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Abstract

Background In the general population, adiposity influ-
ences erythropoiesis and iron metabolism. We aimed to
assess the relationships between adiposity [estimated by
body mass index (BMI) and abdominal circumference
(AC)] and biomarkers of erythropoiesis in patients with
chronic kidney disease (CKD) not on dialysis.

Methods A total of 2322 patients from the Chronic Kidney
Disease Japan Cohort study were included. Patients were
grouped according to BMI (low: < 18.5 kg/m?, normal:
18.5-24.5 kg/m?, and high: > 25 kg/m”) and AC cate-
gories (large: > 90 cm for men and > 80 cm for women;
small: <90 cm and < 80 cm, respectively). Body com-
position and laboratory data were assessed at baseline, and
at 1 and 2 years of follow-up.
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Results Multivariate regression analysis of the 3 time-
points showed that high BMI and large AC in male patients
were significantly associated with higher hemoglobin
levels. Hemoglobin levels were lower in female patients
with low BMI and small AC than that in female patients
with normal BMI and large AC, respectively; however,
hemoglobin levels plateaued above a threshold of 25 kg/m?
for BMI and 80 cm for AC. While BMI and AC were
positively associated with C-reactive protein levels, they
were not associated with levels of transferrin saturation,
ferritin, and erythropoietin in multivariate models.

Conclusions Body composition appears to be associated
with erythropoiesis; however, adiposity may be only
associated with increased erythropoiesis in male patients.
In addition, body composition does not appear to hamper
iron metabolism in CKD patients not on dialysis.

Keywords Abdominal circumference - Body mass index -
Erythropoiesis - Inflammation - Nutrition

Introduction

Anemia is a major complication in patients with advanced
chronic kidney disease (CKD) and an independent risk for
cardiovascular mortality and end-stage kidney disease
[1-3]. While inadequate erythropoietin (EPO) production,
or EPO deficiency, in a uremic condition is a main cause of
anemia in CKD, a multitude of factors such as malnutri-
tion, chronic inflammation, and a low absorption of nutri-
ents (including iron, folic acid, and vitamin B12) influence
erythropoiesis in these patients [4].

Erythropoiesis is more common in overweight and obese
individuals than in individuals with normal body weight
[5-7]. This phenomenon is thought to be caused by abdominal


https://doi.org/10.1007/s10157-017-1501-y
http://crossmark.crossref.org/dialog/?doi=10.1007/s10157-017-1501-y&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10157-017-1501-y&amp;domain=pdf
https://doi.org/10.1007/s10157-017-1501-y

Clin Exp Nephrol (2018) 22:638-646

639

fat. Abdominal fat is a source of adipokines, such as leptin and
adiponectin, and is a cause of diminished insulin response;
these factors can lead to erythropoiesis [8—14]. Adiposity is
also associated with iron metabolism [15-18]. As abdominal
fat is a source of inflammatory cytokines, adiposity causes a
state of chronic, low-grade inflammation, which results in the
over-production of hepcidin-25 [7]. Iron metabolism is regu-
lated by hepcidin-25; a high level of hepcidin-25 can lead to
decreased serum iron levels, increased reticuloendothelial
iron accumulation, and/or decreased intestinal iron absorption
[19, 20]. Consequently, overweight and obese individuals
may develop abnormal iron metabolism. However, the
prevalence of anemia in overweight and obese individuals is
not higher than that in individuals with normal body weight.
Although individuals who are overweight or obese show high
levels of iron deficiency, their red blood cell (RBC) count and
hemoglobin levels are not always in the anemic range [15, 17].

Thus, adiposity is possibly associated with erythro-
poiesis and iron deficiency in patients with CKD. However,
insulin and adipokine metabolism in CKD patients do not
resemble that in the non-CKD population [21-23]. More-
over, patients with advanced CKD often show inadequate
EPO production and absolute or functional iron deficiency.
Levels of hepcidin-25 increase with increasing CKD
severity [24, 25], and patients with advanced CKD may
show chronic anemia due to the over-production of hep-
cidin-25 caused by chronic inflammation [24].

Based on these findings and issues, we hypothesized that
adiposity would be associated with erythropoiesis and/or
impaired iron metabolism in patients with CKD, and that
these associations would be influenced by CKD severity.
Therefore, we evaluated the associations between adiposity
(estimated by body mass index [BMI] and abdominal cir-
cumference [AC]) and biomarkers of erythropoiesis in
patients with CKD who were not on dialysis.

Methods
Study design

This study was performed as part of the CKD-JAC study,
which has been previously described [26, 27]. Briefly, the
CKD-JAC study was designed as a multicenter prospective
cohort study; 3087 participants who were Japanese patients
with CKD not on dialysis were included in the original study
[28, 29]. The inclusion criteria were age between 20 and
75 years and low estimated glomerular filtration rate (¢GFR)
(10-59 mL/min/1.73 rnz), which was calculated using the
following formula: eGFR (mL/min/1.73 m?) = 194
age™ %7 serum creatinine™ %** (x 0.739 for women).
Patients were excluded if they had polycystic kidney
disease, human immunodeficiency virus infection,

cirrhosis, or active cancer; had undergone cancer treatment
within the past 2 years or chronic dialysis; received a
transplant; or were pregnant. The protocol was approved by
the ethics committee of each participating institution, and
the study was conducted in accordance with the Declara-
tion of Helsinki. All patients provided written informed
consent. Registration began in September 2007, and 3087
patients were recruited. However, several patients dropped
out or were excluded due to exclusion criteria (n = 27),
unavailable baseline data (n = 25), withdrawn consent
(n = 59), a lack of hospital visits during the observation
period (n = 4), or death during the study period (n = 1). In
addition, 5 patients were excluded on the instruction of the
attending physician. Therefore, 2966 patients were finally
enrolled in the CKD-JAC study [28, 29].

As the present study aimed to assess the impact of
adiposity on biomarkers of erythropoiesis and iron meta-
bolism, patients who were treated with an erythropoietin
stimulating agent (ESA) were also excluded from analysis.
Thus, the BMI cohort comprised 2322 patients with height
and weight measurements, and the AC cohort comprised
1625 patients with AC measurements. The WHO interna-
tional criteria for BMI were used to estimate body com-
position [30], and the BMI cohort was grouped into 3
categories: low BMI (< 18.5 kg/m?), normal BMI
(18.5-25 kg/m?), and high BMI (> 25 kg/m?). The AC
cohort was grouped into 2 categories using the WHO-
recommended cut-off points for the estimation of abdom-
inal obesity in Asian populations [31]: small AC (< 90 cm
for men and < 80 cm for women) and large AC (> 90 cm
for men and > 80 cm for women). AC was measured
around the waist, midway between the top of the hip bone
and the bottom of the ribs.

Covariates

Patient characteristics; comorbidities, such as diabetes
mellitus (DM) and history of cardiovascular disease;
medication use; and routine laboratory data were extracted
from the electronic health records at baseline, and at 1 and
2 years of follow-up. Stored frozen serum samples were
used to measure intact fibroblast growth factor (intact-
FGF23) at the 3 time-points, intact parathyroid hormone
and 25-hydroxyvitamin D at baseline, and EPO concen-
tration at 1 year. Intact-FGF23 was measured using a
chemiluminescent enzyme immunoassay (Kyowa Medex,
Tokyo, Japan), 25-hydroxyvitamin D was measured using a
chemiluminescent immunoassay (Liaison 25-hydroxyvita-
min D Total assay, DiaSorin, Italy), and EPO concentration
was measured using a sandwich radio immunoassay, per-
formed at LSI Medicine Corporation (Tokyo, Japan).
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Statistics

Data are presented as mean = standard deviation (SD) or
medians (range), unless otherwise noted. p < 0.05 was
considered indicative of statistical significance. Group
differences were evaluated using analyses of variance for
normally distributed variables, the Kruskal-Wallis test for
non-normally distributed variables, and the XZ test for
nominal variables. Independent associations between body
composition measures and levels of hemoglobin and iron
metabolism biomarkers were assessed at baseline, 1 year,
and 2 years using multiple linear regression models. In
addition, associations body composition measures and
levels of hemoglobin, iron metabolism biomarkers, and
CRP were assessed using multivariate restricted cubic
curves with 4 knots located at the 5th, 35th, 65th and 95th
percentiles of BMI or AC. Tests for nonlinearity were
performed by comparing a model with a linear term to a
model with linear and restricted cubic spline terms. When
the test for nonlinearity was not significant, a test for lin-
earity was performed by comparing a model with the linear
term to a model without the linear term. Associations
between BMI and AC categories and hemoglobin levels
were estimated using multivariate repeated-measures
analyses. Longitudinal analyses were performed using
mixed-effect models with baseline covariates and time-
points; the intercept and time-points were also treated as
random effects. Interactions between baseline covariates
and time-points were considered to reflect a longitudinal
effect. All data were analyzed using SAS software (version
9.4, SAS Institute Inc., Cary, North Carolina, USA).

Results
Patient characteristics and laboratory findings

A total of 2,322 patients from the Chronic Kidney Disease
Japan Cohort (CKD-JAC) study [26, 27] with height and
weight measurements were selected as the BMI cohort, and
1,625 patients with AC measurements were selected as the
AC cohort. Patient characteristics and laboratory data at
baseline are shown according to BMI and AC in Tables 1
and S1, respectively. Patients with high BMI showed
increased RBC count and increased levels of hemoglobin,
ferritin, and C-reactive protein (CRP) (Tables 1 and 2). In
both sexes, the characteristics of patients with a large AC
resembled those of patients with a high BMI (Supple-
mentary Tables S1-1 and S1-2). Ferritin levels in patients
with a high BMI were higher than those in other BMI
categories (Tables 1 and 2). Ferritin levels in female
patients, but not male patients, with a large AC were higher
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than those in patients with a small AC (Supplementary
Tables S1-1 and S1-2).

Associations between body composition measures
and hemoglobin level

Independent associations between body composition and
hemoglobin level were evaluated at baseline, and at 1 and
2 years of follow-up in multiple linear regression models,
adjusting for various potential cofounders. In addition,
multivariate restricted cubic curves were constructed.
Hemoglobin levels were significantly increased in male
patients with high BMI compared to those in male patients
with normal BMI (Table 3), with hemoglobin level
increasing linearly with increasing BMI (Fig. 1). Hemo-
globin levels were reduced in female patients with low
BMI compared to those in female patients with normal
BMI (Table 3). Although the association between BMI and
hemoglobin level was linear at lower BMI levels in female
patients, the spline curve tended to plateau once a BMI
threshold of 25 kg/m” was reached (Fig. 1).

The associations between AC and hemoglobin level
resembled those for BMI and hemoglobin level (Supple-
mentary Table S2). Hemoglobin levels were significantly
increased in male patients with large AC compared to those
in male patients with small AC (Supplementary Table S2).
Although hemoglobin levels increased linearly with
increasing AC in both sexes (Supplementary Figure S1),
hemoglobin levels plateaued once an AC threshold of
80 cm was reached in female patients (Supplementary
Figure S1).

Given the reduced number of patients in more compli-
cated models, the patient characteristics and laboratory
data were compared between those included and excluded
from Model 2. The results are provided in Supplementary
Tables S3-1 and S3-2.

Multivariate repeated-measures analyses were per-
formed to evaluate cross-sectional and longitudinal effects
in the associations between baseline body composition and
hemoglobin levels at 3 time-points (baseline, 1 year of
follow-up, and 2 years of follow-up). Male patients with
low BMI, male patients with high BMI, and male patients
with large AC showed independent associations with
baseline hemoglobin level as cross-sectional effects (Sup-
plementary Tables S4 and S5). These associations did not
change 1 and 2 years later, as indicated in the analysis of
longitudinal effects (Supplementary Tables S4 and S5).

Associations between body composition measures
and hemoglobin levels according to CKD stage

Spline curves for the association between BMI and
hemoglobin level were linear in patients with stages 3 and



Clin Exp Nephrol (2018) 22:638-646 641
Table 1 Male patient characteristics and laboratory findings according to body mass index
All (n = 1497) Low BMI (n = 53) Normal BMI High BMI p*
(n=914) (n = 530)
Age (years) 60.9 £ 11.2 58.6 £ 14.9 61.8 + 10.8 59.6 £ 11.3 <0.001
Diabetes mellitus (n, %) 603 (40.3) 20 (27.7) 323 (35.3) 260 (49.1) <0.001
Height (cm) 166.4 £ 6.4 166.2 £ 7.4 166.2 £ 6.3 166.7 £ 6.6 0.396
Weight (kg) 66.7 + 114 482 £ 4.6 61.6 + 6.5 774 £ 99 <0.001
Body mass index (kg/m?) 23.73 (21.67-26.04) 17.45 (16.98-18.07) 22.37 27.12 (25.82-28.91) <0.001
(21.01-23.69)
Abdominal circumference (cm) 85.5 £ 9.6 [1061] 70.7 £ 4.2 82.6 £ 6.2 952 + 8.3 <0.001
Cause of CKD (n, %) <0.001
CGN 570 (38.1) 21 (39.6) 385 (42.1) 164 (30.9)
DMN 323 (21.6) 10 (18.9) 162 (17.7) 151 (28.5)
Nephrosclerosis 350 (23.4) 12 (22.6) 194 (21.2) 144 (27.2)
Other diseases 254 (17.0) 10 (18.9) 173 (18.9) 71 (13.4)
CKD stage (n, %) 0.282
3A 174 (11.6) 2 (3.8) 102 (11.2) 70 (13.2)
3B 592 (39.5) 25 (47.2) 350 (38.3) 217 (40.9)
4 560 (37.4) 19 (35.8) 352 (38.5) 189 (35.7)
5 171 (11.4) 7 (13.2) 110 (12.0) 54 (10.2)
History of CVD (yes, %) 394 (26.3) 13 (24.5) 233 (25.5) 148 (27.9) 0.573
ACE inhibitor/ARB (yes, %) 1252 (83.6) 37 (69.8) 750 (82.1) 465 (87.7) <0.001
Ferrotherapy (n, %) 48 (3.2) 2 (3.8) 31 (3.4) 15 (2.8) <0.001
Red blood cell count (10*/pL) 404.8 + 60.6 [1474] 3879 £ 634 396.9 £+ 58.4 420.1 £ 61.1 <0.001
Hemoglobin (g/dL) 12.72 £+ 1.84 [1474] 12.16 £ 1.84 12.48 £ 1.76 13.20 £+ 1.82 <0.001
Serum albumin (g/dL) 3.95 4+ 0.43 [1450] 394 + 0.44 397 + 0.44 3.96 + 0.42 0.788
Serum creatinine (mg/dL) 2.20 + 1.01 2.33 + 1.02 2.20 + 0.99 2.18 + 1.03 0.554
eGFR (ml/min/1.73 m?) 3044 + 11.87 28.57 £ 10.52 30.11 £ 11.69 31.19 £ 12.27 0.129
Serum cystatin C (mg/L) 1.807 £ 0.652 [1397] 1.964 + 0.603 1.824 £ 0.664 1.764 £ 0.633 0.071
Serum corrected calcium (mg/dL)  9.17 + 0.43 [1341] 9.14 + 0.38 9.17 + 0.42 9.17 £ 045 0.843
Serum phosphate (mg/dL) 3.54 £ 0.70 [1313] 3.77 £ 0.81 3.52 £ 0.67 3,52 £0.73 <0.001
Intact parathyroid hormone (pg/mL) 74.0 (50.0-114.0) [1397] 101.0 (61.0-140.0)  74.0 (50.0-112.0) 73.0 (50.0-111.0) 0.056*
25-Hydroxyvitamin D (ng/mL) 16.20 (10.00-24.05) 14.35 (9.30-20.20)  17.10 15.10 (9.70-22.60) 0.012%
[1364] (10.30-25.10)
Fibroblast growth factor 23 (pg/mL) 56.6 (40.5-86.3) [1375] 54.3 (43.2-98.8) 56.6 (39.9-83.5) 56.7 (41.4-91.5) 0.505*
Serum iron (pg/dL) 87.7 + 30.8 [795] 86.1 +27.5 87.1 £ 31.2 88.8 + 304 0.745
Total iron-binding capacity (ug/dL) 291.9 £ 49.9 [526] 295.3 £ 91.8 287.5 £ 48.6 299.6 + 46.4 0.030
Transferrin saturation (%) 31.23 + 11.73 [525] 29.98 + 11.56 31.60 £+ 12.25 30.68 + 10.78 0.634
Serum ferritin (ng/mL) 116.50 (64.00-194.45) 93.00 113.00 125.50 0.021*
[756] (40.00-148.20) (61.00-187.00) (74.00-208.00)
C-reactive protein (mg/dL) 0.100 (0.040-0.200) 0.080 (0.030-0.200)  0.090 0.120 (0.050-0.230) <0.001*
[1139] (0.040-0.200)
Urine albumin-to-creatinine ratio 508.80 (108.20-1367.60)  671.15 433.55 619.30 0.001

(mg/g Cr)

[1369]

(163.90-1348.20)

(89.10-1184.20)

(139.00-1661.60)

Values are expressed as n (%), mean £ SD, or median (interquartile range). *p value for BMI-group differences. The number of participants with
non-missing data is shown in []; proportions are based on non-missing data
BMI body mass index, low BMI < 18.5 kg/m?, normal BMI 18.5-24.5 kg/m?, high BMI > 25 kg/m?, CKD chronic kidney disease, CGN chronic
glomerulonephritis, DMN diabetic nephropathy, CVD cardiovascular disease, ACE inhibitor angiotensin-converting enzyme inhibitor, ARB
angiotensin II receptor blocker, eGFR estimated glomerular filtration rate

p values were calculated using the Kruskal-Wallis test
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Table 2 Female patient characteristics and laboratory findings according to body mass index

All (n = 825) Low BMI (n = 96) Normal BMI High BMI (n = 227) p*
(n = 502)
Age (years) 58.2 + 12.2 544 + 142 585+ 11.9 59.3 + 11.7 0.004
Diabetes mellitus (n, %) 238 (28.8) 22 (22.9) 112 (22.3) 104 (45.8) <0.001
Height (cm) 153.8 £ 6.0 1552 £ 64 1539 £ 6.0 153.1 £ 5.7 0.019
Weight (kg) 543 £ 104 40.6 £ 5.3 51.5£56 66.5 £+ 8.2 <0.001
Body mass index (kg/m?) 22.54 (19.98-25.44) 17.43 21.77 27.69 (26.22-29.61) <0.001
(16.12-18.01) (20.13-23.23)

Abdominal circumference (cm) 80.1 £ 11.8 [553] 66.5 + 6.5 773 £ 84 924 +£9.0 <0.001
Cause of CKD (n, %) <0.001

CGN 470 (57.0) 52 (54.2) 307 (61.2) 111 (48.9)

DMN 109 (13.2) 6 (6.3) 48 (9.6) 55 (24.2)

Nephrosclerosis 94 (11.4) 9(9.4) 52 (10.4) 33 (14.5)

Other diseases 152 (18.4) 29 (30.2) 95 (18.9) 28 (12.3)
CKD stage (n, %) 0.003

3A 104 (12.6) 5(5.2) 58 (11.6) 41 (18.1)

3B 306 (37.1) 28 (29.2) 198 (39.4) 80 (35.2)

4 322 (39.0) 46 (47.9) 197 (39.2) 79 (34.8)

5 93 (11.3) 17 17.7) 49 (9.8) 27 (11.9)
History of CVD (yes, %) 644 (78.1) 8 (8.3) 70 (13.9) 35 (15.4) 0.231
ACE inhibitor/ARB (yes, %) 200 (24.2) 53 (59.4) 386 (76.9) 201 (88.5) <0.001
Ferrotherapy (n, %) 83 (10.1) 16 (16.7) 47 (9.4) 20 (8.8) 0.071
Red blood cell count (10*/pL) 382.9 + 53.9 [809] 360.3 + 49.3 382.8 + 54.7 392.7 £ 51.1 <0.001
Hemoglobin (g/dL) 11.64 £ 1.45 [809] 11.08 £+ 1.33 11.62 £+ 1.43 11.94 £ 1.50 <0.001
Serum albumin (g/dL) 4.00 £ 0.39 [800] 4.02 £+ 0.37 4.02 £ 0.38 393 £ 0.39 0.011
Serum creatinine (mg/dL) 1.69 £+ 0.77 1.96 £ 0.86 1.65 £ 0.73 1.66 £+ 0.81 0.001
eGFR (ml/min/1.73 m?) 30.53 £+ 12.20 26.51 £ 10.95 30.86 £ 12.00 31.50 £ 12.85 0.002
Serum cystatin C (mg/L) 1.712 £ 0.620 [772] 1.926 + 0.628 1.673 £ 0.612 1.708 £ 0.618 0.002
Serum corrected calcium (mg/dL) 9.28 + 0.455 [725] 9.22 +0.53 9.28 + 043 9.31 + 0.46 0.348
Serum phosphate (mg/dL) 3.73 £ 0.60 [715] 3.83 £0.71 3.71 £ 0.59 3.73 £ 0.57 0.258
Intact parathyroid hormone (pg/mL) 77.0 (54.0-122.0) [773] 102.0 (59.0-160.0) 76.0 (53.0-111.0) 77.0 (56.0-125.5) 0.024*
25-Hydroxyvitamin D (ng/mL) 13.45 (8.80-19.00) [754] 12.85 (8.05-18.75) 13.70 (9.40-19.40)  12.90 (8.20-17.90) <0.012°
Fibroblast growth factor 23 (pg/mL) 49.7 (36.6-73.8) [762] 49.6 (36.4-69.8) 48.4 (36.2-73.4) 52.9 (38.4-79.5) 0.266%
Serum iron (pg/dL) 79.1 £ 32.5 [446] 79.8 £ 304 78.4 £ 30.9 80.2 + 36.8 0.867
Total iron-binding capacity (ng/dL) 301.7 £ 54.4 [286] 3054 + 69.4 300.6 + 54.5 302.6 + 45.8 0.877
Transferrin saturation (%) 28.00 + 12.25 [285] 28.77 £ 13.60 2735 £ 11.58 29.14 £+ 13.12 0.532
Serum ferritin (ng/mL) 60.65 (32.85-120.30) 43.50 57.64 76.45 0.016*

[412] (18.45-117.55) (31.50-115.50) (41.90-126.20)
C-reactive protein (mg/dL) 0.070 (0.030-0.200) 0.040 0.060 0.110 (0.050-0.280) <0.001?*
[611] (0.020-0.115) (0.030-0.150)

Urine albumin-to-creatinine ratio 430.20 (111.10-1087.50)  406.40 383.45 585.20 0.008

(mg/g Cr)

[761]

(147.25-817.80)

(95.20-1032.60)

(147.10-1495.10)

Values are expressed as n (%), mean + SD, or median (inter quartile range). *P value for BMI-group differences. The number of participants
with non-missing data is shown in []; proportions are based on non-missing data. “P values were calculated using the Kruskal-Wallis test. BMI:
body mass index, low BMI: < 18.5 kg/mz, normal BMI: 18.5-24.5 kg/mz, high BMI: > 25 kg/mz, CKD: chronic kidney disease, CGN: chronic
glomerulonephritis, DMN: diabetic nephropathy, CVD: cardiovascular disease, ACE inhibitor: angiotensin-converting enzyme inhibitor, ARB:
angiotensin II receptor blocker, eGFR: estimated glomerular filtration rate

4 CKD, but not in patients with stage 5 CKD (Supple-
mentary Figure S2). In addition, the spline curves for the

association between hemoglobin levels and AC according
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to CKD stage resembled those for BMI (Supplementary
Figure S3).



643

Clin Exp Nephrol (2018) 22:638-646

AU/ 6T < TG Yy W/SY SHT-G'8T ING 1puLou ‘WS G'8T > [Ng MOT

1 [epoux

ur sIopunojuod 3y pue ‘Aderay 3o1p ‘osn Aderoyjoirog ‘esn juade Sunenuns stsarodoIyiAIe ‘osn 19y00[q 103dodal [T UISU)OISUE ‘aSn IOJIGIYUT SWIAZUD SUT)ISAUODI-UISUIOITUR ‘UOTIBIIUIU0D OJH
‘[9A9] € 10108 ImoI3 Ise[qoiqy ‘[oAd] dreydsoyd ‘[oAd] urunge ay3 £q pajdalIod [9AJ] WNID[BD ‘[9A] UNLLIDJ ‘UOTIBINIES ULLIJSURI) ‘[9AJ] UI)0Id 9ANIBAI-)) ‘[9AJ] UIUNG[R {7 [OPOJA T [9POW UL
SIOPUNOJUOD Y} PUB ‘[AJ auowioy proifyjered 10.IUL ‘[9AS] (] UIWBIAAXOIPAY-GT i€ [OPOJA “[ [POUW UI SI9PUNOJUOD 3y} pue ‘Aderoy) 191p ‘osn Ade1oyiolid) ‘osn Juage Junenuns sisorodoyiAio
‘asn 1o)o0[q 103dadar ] uIsuoloISue ‘asn I0JIQIYUI QWAZUS SUNISAUODI-UISUIOIFUR ‘ONBI QUIUNEBIII-0)-UIUNG[e SULIN [9AJ] €7 J10I0BJ IMoI3 Ise[qoiqy ‘[oAd] dreydsoyd ‘[oAs] urwungpe
) £Q PAJOALIOD [9AS] WINIJ[ED ‘[QAD] UNLLIDJ ‘UOTIBINIES ULLIQJSURI) ‘TOAQ] UIo)old 9A1ORAI-)) ‘[9AQ] UTWING[E 7 [OPOIA “(§ PUR ‘4 ‘) 93E)S 9SeasIp AQUPD| JTUOIYD PUE ‘snjeys smI[[ou sajaqeIp ‘oge
1 OPOJAl "SMOJ[O] SEB SIOPUNOJUOD J0J PAISN[Pe d1om X3s 0] SUIPIOIJR [9AJ] UIqO[SOWY pue A10321ed JING U99MIq SUONBIOOSSE A, H-] S[OpoU Ul 10)oe] Judpuadop ay) sem [9A9] uIqO[SOWIH

reg0=d vo1'0=d 1000 =4d 1000 >d
- (Z8%°0 ‘9650 —) LSOO — (¥€8°0 ‘69¢°0 —) 10T°0 - (S60°T “TLT0) €890 (b€8°0 ‘69€°0) T09°0 TN USIH
INg
- 3od ‘3od - 7o PN [euIoN
9100 =d 1000 > d svo0=d
(Lsro — €100 — g0 =d (100 —
- ‘69%'T —) €18°0 — ‘L90°'T =) SL9°0 — = (9960 ‘TL9'T —) €550 — ‘L9T'T —) 6850 —  IINA M0
- (611 = u) T 19PON (gcy = u) 1 19POIN - (61T = u) T [9POIN (TSL = u) T 19PON sxeaf g
Lico=d viro=d 1000 >d 1000 >d
- (0SL°0 TLT'0 —) 68T°0 (99%°0 ‘050°0 —) 80T°0 - (L8O'T ‘91€°0) TOLO (T16¥L°0 ‘€L€°0) T80 NG USIH
INg
- ‘3od 3od - Jod Jod [ewIoN
00 =4d €000 =4d 8000 = d
(161°0 — #61°0 — 900 = d OL10 —
- ‘86¥°'T —) ¥¥8°0 — ‘116'0 —) €550 — = (900 ‘619'T —) 98L°0 — 6PI'T —) €99°0 —  IING M0
- (z€1 = u) ¥ PPON (zes = u) 1 19PON - (8T = u)  [9PON (Th6 = u) 1 19PON Teaf |
1880 =4d weo=4d 1000 =4d 1000 > d 1000 >d 1000 >d
(66£°0 ¥97°0 =) €60 —  (EL¥°0 ‘¥8¥0 —) 91070 — (€8S°0 “LYT°0) S9€°0 (128°0 ¥0£°0) 8850 (858°0 ‘96°0) LLS'0 (€¥8°0 ‘T0S°0) TLY0  TINd UYSH
INg
o Jod ‘3o 3o o PEX | [ewION
6200 =d 9100 =d T100=d 9200 = d L100=4d
(9900 — (Lzro — (9800 (0z1°0 — (9L1°0 — 9010 =4d
‘01T —) 8€9°0 — ‘ChTT —) $89°0 — — 789°0 —) ¥8€°0 — ‘€681 —) 986°0 — ‘L08°T =) 1660 —  (LLOO ‘6LL°0 —) 19€°0 —  IING M0
(¥1T = u) ¢ [9pON (61T = u) T [9PON (608 = ) T [9POIN (1€y = u) ¢ 1PPON (zey = u) T 19PON (yLy1 = u) T 19POIN
sjuonjed orewoq syuaned o]
anfea d ‘(JeAIaIuI [ENUIPYUOD 9,G6) JUADYJA0D) aurfaseq

S[OpOW UOISSAITII AJRLIBAI[NW Ul PISSISSE SB XS 0] SUIPIOIOE S[IAJ] UIGO[SOWY PUB XOpul SSeWw APOq Ud9MIdq UONBIOOSSY € IR,

pringer

A



Clin Exp Nephrol (2018) 22:638-646

644
P for interaction = 0.079
P for nonlinear trend = 0.621
P for linear trend < 0.001
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Fig. 1 Spline curves show the associations between body mass index
(BMI) and hemoglobin (Hb) level at baseline, according to sex [solid
lines, female patients (n = 219); dashed lines, male patients
(n = 435)]. Spline curves are adjusted for age (in 10-year incre-
ments); diabetes mellitus status; chronic kidney disease stage (3, 4,
and 5); levels of albumin, log C-reactive protein, log fibroblast growth
factor 23, log ferritin, transferrin saturation, albumin-adjusted
calcium, and phosphate; medication use (angiotensin-converting
enzyme inhibitor inhibitors and angiotensin II receptor blockers);
and ferrotherapy use

Association between body composition
and erythropoietin concentration at 1 year of follow-

up

EPO concentrations at 1 year of follow-up according to
body composition and sex are provided in Supplementary
Table S6. In the multivariate regression models, there were
no significant associations between EPO levels and either
BMI or AC (Supplementary Table S7, models 2 and 4;
Supplementary Fig. 4). However, linear associations
between EPO level and both BMI and AC were confirmed
in patients with stage 3 CKD; these associations disap-
peared in patients with stages 4 and 5 CKD (Supplemen-
tary Figure S5).

Association between body composition and levels
of transferrin saturation, ferritin, and C-reactive
protein

In multiple linear regression analyses, AC was not asso-
ciated with transferrin saturation and ferritin levels at
baseline, and at 1 and 2 years of follow-up (Supplementary
Tables S8 and S9). In contrast, BMI was associated with
ferritin levels (Tables 1 and 2). Spline curves showing the
associations between body composition measures and
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transferrin saturation and ferritin levels, are shown in
Supplementary Figures S6 (BMI) and S7 (AC). Log-
transformed CRP levels increased linearly with increasing
BMI and AC at baseline in patients at all stages of CKD
(Supplementary Figure S8).

Discussion

To our knowledge, the present study is the first to analyze
the association between body composition and biomarkers
of erythropoiesis in patients with CKD who are not on
dialysis. The present results demonstrate that BMI and AC
are positively associated with hemoglobin levels in patients
with CKD. Hemoglobin levels in male patients signifi-
cantly increased with increasing BMI and AC, and were
accompanied by higher CRP levels. This was not the case
in female patients. Although hemoglobin levels increased
with increased BMI and AC in female patients with BMI
less than 25 kg/m” or small AC, hemoglobin levels pla-
teaued once BMI reached 25 kg/m? or the AC reached
80 cm.

In an analysis of data from the third National Health and
Nutrition Examination Survey (NHANES), conducted in
the USA (n = 14,846), BMI did not affect hemoglobin
levels; however, the association not assessed according to
sex [17]. Kohno et al. analyzed a Japanese cohort of 1029
patients and found that BMI was positively associated with
biomarkers of erythropoiesis in a post hoc analysis by sex
[32]. Vuong et al. demonstrated similar findings in 6766
NHANES patients; hemoglobin levels increased with
increasing AC in both male and female patients [6].
Traissac et al. reported that, in a non-CKD cohort of 1689
female patients and 930 male patients, the prevalence of
anemia (hemoglobin < 12.0 g/dL) was significantly higher
in females with BMI > 25 kg/m? than in males with BMI
> 25 kg/m? [33]. Thus, in general, BMI and AC appear to
be positively associated with hemoglobin levels in the non-
CKD population. However, these associations are likely to
be attenuated in females with BMI higher than or equal to
the threshold of 25 kg/mz. Overall, the association between
hemoglobin levels and BMI appears to be maintained in
patients with CKD, even though the hemoglobin levels are
in the anemic range.

The associations between body composition and hemo-
globin levels were affected by CKD severity, and disap-
peared once CKD reached stage 5. This may be due to
inadequate EPO production and erythropoiesis in the ure-
mic condition. EPO concentration was not associated with
BMI or AC in the multivariate regression models adjusting
for CKD stage; however, EPO levels increased with
increasing BMI and AC in patients with stage 3 CKD.
Thus, adiposity may be associated with increased EPO
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production in stage 3 CKD, and this effect may be
diminished in stage 4 CKD and beyond.

In both sexes, hemoglobin levels were higher in patients
with normal BMI than in those with low BMI. This might be
linked to undernourishment. However, it is not clear why
hemoglobin levels did not increase with increasing adiposity in
female patients, as levels of EPO and iron metabolism
biomarkers increased with increase in BMI and AC to a similar
extent in both sexes. Sex hormones could play a role; testos-
terone has been reported to have a stimulatory effect on ery-
thropoiesis [34]. Testosterone levels in male patients with high
BMI between 25 and 30 kg/m? appear to be similar to those in
male patients with normal BMI, while the levels in male
patients with BMI > 30 kg/m? were decreased compared to
those in male patients with normal BMI [35]. Thus, testosterone
might stimulate erythropoiesis in male patients with BMI
< 30 kg/m?; however, erythropoiesis might be associated with
other unknown mechanisms in men with BMI > 30 kg/m>.
Increased CKD stage may influence testosterone levels; the
prevalence of hypogonadism (testosterone < 10 nmol/L) is
17% in stages 1-2 CKD, 34% in stage 3 CKD, 38% in stage 4
CKD, and 57% in stage 5 CKD [36]. Therefore, an effect of
testosterone might be sustained during CKD stages 3 and 4.

Adiposity enhances low iron status and increases CRP and
ferritin levels in the non-CKD population [15-17]; thus,
adiposity-related inflammation can cause functional iron
deficiency. However, we were not able to confirm this
association in patients with CKD. Although CRP levels
increased with increasing BMI and AC in stages 3-5 CKD,
and ferritin levels increased according to BMI category, BMI
and AC did not affect transferrin saturation levels in patients
with CKD. Ausk et al. reported that ferritin levels in indi-
viduals in the general population with BMI between 25 and
30 kg/m? were higher than in those with BMI > 25 kg/m?
[17]. Similarly, Cepeda-Lopez et al. reported that CRP levels
and iron status were associated with BMI, with higher CRP
levels in females with BMI between 25 and 30 kg/m? than in
females with BMI between 18.5 and 24.5 kg/mz. However,
iron status in the 25-30 kg/m? BMI group resembled that of
the 18.5-24.5 kg/m” BMI group, and iron deficiency rose in
patients with a BMI > 30 kg/m? [15]. Thus, iron deficiency
may not have been evident in the present study due to the
smaller numbers of participants with BMI > 30 kg/m>.

The present study has several limitations. The patient
cohort was relatively small, and there was missing bio-
marker data, especially for iron metabolism. Several
patients were excluded from the 1- and 2-year follow-up, as
patients in advanced stages of CKD at baseline were
referred for dialysis and did not visit our hospital after
completing the baseline measurements. Thus, the patients
who left the study may have affected our findings at later
time periods. In addition, anemia was managed according
to the Japanese guidelines for anemia in patients with CKD

[37], and strategies for anemia management, such as ESA
therapy and ferrotherapy, were determined by the patient’s
primary doctors. Moreover, there was an uneven distribu-
tion of CKD stages in the BMI and AC groups in the
present study. Finally, we cannot speak to the pathogenesis
of increased erythropoiesis with increased adiposity, as we
did not assess causal associations.

In conclusion, body composition appears to influence
erythropoiesis; however, adiposity may be only associated
with increased erythropoiesis in male patients. In contrast,
body composition does not appear to hamper iron meta-
bolism in patients with CKD who are not on dialysis.
Further research is required, with a larger cohort, to con-
firm the impact of adiposity on erythropoiesis.
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