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aBSTraCT

Background and objectives. Elevated circulating levels of erythropoietin (EPO) are 
associated with an increased risk of cardiovascular and all-cause mortality in renal trans-
plant recipients (RTRs), but the underlying mechanisms remain unclear. Emerging data 
suggest that EPO stimulates production of the phosphaturic hormone fibroblast growth 
factor 23 (FGF23), another strong risk factor for mortality in RTRs. In the current study, 
we aimed to investigate whether FGF23 mediates EPO-associated mortality risk in RTRs.

Design, setting, participants, & measurements. In a large prospectively followed 
cohort of 592 stable RTRs with a functional graft for more than 1 year post transplant, we 
measured fasting circulating EPO and FGF23 levels. Co-primary outcomes were all-cause 
mortality and cardiovascular mortality.

results. During a median follow-up of 7.0 years, 126 RTRs died, of which 64 due to car-
diovascular cause. In univariate analysis, EPO was significantly associated with all-cause 
mortality (HR, 1.87; 95% CI 1.41-2.48; P<0.001) and cardiovascular mortality (HR, 1.91; 
95%CI 1.29-2.83; P=0.001). After adjustment for potential confounders, EPO remained 
associated with all-cause (HR, 1.65; 95% CI, 1.18-2.31; P=0.003) and cardiovascular 
mortality (HR, 1.89; 95% CI, 1.18-3.04; P=0.008). However, the associations of EPO with 
all-cause and cardiovascular mortality were abrogated following adjustment for FGF23 
(HR, 1.29; 95%CI, 0.90-1.84; P=0.17, and HR, 1.49; 95%CI 0.90-2.48; P=0.12, respectively). 
In mediation analysis, FGF23 mediated 56% of the association between EPO and all-
cause mortality, and 35% of the association between EPO and cardiovascular mortality 
in this patient setting.

Conclusions. EPO-associated increased mortality risk in RTRs appears largely related to 
increased FGF23 levels.
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InTroDuCTIon

Renal transplant recipients (RTRs) have a high residual risk of premature all-cause and 
cardiovascular mortality, compared with the general population.1 Previous studies 
demonstrated an independent association between higher circulating endogenous 
erythropoietin (EPO) levels and risk of cardiovascular and all-cause mortality among 
RTRs, similar to other patient populations such as chronic heart failure patients and 
the elderly.2-4 In addition, administration of exogenous EPO may increase the risk of 
cardiovascular events in patients with chronic kidney disease (CKD) and end stage renal 
disease (ESRD).5, 6 However, the underlying mechanism responsible for the link between 
endogenous and exogenous EPO and adverse outcome is unknown.

Studies from our group and others suggest that EPO is prominently involved in fibro-
blast growth factor-23 (FGF23) physiology.7-10 FGF23 is an osteocyte-derived hormone 
that plays an essential role in regulating phosphate and vitamin D metabolism. In RTRs, 
increased FGF23 levels post-transplant are independently associated with an increased 
risk of graft failure and death.11, 12 Hypoxia, the main stimulus for EPO synthesis, stabi-
lizes hypoxia-inducible factor (HIF)-1α, which is a heterodimeric transcription factor that 
regulates oxygen homeostasis.13, 14 Subsequently, stabilized HIF1-α upregulates FGF23 
production while concomitantly increasing FGF23 cleavage into inactive fragments, 
resulting in elevated total FGF23 levels but normal levels of intact, bioactive FGF23.15-18

In the current study, we hypothesized that the previously established, but hitherto 
unexplained association between EPO levels and adverse outcomes may be mediated 
by increased levels of FGF23. Therefore, we investigated the associations between EPO 
and FGF23 levels and prospective outcomes in our RTRs cohort.

METhoDS

Patient population
All RTRs (aged ≥18 years) who were at least 1 year post transplantation were approached 
for participation in the current study during outpatient clinic visits between 2001 and 
2003. All RTRs were transplanted in the University Medical Center Groningen (Gronin-
gen, the Netherlands). The study has been described in detail previously.19 Among 847 
RTRs approached for participation, 606 RTRs agreed to participate and were included. 
All patients provided written informed consent and the study protocol was approved 
by the local medical ethical committee (METc 2001/039). The study protocol adhered 
to principles of the Declaration of Helsinki and the Declaration of Istanbul. The co-
primary endpoints of the study were all-cause mortality and cardiovascular mortality. 
Cardiovascular death was defined as deaths in which the principal cause of death was 
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cardiovascular in nature, using ICD-9 codes 410 to 447. Secondary endpoint consti-
tuted death-censored graft failure (DCGF). DCGF was defined as return to dialysis or 
re-transplantation. For the current analyses, we excluded RTRs who did not have plasma 
samples available for measuring EPO levels (n=14), resulting in 592 RTRs eligible for 
analysis. Median follow-up was 7.0 years (interquartile range, 6.2 to 7.4). Data on the 
co-primary and secondary endpoints was available in all 592 participants. There was no 
loss-to-follow-up in current study.

Data collection
Relevant donor, recipient, and transplant characteristics at baseline (i.e. cross-section-
ally) were extracted from the Groningen Renal Transplant Database, as described in 
detail previously.19 Information on medical history and medication use was obtained 
from patient records. Participants’ height and weight were measured with participants 
wearing light indoor clothing without shoes. Blood pressure was measured according to 
a strict protocol as previously described.19 Alcohol consumption and smoking behavior 
were recorded using a self-reported questionnaire. Smoking behavior was classified as 
never, former, or current smoker.

laboratory procedures
Blood was drawn in the morning after an 8-12h overnight fast, and all measurements 
were performed in samples of the same timepoint. In plasma EDTA samples frozen at 
-80°C, we measured plasma EPO levels using an immunoassay based on chemilumi-
nescence (Immulite, Los Angeles, CA).20 We measured plasma total FGF23 levels with a 
human FGF23 (C-terminal) enzyme-linked immunosorbent assay (ELISA; Quidel Corp., 
San Diego, CA, USA) with intra-assay and interassay coefficients (CVs) of variation of <5% 
and <16% in blinded replicated samples, respectively.21 The total FGF23 immunometric 
assay uses two antibodies directed against different epitopes within the C-terminal part 
of FGF23, and therefore detects both the intact hormone as well as C-terminal cleavage 
products, and therefore measures total FGF23 levels. We measured plasma ferritin levels 
using an electrochemiluminescence immunoassay (Modular analytics E170, Roche 
diagnostics, Mannheim, Germany). Serum hepcidin was assessed by dual-monoclonal 
sandwich ELISA immunoassay, as described in detail previously.22 Renal function was 
determined by estimating GFR by applying the Chronic Kidney Disease Epidemiology 
Collaboration equation.23 Proteinuria was defined as urinary protein excretion ≥0.5 g/24 
h in 24-hour urine collection. Serum cholesterol was measured using standard labora-
tory procedures. Serum creatinine was assessed using a modified version of the Jaffé 
method (MEGA AU 510; Merck Diagnostica, Darmstadt, Germany). Erythrocytosis was 
defined as hemoglobin level higher than 16.0 g/dL for women, and higher than 16.5 g/
dL for men.24
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Statistical analyses
Data were analyzed using IBM SPSS software, version 23.0 (SPSS Inc., Chicago, IL), R 
version 3.2.3 (Vienna, Austria) and STATA 14.1 (STATA Corp., College Station, TX). Data 
are expressed as mean ± SD for normally distributed variables and as median (25th-75th 
interquartile range [IQR]) for variables with a skewed distribution. Categorical data are 
expressed as number (percentage). Co-linearity was tested by means of variance infla-
tion factor (VIF) calculation, with a VIF score of lower than 5 indicating no evidence for 
co-linearity. To study the association between EPO levels and prospective outcomes, we 
used proportional hazards regression analysis where Cox proportional hazards models 
for all-cause mortality and cause-specific hazards models for cardiovascular death and 
DCGF were applied. We performed analyses in which we adjusted for potential con-
founders based on univariate associations or for factors of known biologic importance. 
We adjusted for age, sex, eGFR, proteinuria, time since transplantation, presence of 
diabetes, systolic blood pressure (SBP), total cholesterol, and use of calcineurin inhibi-
tors, proliferation inhibitors, and angiotensin-converting enzyme (ACE)-inhibitors and 
angiotensin II-receptor blockers (ARBs) (model 1); for hemoglobin levels (model 2); for 
ferritin (model 3), high-sensitive C-reactive protein (hs-CRP) (model 4), and finally for 
total FGF23 (model 5). Due to skewed distribution, EPO, ferritin, hs-CRP, and total FGF23 
were natural log-transformed. To visualize the association of EPO with mortality and car-
diovascular mortality, we made splines of EPO with prospective outcomes. Splines were 
fit using a Cox proportional hazards regression model based on restricted cubic splines 
in univariate analyses and after adjustment for total FGF23. Knots are placed on the 10th, 
50th, and 90th percentile of natural log transformed EPO levels, with the 50% percentile 
serving as the reference level. As sensitivity analyses, we performed adjustments of the 
association of EPO with mortality and cardiovascular mortality as in Table 2, model 4, 
for serum hepcidin, diuretics, and erythropoietin-stimulating agents (ESA), each time 
in addition to the potential confounders of model 4. Finally, we performed mediation 
analyses with the methods described by Preacher and Hayes, which is based on logistic 
regression. These analyses allow for testing significance and magnitude of mediation 
of total FGF23 on the association between EPO and outcomes.25, 26 Furthermore, we 
evaluated mediation by hemoglobin, ferritin, and hs-CRP on the association between 
EPO and outcomes. In all analyses, a two-sided p-value <0.05 was considered significant.
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rESulTS

Baseline characteristics
We included 592 RTRs (mean±SD age, 51±12 years; 55% male) at a median of 6.0 (2.6-
11.5) years after transplantation. Further demographics and clinical characteristics 
according to tertiles of EPO are presented in Table 1.

Median plasma EPO levels were 17.4 (11.9-24.4) IU/L and median FGF23 levels 
were 139 (94-218) RU/mL. Erythrocytosis was present in 27 (5%) of the included RTRs. 
Increased FGF23 levels were noted across EPO tertiles (119 [79-169] RU/mL, 138 [89-
204] RU/mL, 194 [115-356] RU/mL, respectively). FGF23 levels were positively correlated 
with EPO levels (r=0.29, P<0.001), with a VIF of 1.42, indicating very minimal co-linearity. 
Hemoglobin levels were inversely correlated (r=-0.17, P<0.001) with VIF of 1.32, again 
indicating no evidence for co-linearity.

EPo, FGF23, and Mortality
During a median follow-up of 7.0 (6.2 – 7.4) years, 126 RTRs died. Of the 126 deceased 
RTRs, 64 RTRs (51%) died from cardiovascular causes. Other causes of death were infec-
tion (18%), malignancy (24%), and miscellaneous causes (8%).

In unadjusted Cox regression analyses, higher EPO levels were associated with 
increased all-cause mortality (hazard ratio [HR] per 1 ln IU/L increase, 1.87; 95% con-
fidence interval [CI], 1.41-2.48; P<0.001; Figure 1a). In multivariable analyses adjusted 
for age, sex, eGFR, proteinuria, time since transplantation, presence of diabetes, SBP, 
total cholesterol, use of calcineurin inhibitors, proliferation inhibitors, ACE-inhibitors 
or ARB, hemoglobin, ferritin, and hs-CRP (model 4), the association between EPO and 
mortality remained significant (HR, 1.65; 95% CI, 1.18-2.31; P=0.003). Further adjustment 
for plasma FGF23 levels attenuated the association between EPO and mortality such 
that the association no longer remained significant (HR, 1.29; 95% CI, 0.90-1.84; P=0.17) 
(Table 2 and Figure 1B). FGF23 levels per se were strongly associated with mortality 
independent of adjustment for all confounders present in model 4 and after adjustment 
for EPO (HR, 2.06; 95% CI, 1.52-2.80; P<0.001).

When we assessed the associations between EPO and cardiovascular mortality, we 
found similar findings. Higher EPO levels were associated with increased cardiovascular 
mortality in unadjusted analyses and in models 2, 3 and 4 (Table 2 and Figure 1C). How-
ever, after further adjustment for FGF23 the association no longer remained significant 
(Table 2 and Figure 1D). FGF23 levels per se were strongly associated with cardiovascu-
lar mortality independent of adjustment for potential confounders including EPO (HR, 
2.11; 95% CI, 1.37-3.25; P=0.001).
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Table 1. Baseline characteristics of the 592 RTRs across tertiles of erythropoietin levels

Tertiles of EPo (Iu/l)

all patients
(n=592)

T1 (n=197)
[4.0-13.7]

T2 (n=199)
[13.8-21.5]

T3 (n=196)
[21.6-195.0]

Age (years) 51±12 48±12 52±12 55±11

Male sex (n, %) 325 (55) 113 (57) 111 (56) 101 (52)

Body mass index, kg/m2 26±4 26±4 26±4 27±4

Alcohol use (n, %) 295 (50) 102 (52) 94 (47) 99 (51)

Smoking status

  Never smoker (n, %) 211 (36) 65 (33) 80 (40) 66 (34)

  Former smoker (n, %) 249 (42) 83 (42) 85 (43) 81 (41)

  Current smoker (n, %) 130 (22) 48 (24) 34 (17) 48 (25)

Time since transplantation (yrs) 6.0 (2.6-11.5) 4.7 (2.2-9.3) 6.5 (3.5-11.6) 6.6 (2.7-13.8)

Diabetes mellitus (n, %) 104 (18) 37 (19) 27 (14) 40 (20)

Systolic blood pressure (mmHg) 153±23 151±21 151±21 157±25

Diastolic blood pressure (mmHg) 90±10 90±10 90±9 90±11

laboratory measurements

FGF23 (RU/mL) 139 (94-218) 119 (79-169) 138 (89-204) 194 (115-356)

Hemoglobin (mmol/L) 8.6±1.0 8.8±1.0 8.6±1.0 8.4±1.0

MCV (fL) 91±6 90±5 91±6 92±8

Ferritin (µg/L) 155 (76-283) 151 (82-321) 166 (98-283) 135 (64-256)

Hepcidin (ng/mL) 7.2 (33-13.5) 8.6 (4.2-14.2) 7.3 (3.1-12.2) 5.7 (2.2-13.9)

Total cholesterol (mmol/L) 5.6±1.1 5.7±0.9 5.6±1.2 5.5±1.1

Phosphate (mmol/L) 1.1±0.2 1.1±0.2 1.1±0.2 1.1±0.2

Calcium (mmol/L) 2.39±0.16 2.39±0.14 2.37±0.18 2.40±0.15

PTH (pmol/L) 9.1 (6.0-13.7) 8.8 (6.0-12.7) 9.5 (6.0-14.1) 9.4 (6.4-14.9)

eGFR (ml/min/1.73m2) 47±16 49±16 48±15 44±16

Creatinine (µmol/L) 147±58 145±55 143±53 154±65

Proteinuria (>0.5g) (n, %) 161 (27) 46 (23) 55 (28) 60 (31)

hs-CRP (mg/L) 2.0 (0.8-4.8) 1.5 (0.6-4.0) 1.9 (0.8-3.9) 3.0 (1.2-7.5)

Treatment

ACE-inhibitors or AII-antagonists (n, %) 199 (34) 83 (42) 57 (29) 59 (30)

Bèta-blocker (n, %) 365 (62) 120 (61) 127 (64) 118 (60)

Calcium channel blockers (n, %) 225 (38) 78 (40) 68 (34) 79 (40)

Diuretic use (n, %) 261 (44) 77 (39) 76 (38) 108 (55)

Erythropoietin-stimulating agents (n, %) 13 (3) 2 (1) 3 (2) 8 (4)

  Proliferation inhibitor (n, %) 437 (74) 132 (67) 147 (74) 158 (81)

  Calcineurin inhibitor (n, %) 465 (79) 174 (88) 150 (75) 141 (72)

Values are means ± standard deviation, medians (interquartile range) or proportions (%). Azathioprine and 
mycophenolate mofetil were considered as proliferation inhibitors; cyclosporine and tacrolimus as calci-
neurin inhibitors. Diabetes mellitus was defined as serum glucose >7 mmol/L or the use of antidiabetic 
drugs. Abbreviations: ACE, angiotensin converting enzyme; FGF23, fibroblast growth factor 23; eGFR, esti-
mated glomerular filtration rate; hs-CRP, high-sensitivity C-reactive protein; MCV, mean corpuscular volume
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EPo, FGF23, and Graft Failure
During a median follow-up of 6.9 (6.1 – 7.4) years, 52 RTRs developed DCGF. When we 
assessed the associations between EPO and DCGF, we did not fi nd an association (HR, 
0.90; 95% CI, 0.55-1.47; P=0.66). Further adjustment for potential confounders did not 
ameliorate the association between EPO and DCGF. In contrast, FGF23 levels were uni-
variately associated with DCGF (HR, 3.28; 95% CI, 2.48-4.34; P<0.001). After adjustment 
for potential confounders including EPO, FGF23 remained associated with DCGF (HR, 
1.74; 95% CI, 1.08-2.81; P=0.02).

Mediation analyses
In mediation analyses, FGF23 was found to be a signifi cant mediator of the association 
between EPO and all-cause mortality (P value for indirect eff ect <0.05; 56% of the as-
sociation was explained by FGF23; Table 3). Similarly, FGF23 explained 35% of the as-
sociation between EPO and cardiovascular mortality. In contrast, no evidence was found 
for mediation by hemoglobin, ferritin, or hs-CRP on the association between EPO and 
all-cause mortality nor between EPO and cardiovascular mortality (P value for indirect 
eff ect >0.05; Supplemental Table 1).

Figure 1. Restricted cubic splines depicting the hazard ratio between erythropoietin (EPO) and mortality 
risk (shaded areas indicate the 95% confi dence interval). Knots are placed on the 10th, 50th, and 90th percen-
tile of natural log transformed EPO levels, with the 50% percentile serving as the reference level. Panel A 
shows the unadjusted association between natural log transformed EPO and mortality risk. Panel B shows 
adjustment for FGF23. Panel C shows the unadjusted association between natural log transformed EPO and 
cardiovascular mortality risk. Panel D shows subsequent adjustment for FGF23. FGF23, fi broblast Growth 
Factor 23; EPO, erythropoietin
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Table 2. Univariable and multivariable-adjusted associations between erythropoietin levels and all-cause 
mortality and cardiovascular mortality

Model

all-cause mortality
(n=126)

Cardiovascular mortality
(n=64)

hr (95% CI)* P-value hr (95% CI)* P-value

Univariable 1.87 (1.41-2.48) <0.001 1.91 (1.29-2.83) 0.001

Model 1 1.56 (1.13-2.17) 0.007 1.81 (1.15-2.84) 0.01

Model 2 1.60 (1.15-2.22) 0.005 1.84 (1.17-2.89) 0.009

Model 3 1.69 (1.21-2.37) 0.002 1.93 (1.20-3.09) 0.006

Model 4 1.65 (1.18-2.31) 0.003 1.89 (1.18-3.04) 0.008

Model 5 1.29 (0.90-1.84) 0.17 1.49 (0.90-2.48) 0.12

*Hazard ratios are shown per 1 ln IU/L increase in EPO levels
Model 1: Adjusted for age, sex, eGFR, proteinuria, time since transplantation, presence of diabetes, systolic 
blood pressure, total cholesterol, use of calcineurin inhibitors, proliferation inhibitors, and ACE-inhibitors 
or ARB; Model 2: Model 1 + adjustment for hemoglobin; Model 3: Model 2 + adjustment for ferritin; Model 
4: Model 3 + adjustment for hs-CRP; Model 5: Model 4 + adjustment for FGF23. FGF23, ferritin, and hs-CRP 
were ln-transformed before adding to the Cox regression analysis due to skewed distribution. Abbrevia-
tions: ACE, angiotensin-converting enzyme; ARB, angiotensin-receptor blockers; FGF23, fibroblast growth 
factor 23; CI, confidence interval; eGFR, estimated glomerular filtration rate; HR, hazard ratio; hs-CRP, high-
sensitive C-reactive protein.

Table 3. Mediation analysis of FGF23 on the association between EPO and all-cause and cardiovascular 
mortality in renal transplant recipients

Potential 
mediator

outcome Effect (path)* Multivariable model**

Coefficient
(95% CI, bc)†

Proportion 
mediated***

FGF23 all-cause 
mortality

Indirect effect (ab path) 0.077 (0.038; 0.132) 56%

Total effect (ab + c’ path) 0.137 (-0.006; 0.275)

Unstandardized total effect 0.203 (-0.287; 0.694)

FGF23 Cardiovascular 
mortality

Indirect effect (ab path) 0.057 (0.016; 0.110) 35%

Total effect (ab + c’ path) 0.162 (-0.013; 0.320)

Unstandardized total effect 0.349 (-0.241; 0.940)

* The coefficients of the indirect ab path and the total ab + c’ path are standardized for the standard devia-
tions of EPO, FGF23, all-cause and cardiovascular mortality.
** All coefficients are adjusted for age, sex, eGFR, proteinuria, time since transplantation, presence of dia-
betes, systolic blood pressure, total cholesterol, use of calcineurin inhibitors, proliferation inhibitors, ACE-
inhibitors or ARB, hemoglobin, ferritin, and hs-CRP.
*** The size of the significant mediated effect is calculated as the standardized indirect effect divided by the 
standardized total effect multiplied by 100
† 95% CIs for the indirect and total effects were bias-corrected confidence intervals after running 2000 
bootstrap samples.
Abbreviations: Bc, bias corrected; FGF23, fibroblast growth factor 23; CI, confidence interval.
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Sensitivity analyses
In sensitivity analyses, we first aimed to assess whether the master regulator of iron 
homeostasis, serum hepcidin, diminished the association between EPO and mortal-
ity. The association between EPO and mortality (HR, 1.74; 95% CI, 1.26-2.56; P=0.001) 
and between EPO and cardiovascular mortality (HR, 2.00; 95%CI 1.22-3.26; P=0.006) 
remained significant independent of adjustment for serum hepcidin levels in addition 
to adjustment for the model 4 covariates.

In further sensitivity analyses, we assessed whether the identified associations be-
tween EPO levels and all-cause mortality remained independent of adjustment for use 
of diuretics and ESA. We found similar findings after adjusting for use of diuretics (HR, 
1.59; 95% CI 1.12-2.25; P=0.009) and ESA (HR, 1.68; 95% CI 1.18-2.38; P=0.004). Similar to 
all-cause mortality, the association between EPO and cardiovascular mortality remained 
materially unchanged independent of adjustment for diuretics (HR, 1.84; 95% CI 1.14-
3.00; P=0.01) and ESA (HR, 1.89; 95% CI 1.16-3.07; P=0.01).

DISCuSSIon

In this study, we show that higher endogenous EPO levels are associated with an 
increased risk of all-cause and cardiovascular mortality in RTRs, and that these asso-
ciations are largely explained by variation in FGF23 levels. This study confirms recent 
studies about the essential role of EPO in FGF23 physiology in experimental and hu-
man models,7-10 and extends these findings to RTRs. Furthermore, the current results 
provide a rationale to investigate whether the detrimental effect of exogenous EPO on 
cardiovascular morbidity in patients with CKD and ESRD might be related to increased 
FGF23 levels or the underlying biological process that upregulates FGF23 and to assess 
subsequently whether strong inducers of EPO, e.g. HIF-proline hydroxylase inhibitors 
should be used cautiously in this patient setting. To our knowledge, this is the first study 
that indicates that high EPO-associated risks of all-cause and cardiovascular mortality in 
RTRs seem related to increased FGF23 levels.

EPO, a hormone mainly produced in the kidney in response to hypoxia, is essential 
for erythropoiesis.27 EPO controls proliferation, maturation, and also survival of erythroid 
progenitor cells.28 However, in the setting of CKD and ESRD, correction of anemia with 
recombinant EPO leads to an increased risk of cardiovascular morbidity and mortality,5, 6 
including increased risk of stroke. The mechanisms responsible for these associations are 
unknown. In the Correction of Hemoglobin and Outcomes in Renal Insufficiency (CHOIR) 
trial, the highest risk of cardiovascular mortality was seen in patients with the highest 
EPO dose, suggesting that EPO resistance through inflammation and/or functional iron 
deficiency might be a possible link between EPO administration and cardiovascular 
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morbidity.6 However, in the current study the association between endogenous EPO 
levels and mortality was independent of adjustment for the pro-inflammatory marker, 
hs-CRP, as well as independent of iron parameters, renal function, and standard classical 
cardiovascular risk factors including SBP and cholesterol levels. In contrast, adjustment 
for FGF23 markedly attenuated the association between EPO and mortality.

Elevated total FGF23 levels have previously been shown to be associated with in-
creased risk of mortality in RTRs, as well as in various other patients groups including 
post-operative acute kidney injury, non-dialysis CKD, and ESRD.29-33 FGF23 regulation is 
determined by a complex interplay between parathyroid hormone, 1,25-dihydroxyvita-
min D, klotho, glucocorticoids, calcium, and phosphate.34, 35 In recent years, iron deficien-
cy has been identified as an important regulator of FGF23.36-38 In addition, recent studies 
demonstrated that EPO stimulates murine and human FGF23.7, 8 Clinkenbeard and col-
leagues reported increased FGF23 mRNA expression in vitro, ex vivo, and in vivo due to 
EPO treatment in UMR-106 cells, in isolated bone marrow cells, and in marrow from mice, 
respectively.7 The authors concluded that EPO directly upregulates FGF23 production 
in hematopoietic progenitor cell subsets and cortical bone.7 In addition, Rabadi et al. 
have shown in experimental animal models that an acute loss of 10% blood volume led 
to an increase in total FGF23 and EPO levels within six hours. Furthermore, exogenous 
administration of EPO led to an acute increase in plasma total FGF23 levels similar to 
those seen in acute blood loss.8 Similarly, Flamme et al. described in animal models an 
increase in plasma total FGF23 both after injection of recombinant human EPO and after 
HIF-proline hydroxylase inhibitor.39 The present findings in our study underscore these 
observations and emphasize the important role of EPO in FGF23 physiology. Moreover, 
the current study is the first to show that prospective associations between EPO and 
adverse outcomes seem to be related to increased levels of total FGF23.

The mechanisms through which EPO, a reflection of tissue hypoxia, lead to increased 
circulating total FGF23 levels could not be answered by the current observational study 
and require additional investigation. However, it has previously been demonstrated that 
hypoxia stabilizes hypoxia-inducible factor 1-α (HIF-1α), which subsequently upregu-
lates FGF23 production and cleavage.15-17 In our cohort, we measured total FGF23 levels 
with an immunometric assay of FGF23 which uses antibodies within the C-Terminal por-
tion of FGF23 and therefore detects both intact FGF23 as C-terminal cleavage products. 
Hence, it is difficult to discriminate whether higher total FGF23 levels are the result 
of upregulated FGF23 in isolation versus upregulated production with concomitantly 
enhanced cleavage. The latter is known to occur in patients with acute kidney injury,31 
in iron deficiency,36 and would be expected to ensue also due to EPO treatment in line 
with recent studies where EPO treatment did not augment iFGF23 levels, but solitarily 
total FGF23 levels implicating an increase in C-Terminal cleavage products.8, 9 Notably, 
we found that the association between higher EPO levels and increased mortality was 
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independent of serum ferritin and hepcidin levels, suggesting an iron-independent 
mechanism.

The exact mechanism through which FGF23 connects with an excess mortality risk 
remains unclear. Previously, it has been shown in experimental models that elevated 
plasma FGF23 levels may be directly involved in the development of left ventricular 
hypertrophy.40, 41 In addition, recent papers have unraveled the role of FGF23 in the 
pathogenesis of immune dysfunction and inflammation.42, 43 Therefore, the associations 
between elevated FGF23 levels and mortality risk are likely to be explained, at least in 
part, by off-target effects of high FGF23 levels on the heart and other organs.

 Contrary to previous reports about an positive effect of exogenous EPO on graft 
survival, both in humans and in mice,44, 45 we did not detect an association between 
endogenous EPO levels and graft failure in RTRs. Surprisingly, we found an inverse as-
sociation between EPO levels and eGFR. Most likely, this association can be explained 
by a lower use of renin-angiotensin system inhibiting medication by RTRs in the upper 
EPO tertile, whereby increased aldosterone levels stimulate oxygen consumption, and 
as such EPO levels will tend to be higher.2

Our study has multiple strengths as well as limitations. The major strength of the 
current study is the large prospective cohort of stable RTRs with detailed clinical and 
laboratory data available, including EPO, FGF23, hs-CRP, ferritin, and hepcidin levels. 
Additionally, no participants were lost to follow-up with respect to the co-primary end-
points, despite a considerable follow-up period. Limitations of the current study include 
that due to the observational status of our single center study, we cannot exclude the 
possibility of residual confounding and conclusions about causality cannot be drawn. 
Furthermore, absence of data on intact FGF23 levels precludes our ability to discern the 
effect of EPO on intact versus cleaved forms of FGF23.

In conclusion, we demonstrate that the previously identified association between 
higher circulating EPO levels and increased risk of mortality in RTRs seems mainly re-
lated to increased total FGF23 levels. Further research is needed to fully elucidate the 
mechanism through which this ensues and to unravel whether the currently identified 
results can be extrapolated to exogenous EPO in RTRs.
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Supplemental Table 1. Effect of mediators on the association between EPO and cardiovascular mortality 
and all-cause mortality

Potential 
mediator

outcome Effect (path)* Multivariable model**

Coefficient
(95% CI, bc)†

Proportion 
mediated***

hemoglobin all-cause 
mortality

Indirect effect (ab path) 0.001 (-0.032; 0.037) Not mediated

Total effect (ab + c’ path) 0.160 (0.014; 0.287)

Cardiovascular 
mortality

Indirect effect (ab path) 0.023 (-0.003; 0.092) Not mediated

Total effect (ab + c’ path) 0.200 (0.054; 0.356)

Ferritin all-cause 
mortality

Indirect effect (ab path) -0.006 (-0.028; 0.011) Not mediated

Total effect (ab + c’ path) 0.154 (0.013; 0.284)

Cardiovascular 
mortality

Indirect effect (ab path) -0.006 (-0.034; 0.007) Not mediated

Total effect (ab + c’ path) 0.157 (0.008; 0.311)

hs-CrP all-cause 
mortality

Indirect effect (ab path)   0.015 (-0.002; 0.050) Not mediated

Total effect (ab + c’ path) 0.173 (0.027; 0.300)

Cardiovascular 
mortality

Indirect effect (ab path) 0.010 (-0.012; 0.047) Not mediated

Total effect (ab + c’ path) 0.192 (0.034; 0.342)

* The coefficients of the indirect ab path and the total ab + c’ path are standardized for the standard devia-
tions of EPO, mediators, all-cause and cardiovascular mortality.
** All coefficients are adjusted for age, sex, eGFR, proteinuria, time since transplantation, presence of dia-
betes, systolic blood pressure, total cholesterol, use of calcineurin inhibitors, proliferation inhibitors, ACE-
inhibitors or ARB, and hemoglobin, ferritin, or hs-CRP (inclusion of the other two variables than the media-
tor itself )
*** The size of the significant mediated effect is calculated as the standardized indirect effect divided by the 
standardized total effect multiplied by 100.
† 95% CIs for the indirect and total effects were bias-corrected confidence intervals after running 2000 
bootstrap samples.
Abbreviations: Bc, bias corrected; hs-CRP, high-sensitivity C-reactive protein; CI, confidence interval.
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