKO33 CKD(þ)
mice, as well as in WT CKD(þ) mice supplemented
with oral iron.

We considered the possibility that the protective
action of Il6 deletion against anemia in CKD might be
solely due to the effects of IL-6 on iron availability for
erythropoiesis. To test this, we compared effects of Il6
deletion to the effects of oral iron supplementation in
CKD(þ) mice. Both deletion of Il6 and oral iron sup-
plementation effectively normalized serum iron after
CKD induction. However, no improvement in circu-
lating RBC counts was observed after iron supple-
mentation, in contrast to the normalization of RBC
counts following Il6 deletion in CKD(þ) mice. Conse-
quently, oral iron supplementation was less effective in
improving hemoglobin in CKD(þ) mice than deletion of
Il6. Thus, in our mouse model of juvenile CKD,
normalization of serum iron per se was not sufficient to
rescue dysfunctional erythropoiesis leading to anemia,
contrasting the effects of Il6 deletion. Correction of
hypoferremia in the absence of IL-6 was associated
with essentially complete rescue of anemia, whereas
correction of hypoferremia in a setting of intact IL-6
did not improve RBC production (although this
Kidney International Reports (2019) 4, 470–483
slightly increased RBC size and therefore improved
hemoglobin). These experiments suggested that the
protective effect of Il6 deletion against anemia was only
partially mediated by increased iron availability for
erythropoiesis, and therefore iron-independent effects of
IL-6 likely contribute to the development of CKD-
anemia.

Profibrotic actions of IL-6 have been demonstrated
in several models of tissue fibrosis.38 Adult Il6KO mice
were protected from renal fibrosis in the angiotensin
II–induced model of CKD.34 In our model, juvenile
Il6KO CKD(þ) mice also exhibited less severe tubu-
lointerstitial fibrosis and tissue damage compared with
WT CKD(þ) mice. Improved histology corresponded to
lower BUN and serum creatinine in juvenile Il6KO
CKD(þ) mice compared with WT CKD(þ) mice.
Recently, Durlacher-Betzer et al.39 reported similar
BUN levels between adult WT and Il6KO mice fed
adenine diet for 20 days. The differences between our
results and those reported by Durlacher-Betzer et al.39

could be related to the longer duration of adenine diet
in our model (56 days), and the differences in mouse
age. Interestingly, we have previously found no dif-
ference in kidney function between hepcidin gene
(Hamp) KO-CKD(þ) and WT CKD(þ) mice,33 indicating
that the effects of Il6 deletion on hepcidin likely did
not play a role in the improvement of kidney function
by Il6KO in CKD(þ) mice. Furthermore, iron supple-
mentation to WT CKD(þ) mice was associated with the
advancement of kidney dysfunction, as evident by
higher BUN and serum creatinine in iron supplemented
479
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Figure 7. Associations of serum interleukin (IL)-6 with erythroid parameters and serum hepcidin in children with chronic kidney disease (CKD).
(a) Hemoglobin, (b) hematocrit, and (c) red blood cell count (RBC) each inversely correlate with the IL-6 log. (d) The serum hepcidin log
positively correlates with the IL-6 log. On the scatter plots, solid lines depict correlation trends and dashed lines show confidence intervals.
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WT CKD(þ) mice compared with WT CKD(þ) mice fed
the diet with normal iron content.

In line with our animal data, serum IL-6 inversely
correlated with CKD stage in children. Although
Table 4. Multivariate analyses of the relationship between serum interleu
disease (CKD)

Parameters

Model 1 Model 2

Unadjusted
Adjusted: age, sex, ethnicity, C

etiology, and CKD stage

b (95% CI) P b (95% CI)

Hgb (g/dl) �0.83 (�1.35 to �0.31) 0.002 �0.63 (�1.2 to �0.04) 0

Hct (%) �2.41 (�3.9 to �0.85) <0.01 �1.85 (�3.57 to �0.13) 0

RBC (106/ml) �0.44 (�0.65 to �0.22) <0.01 �0.38 (�0.63 to �0.13) <0

Iron (mg/dl) �3.72 (�13.27 to �5.81) 0.436 �6.35 (�17.30 to �4.59) 0

TSat (%) �0.76 (�2.69 to �4.22) 0.657 �1.01 (�4.92 to �2.88) 0

Ferritin (ng/ml) 0.11 (�0.31 to �0.52) 0.605 �0.26 (�0.69 to �0.15) 0

CI, confidence interval; Hct, hematocrit; Hgb, hemoglobin; RBC, red blood cell count; TSat, tra
Each line represents a separate analysis for each model.
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progressive rise in IL-6 levels has been previously
described with the decline of GFR in patients with
CKD,12 the role of IL-6 in CKD progression has not been
fully elucidated.13 Our data indicate that profibrotic
kin (IL)-6 and erythroid parameters in children with chronic kidney

Model 3 Model 4

KD
Adjusted: model 2 D iron therapy Adjusted: model 3 D hepcidin

P b (95% CI) P b (95% CI) P

.036 �0.67 (�1.24 to �0.10) 0.022 �0.69 (�1.35 to �0.03) 0.039

.035 �1.96 (�3.67 to �0.26) 0.025 �1.97 (�3.94 to �0.01) 0.049

.01 �0.38 (�0.64 to �0.13) <0.01 �1.97 (�3.94 to �0.01) 0.010

.249 �7.52 (�18.8 to 3.77) 0.186 �12.41 (�24.0 to �0.74) 0.038

.602 �1.23 (5.28 to 2.81) 0.541 �3.07 (�6.85 to 0.69) 0.107

.212 �0.33 (�0.77 to 0.09) 0.126 �0.21 (�0.54 to 0.12) 0.216

nsferrin saturation.
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Figure 8. Proposed model for the role of interleukin (IL)-6 in chronic
kidney disease (CKD)–anemia. Increased circulating levels of IL-6 in
CKD induce hepcidin overproduction, leading to decreased iron
availability for erythropoiesis. In addition, IL-6 appears to aggravate
resistance to high levels of circulating erythropoietin (Epo) in early
CKD. Furthermore, IL-6 aggravates renal fibrosis, which worsens
uremia and reduces the ability of the kidney to produce Epo in
advanced CKD. RBC, red blood cell.
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effects exerted by IL-6 may aggravate renal fibrosis and
thus accelerate disease progression in CKD. Improve-
ment in kidney function due to Il6 deletion could have
contributed to anemia improvement, in part via
reduction of the toxic effects of uremia. Our human
data, however, suggest that other mechanisms besides
those related to kidney injury distinctly mediated
worsening of anemia by IL-6, because the association
between IL-6 and hemoglobin remained significant af-
ter adjustment for renal function in children with CKD.

Inflammation in CKD has been recognized as one of
the mechanisms responsible for the resistance to
ESAs.15 In our experiments, WT CKD(þ) mice showed
a 7-fold increase in serum Epo levels 2 weeks before
euthanasia compared with WT CKD(�) controls, indi-
cating that at the 6-week time point the kidney was
still able to respond to anemia by significantly
increasing Epo production. High serum Epo, however,
was still insufficient to improve anemia in WT CKD(þ)
mice. At the end of experimental period (8-week time-
point), we found a major drop in serum Epo levels in
WT CKD(þ) mice, compared with the 6-week time-
point. This was probably related to the progression
of renal fibrosis and loss of renal Epo-producing cells.
In contrast to WT mice, in Il6KO CKD(þ) mice serum
levels of Epo were not different from Il6KO CKD(�)
controls at 6-week time point; however, levels did rise
by the 8-week time point. Given that RBCs found in
peripheral blood at 8 weeks were released into circu-
lation in response to an earlier Epo exposure, our data
suggest that in the absence of IL-6, less Epo was needed
to support erythropoiesis in CKD(þ) mice, and that this
process was more efficient in the absence of IL-6. It
appears that IL-6 induces Epo resistance in juvenile
CKD(þ) mice and also suppresses Epo production by
the kidney in advanced CKD. Thus, IL-6 alters Epo axis
in juvenile CKD, likely representing one of the mech-
anisms whereby IL-6 promotes the development of
CKD-anemia.

Iron and ESAs remain the mainstay of CKD-anemia
treatment. However, ESA-resistance is increasingly
common, and inflammation has been implicated as one
of the factors responsible for ESA-resistance. Iron
therapy may induce oxidative stress and inflammation
in patients with CKD.40 Anti-inflammatory therapies
were promising in preclinical models of CKD-anemia41;
however, current guidelines do not recommend routine
monitoring of inflammation in children with CKD, in
part due to uncertainty concerning which biomarkers
would provide actionable information. Clinical trials
testing the efficacy of anti-inflammatory interventions
in CKD are lacking. In this regard, our study highlights
the specific role of IL-6 in the development of CKD-
anemia, likely mediated via several pathways. Further
Kidney International Reports (2019) 4, 470–483
characterization of the role of IL-6 in CKD pathophys-
iology is warranted using experimental models and
larger patient cohorts. Based on our results, IL-6 ap-
pears to be a promising pharmacologic target in CKD.
Importantly, therapeutic IL-6 blockade may have po-
tential advantages over hepcidin blockade, because the
latter may lead to iron overload, inflammation, and
bone loss in CKD.33

In summary, this study has elucidated the role of IL-
6 in the development of CKD-anemia in both juvenile
mice and children. Effects of IL-6 leading to anemia are
likely mediated by several mechanisms, including
activation of hepcidin, aggravation of renal fibrosis,
alterations of the Epo axis, and activation of RBC
destruction (Figure 8). Further investigation of the ef-
fects of existing CKD therapies on inflammation and
development of novel therapeutics targeting IL-6 in
CKD are warranted.
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SUPPLEMENTARY MATERIAL

Table S1. Assessment of study variables for normality

using Shapiro-Wilk W test. Non-normally distributed vari-

ables were reassessed after common logarithmic

transformation.

Table S2. Relationship among cytokines, anemia, and iron

parameters in the cohort of children with CKD: univariate

analysis.

Table S3. Serum IGF-1, growth hormone, and anthropo-

metric parameters do not correlate with serum IL-6 in

children with CKD.

Figure S1. Flow cytometry analysis of spleen cell

suspensions indicates decreased hemophagocytosis in

the spleens of Il6KO CKD(þ) mice as compared with WT-

CKD(þ) mice. Gating steps to obtain the final plots

included elimination of the Gr1þ/CD115� and Gr1þ/CD115þ

populations (neutrophils and Gr1hi monocytes) and selec-

tion of both the Gr1�/CD115� and Gr1�/CD115þ cells,

which then were gated into an F4/80hi/CD115� population.

The remaining F4/80hi population of mature macrophages

was analyzed by plotting SSC-H versus SSC-A to distin-

guish multiplets from single cells. Ter119-positive macro-

phage/RBC multiplets (indicating macrophages binding

RBCs during the hemophagocytosis process) are shown in

the histograms.

Figure S2. Distributions of log-transformed human

variables.

Figure S3. Body growth in 4 groups of juvenile mice during

the experimental period. (A) Body weight. Control mice

were gaining weight normally throughout the

experimental period. Both WT CKD(þ) and Il6KO CKD(þ)

mice had slower rate of weight gain during the first 3

weeks and began losing weight from week 4 onward. No

differences in weight changes were seen between the

WT CKD(þ) and Il6KO CKD(þ) mice. (B) Body length,

measured as a nose to tail tip length of anesthetized mice.

CKD(þ) mice had significant growth impairment,

compared with control CKD(�) mice. No statistically sig-

nificant differences were observed between the WT

CKD(þ) and Il6KO CKD(þ) mice. Error bars are SDs.

***P < 0.001.
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Figure S4. Peripheral blood erythroid parameters in 4

groups of mice after 6 weeks of adenine diet. (A) Red

blood cell count (RBC), (B) hemoglobin, and (C)

hematocrit were reduced after 6 weeks of adenine diet

(2 weeks before the end of the experimental period);

however, there was only a trend toward improvement of

anemia in Il6KO CKD(þ) mice, compared with the WT

CKD(þ) mice. n $5 per group. Error bars are SDs. **P <

0.01; ***P < 0.001.

Supplementary material is linked to the online version of

the paper at www.kireports.org/.
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