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Impact of iron status on kidney 
outcomes in kidney transplant 
recipients
Hyo Jeong Kim 1, Ro Han 2, Kyung Pyo Kang 3,4, Jung‑Hwa Ryu 5, Myung‑Gyu Kim 6, 
Kyu Ha Huh 7, Jae Berm Park 8, Chan‑Duck Kim 9, Seungyeup Han 10, Hyung Woo Kim 1, 
Beom Seok Kim 1 & Jaeseok Yang 1,11*

Iron plays an important role in hemodynamics and the immunity, independent of anemia. Since 
dynamic changes occur in iron storage after kidney transplantation (KT), we investigated the 
association between iron status and kidney outcomes in KT patients. We analyzed data from the 
KoreaN cohort study for Outcome in patients With KT (KNOW-KT). The iron status was classified into 
three groups based on ferritin or transferrin saturation (TSAT) levels one year after KT, with reference 
ranges of 20‒35% and 100‒300 ng/mL for TSAT and ferritin, respectively. The primary outcome 
was the composite outcome, which consisted of death, graft failure, and an estimated glomerular 
filtration rate decline ≥ 50%. In total, 895 patients were included in the final analysis. During a median 
follow-up of 5.8 years, the primary outcome occurred in 94 patients (19.8/1000 person-years). 
TSAT levels decreased one year after KT and thereafter gradually increased, whereas ferritin levels 
were maintained at decreased levels. The adjusted hazard ratios (95% confidence intervals) for the 
composite outcome were 1.67 (1.00–2.77) and 1.20 (0.60–2.40) in the TSAT > 35% and ferritin > 300 ng/
mL groups, respectively. High iron status with high TSAT levels increases the risk of graft failure or 
kidney functional deterioration after KT.

The prevalence of end-stage kidney disease (ESKD) is increasing worldwide1. Kidney transplantation (KT) is 
the preferred treatment over dialysis for ESKD since KT shows lower mortality and morbidity with better qual-
ity of life than dialysis2. According to the United States Renal Data System annual data report, the cumulative 
number of KT recipients reached 22,393, which is an increase of 6.5% since 20171. The development of surgical 
techniques and immunosuppressive drugs has markedly improved short-term graft survival in KT recipients3. 
However, there has been little improvement in the long-term outcomes4,5. Therefore, further efforts other than 
optimizing immunosuppression are needed to improve KT outcomes.

Anemia is a common complication in patients with chronic kidney disease (CKD) and also has a high preva-
lence in KT recipients6. According to recent studies, post-KT anemia shows a biphasic pattern. The prevalence 
of anemia was found to be 76% at the time of KT and 21% and 36% after one and four years of transplantation, 
respectively7. Iron deficiency is the most important cause of anemia during the first year after KT, while impaired 
renal function plays an important role in causing anemia thereafter6,8. Iron storage undergoes dynamic changes 
after KT. Transferrin saturation (TSAT) and ferritin levels, the parameters reflecting iron status, showed a decreas-
ing pattern during the recovery from anemia after KT9. Several factors such as surgical blood loss, frequent 
blood sampling, inadequate nutrition, and increased erythropoietin production by kidney graft can decrease 
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iron storage8,10. Medications such as immunosuppressants also influence iron metabolism by increasing hepcidin 
expression and ferroportin degradation, reducing iron absorption11. Moreover, infection and systemic inflam-
mation are also known to affect iron metabolism. Interestingly, almost 10% of KT recipients continued to have 
iron overload status even after 3 years of KT, although overall iron storage showed decreasing patterns after KT12.

An increasing body of evidence suggests an association between iron dysregulation and adverse kidney out-
comes. Recent studies have shown an association between iron deficiency and ESKD risk in patients with CKD 
regardless of anemia13,14. Moreover, iron induces oxidative stress and inflammation in tissues, increasing the 
risk of CKD progression13,15. Iron accumulation activates the renal renin-angiotensin system, increasing inflam-
mation and fibrosis, ultimately accelerating diabetic nephropathy16. Although iron homeostasis also plays an 
essential role in kidney outcomes in those who have not undergone KT, the association between iron status and 
graft outcomes in KT recipients is controversial17–20. Herein, we investigated the iron status based on TSAT and 
ferritin levels one year after KT and its association with kidney outcomes using a Korean multicenter KT cohort.

Results
Baseline characteristics of study population according to iron status.  The clinical characteristics 
of the 895 patients stratified by TSAT level one year after KT are presented in Table 1. TSAT levels classified 253 
(28.2%), 385 (43.0%), and 257 (28.7%) patients into groups with TSAT levels ≤ 20%, 21–35%, and > 35%, respec-
tively. Females and diabetic patients tended to have lower TSAT levels. Additionally, the low TSAT group had 
lower hemoglobin and ferritin levels one year after KT.

The baseline characteristics according to ferritin levels at one year after KT are shown in Supplementary 
Table S1. According to the ferritin levels at one year after KT, 512 (57.2%), 302 (33.7%), 81 (9.1%) patients were 
classified into the low ferritin group (≤ 100 ng/ml), an intermediate ferritin group (101–300 ng/ml), and a high 
ferritin group (> 300 ng/ml), respectively. Participants in the low ferritin group, had more living donors and were 
characterized by higher hemoglobin, lower TSAT, and lower CRP levels one year after KT.

Temporal changes in iron status and anemia after kidney transplantation.  The iron status from 
KT to six years after KT is shown in Fig. 1. The anemia improved and hemoglobin levels reached a plateau one 
year after KT, increasing from 10.6 ± 1.6 g/dl to 13.6 ± 1.9 g/dl (Fig. 1a). During the first year post KT, TSAT 
levels showed a decreasing trend and gradually returned to the pre-transplant value (Fig. 1b). Ferritin levels 
decreased gradually after KT, and the value was almost halved after six years (Fig. 1c). When iron groups accord-
ing to TSAT levels were followed up from pre-KT time to six years after KT, proportions of the low TSAT group 
increased one year after KT and then decreased two years after KT, while those of the high TSAT group showed 
an opposite trend (Fig. 2a). Proportions of the high ferritin group had decreased one year after KT and subse-
quently increased two years after KT (Fig. 2b).

Outcome event rates according to iron status.  The outcome event rates according to the iron sta-
tuses are presented in Table 2. During 4740.8 person-years of follow-up (median 5.8 years), a total 94 (10.5%, 
19.8 per 1,000 person-years) composite outcome events occurred. The number of event occurrences in TSAT 
groups ≤ 20%, 21–35%, and > 35% were 33 (3.7%), 31 (3.5%), and 30 (3.4%), respectively. The corresponding 
incidence rates were 24.6, 15.2, and 22.1 per 1000 person-years, respectively. In addition, the number of event 
occurrences in the ferritin groups ≤ 100 ng/ml, 101–300 ng/ml, and > 300 ng/ml were 47 (5.3%), 36 (4.0%), and 
11 (1.2%), respectively.

Association between iron parameters and primary outcomes.  Recipient and donor age, recipient 
and donor sex, type of transplantation (living or deceased donor), history of diabetes mellitus, smoking history, 
and laboratory tests including hemoglobin, albumin, and eGFR one year after KT were used as covariates in 
the multivariate Cox regression analysis. The high TSAT group was associated with a higher risk of composite 
outcomes (Table 3). In patients in the TSAT > 35% group, the risk of composite outcomes significantly increased 
compared that for the TSAT 20–35% group (adjusted HR 1.67; 95% CI 1.00–2.77). However, analysis with differ-
ent classifications by using ferritin levels showed no significant differences (adjusted HR 1.20; 95% CI 0.60–2.40).

Association between iron parameters and secondary outcomes.  In the secondary outcome analy-
ses, there was no statistically significant association with iron parameters (Supplementary Table S2). Although 
there was no statistically significant association between iron parameters and a ≥ 50% eGFR decline, there 
was a similar trend as the composite outcome; adjusted HR (95% CI) 1.39 (0.80–2.39), 1.53 (0.88–2.67) in 
TSAT ≤ 20%, > 35% groups, respectively.

Discussion
In this study, we investigated the association between iron status and the risk of composite adverse kidney out-
comes. We found that both TSAT and ferritin levels initially decreased with improving anemia after KT, and then 
TSAT increased again. Further, the TSAT ˃ 35% group had a higher risk of adverse kidney outcomes independent 
of anemia, compared to the TSAT 21–35% group. Further analyses of secondary outcomes showed no statistical 
significant results on rejection, mortality, graft failure, and ≥ 50% eGFR decline. Our findings suggest that KT 
recipients with high iron status may be more vulnerable to adverse kidney outcomes or kidney function decline.

Iron is an essential micronutrient in energy metabolism, cell death, and immune regulation21–23. Iron plays 
a crucial role in oxygen transport in the body, and the delivered oxygen is involved in various energy meta-
bolic processes24. In the case of iron overload, excess iron exists in the form of a non-transferrin bound form, 
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Table 1.   Baseline characteristics of patients with respect to the TSAT. Data are presented as the 
mean ± standard deviation, number (percentage), or median (interquartile range). Significant values are in 
bold. SD standard deviation, HLA Human leukocyte antigen, eGFR estimated glomerular filtration rate, TSAT 
transferrin saturation, CRP c-reactive protein.

Total (N = 895)

TSAT

P ≤ 20% (N = 253) 21–35% (N = 385)  > 35% (N = 257)

Demographic data

 Recipient age, years 46.1 ± 11.4 45.6 ± 11.3 46.2 ± 11.6 46.4 ± 11.3 0.710

 Recipient female, n (%) 326 (36.4) 115 (45.5) 132 (34.3) 79 (30.7) 0.001

 Donor age, years 45.6 ± 12.0 45.2 ± 12.4 45.4 ± 11.9 46.2 ± 11.8 0.620

 Donor female, n (%) 434 (48.5) 120 (47.4) 187 (48.6) 127 (49.4) 0.900

 Systolic blood pressure, mmHg 137.8 ± 19.4 135.7 ± 18.7 138.3 ± 19.9 139.0 ± 19.3 0.100

 Body mass index, kg/m2 22.9 ± 3.4 23.0 ± 3.7 23.1 ± 3.4 22.5 ± 3.2 0.110

Smoking history, n (%) 0.320

 Never 465 (52.0) 137 (54.2) 198 (51.4) 130 (50.6)

 Current 67 (7.5) 12 (4.7) 30 (7.8) 25 (9.7)

 Former 363 (40.6) 104 (41.1) 157 (40.8) 102 (39.7)

Alcohol history, n (%) 0.440

 Never 184 (20.6) 57 (22.5) 69 (17.9) 58 (22.6)

 Moderate drinker 281 (31.4) 81 (32.0) 119 (30.9) 81 (31.5)

 Heavy drinker 430 (48.0) 115 (45.5) 197 (51.2) 118 (45.9)

Primary renal disease, n (%) 0.340

 Diabetic nephropathy 192 (21.5) 60 (23.7) 89 (23.1) 43 (16.7)

 Hypertensive nephropathy 211 (23.6) 58 (22.9) 86 (22.3) 67 (26.1)

 Glomerulonephritis 267 (29.8) 80 (31.6) 111 (28.8) 76 (29.6)

 Polycystic kidney disease 47 (5.3) 12 (4.7) 21 (5.5) 14 (5.4)

 Others 178 (19.9) 43 (17.0) 78 (20.3) 57 (22.2)

Transplantation information

 ABO incompatible, n (%) 157 (17.5) 43 (17.0) 66 (17.1) 48 (18.7) 0.850

 HLA mismatch count n (%)

  0 37 (4.1) 11 (4.3) 14 (3.6) 12 (4.7) 0.930

  1–3 434 (48.5) 119 (47.0) 192 (49.9) 123 (47.9)

  4–6 424 (47.4) 123 (48.6) 179 (46.5) 122 (47.5)

 Immunosuppressant, n (%) 0.015

  Tacrolimus 837 (93.5) 236 (93.3) 352 (91.4) 249 (96.9)

  Cyclosporine 39 (4.4) 8 (3.2) 25 (6.5) 6 (2.3)

  Others 19 (2.1) 9 (3.6) 8 (2.1) 2 (0.8)

 Living donor, n (%) 732 (81.8) 212 (83.8) 322 (83.6) 198 (77.0) 0.065

Comorbidities

 Hypertension, n (%) 835 (97.8) 229 (97.0) 366 (98.7) 240 (97.2) 0.310

 Diabetes, n (%) 309 (36.2) 98 (41.5) 132 (35.6) 79 (32.0) 0.088

 Hepatitis B virus, n (%) 194 (21.9) 58 (23.6) 80 (20.9) 56 (21.8) 0.740

 Hepatitis C virus, n (%) 10 (1.2) 2 (0.8) 5 (1.4) 3 (1.2) 0.830

Laboratory parameters

 Hemoglobin at transplantation, g/dl 10.6 ± 1.6 10.5 ± 1.5 10.6 ± 1.7 10.6 ± 1.6 0.610

 Hemoglobin after 1 year, g/dl 13.6 ± 1.9 13.1 ± 2.0 13.7 ± 1.9 13.9 ± 1.7  < 0.001

 Albumin after 1 year, g/dl 4.4 ± 0.3 4.4 ± 0.3 4.4 ± 0.3 4.4 ± 0.4 0.610

 Total cholesterol after 1 year, mg/dl 178.3 ± 35.6 178.9 ± 37.3 179.6 ± 35.5 175.6 ± 33.8 0.350

 eGFR after 1 year, ml/min/1.73 m2 64.5 ± 18.1 66.5 ± 20.4 63.4 ± 17.8 64.1 ± 16.1 0.100

 Ferritin at transplantation, ng/dl 197.2 ± 222.0 149.6 ± 153.6 193.4 ± 171.4 250.0 ± 316.1  < 0.001

 Ferritin after 1 year, ng/dl 138.6 ± 193.2 85.5 ± 137.1 135.3 ± 140.7 195.7 ± 275.8  < 0.001

 TSAT at transplantation, % 34.0 ± 18.8 31.1 ± 17.9 33.0 ± 17.5 38.3 ± 20.6  < 0.001

 TSAT after 1 year, % 28.8 ± 14.3 13.2 ± 4.6 27.4 ± 4.4 46.3 ± 10.6  < 0.001

 CRP after 1 year, mg/dl 0.18 (0.03–0.50) 0.20 (0.04–0.60) 0.15 (0.03–0.50) 0.28 (0.03–0.50) 0.150
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participating in the redox cycles25–27. Oxidative stress through the Fenton reaction impairs proteins, deoxyribo-
nucleic acid, and cell membranes. High iron also increases the risk of atherosclerotic plaque formation, infection, 
and malignant cell growth, eventually leading to a higher mortality risk28–30. Through these mechanisms, high 
iron might have contributed to a higher mortality in KT patients.

Iron is involved in both innate and adaptive immune systems31,32. Macrophages play a vital role in iron 
regulation, and 95% of the iron used for metabolism depends on the macrophage-iron recycling system33,34. 
Reciprocally, iron promotes macrophage polarization to secrete pro-inflammatory cytokines such as TNF-α, 
IL-1β, and macrophages ultimately acquire bacterial resistance35–38. In addition, iron regulates T-cell proliferation, 
differentiation, and maturation37,39. Since regulation of the immune system is critical for kidney allograft survival, 
it can be inferred that superfluous iron may promote immune response, contributing to allograft rejection and 
failure. In a rodent-model experiment, iron overload altered the composition of immune subsets and shortened 
graft survival in heart transplanted rats40.

Kidney disease progression is accelerated by iron overload through the induction of inflammation and fibrosis 
via oxidative stress and activation of the renin-angiotensin system13,15,16. In an experimental study, administration 
of an iron-chelating agent attenuated interstitial fibrosis in CKD rats41. Furthermore, rats with an iron-restricted 
diet showed reduced inflammatory cytokines and extracellular matrix mRNA expression, protecting the kidney42. 
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Figure 1.   Temporal changes of hemoglobin and iron status. (A) Hemoglobin, (B) transferrin saturation, (C) 
Ferritin.

Figure 2.   Temporal changes of iron groups according to transferrin saturation levels (A) and ferritin levels (B).

Table 2.   Outcome event rates with respect to the TSAT, ferritin, and iron status classification. a Per 1000 
person-years. The primary outcome was composite of all-cause mortality, graft failure, and eGFR ≥ 50%. Graft 
failure is defined as the development of kidney failure requiring dialysis or KT, or death with a functional graft. 
TSAT transferrin saturation, eGFR estimated glomerular filtration rate, KT kidney transplantation.

Number of person-years Number of events (%) Incidence ratea

Total (N = 895) 4740.8 94 (10.5) 19.8

TSAT

 ≤ 20% 1343.7 33 (3.7) 24.6

 21–35% 2041.7 31 (3.5) 15.2

 > 35% 1355.4 30 (3.4) 22.1

Ferritin

 ≤ 100 ng/ml 2659.9 47 (5.3) 17.7

 101–300 ng/ml 1654.6 36 (4.0) 21.8

 > 300 ng/ml 426.3 11 (1.2) 25.8
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These studies suggest the clinical significance of iron overload in renal functional deterioration in CKD patients 
including KT patients.

Few studies have been conducted about role of iron overload in KT patients and their results are controversial. 
A previous study showed that iron, TSAT, and ferritin were not associated with graft survival and mortality20. In 
other studies, high ferritin levels before KT had a favorable prognosis for kidney allografts by protecting against 
renal ischemia–reperfusion injury43. The discrepancy among studies was probably caused by different defini-
tions of iron status and different measurement times of iron parameters among studies with small sample sizes.

Our study investigated the association between iron status and graft outcomes using iron parameters meas-
ured one year after KT. We tried to assess iron status at a stable period after KT instead of assessing during the 
KT operation or immediately before KT. Kidney allograft functions gradually stabilize six months to one year 
after KT, and we used one year after KT as a baseline to minimize the possibility of abnormal iron status due to 
decreased allograft function. With this background, our study showed that TSAT ˃ 35% was associated with the 
increased risk of adverse kidney graft outcomes, irrespective of anemia. When association of TSAT with rejection 
or separate outcomes of the composite outcome, there was no significant association for rejection, graft failure, or 
mortality. However, there was still a similar trend of association between TSAT and ≥ 50% eGFR decline despite 
not reaching statistical significance, suggesting that iron status may mainly affect renal functional decline rather 
than rejection or mortality.

Ferritin is generally considered a more sensitive marker of iron deficiency than TSAT, since ferritin levels 
decrease before TSAT. Therefore, ferritin is emphasized in the evaluation of iron stores and is an independent 
predictor of clinical outcomes. On the other hand, several previous studies suggest that TSAT level is a good indi-
cator of iron overload, supporting its role as a prognostic factor44,45. Our study also showed a positive association 
between TSAT levels and adverse kidney outcomes, possibly because TSAT rises earlier than ferritin in an iron-
sufficient environment46, indicating that TSAT could be a more sensitive indicator for evaluating the prognosis 
of transplanted kidney function in an iron overload status. Furthermore, iron parameters can be affected by 
other factors such as inflammation and malnutrition, resulting in increased serum ferritin and decreased TSAT 
levels. Therefore, it is challenging to explain iron overload with an increase in ferritin levels since inflammation 
might increase ferritin levels even in an iron-deficient environment47.

Although advances in erythropoietin therapy are expected to reduce iron overload in patients with CKD, 
iron overload is still prevalent, and is approximately 36% in the case of ESKD48,49. Moreover, the prevalence and 
cause of iron overload after KT are not fully understood. We found that the prevalence of iron overload initially 
decreased after KT. This could be attributed to endogenous erythropoietin production by functioning kidney 
allograft, which mobilizes iron stores for hemoglobin synthesis12. Subsequently, the prevalence of iron overload 
increased after 2 years following KT. It is proposed that iron supplementation, blood transfusion before KT, and 
the genetic mutations HFE C282Y and HFE H63D contributed to iron overload12. Consistent with this, recent 
studies demonstrated that patients with iron excess had more iron supplements before KT50. Since excessive 
iron accumulates in multiple organs with no metabolic process to remove this accumulated iron, precautions are 
needed when using intravenous iron and erythropoietin therapies. Therefore, our study supports the importance 
of iron status follow-up and recommends avoiding unnecessary supplements before and after KT.

Based on the study results that TSAT and ferritin levels rapidly declined until one year after KT and then 
increased and formed a plateau approximately 2 years after KT, we recommend annual iron status check-up 
until 2 years after KT. After then, interval of ferritin and TSAT measurement should be individualized according 
to the condition of KT patients, such as infection, the amount and frequency of blood transfusion, graft func-
tions, and nutritional status. Once iron overload is diagnosed, we suggest starting treatment to prevent adverse 
kidney outcomes. We can consider iron chelating agents for transfusion-associated iron overload with cautious 
monitoring of kidney function51. In cases of genetic hemochromatosis or iron overload without anemia caused 

Table 3.   Adjusted hazard ratios for outcomes based on iron parameters in multivariate Cox regression 
analysis (Multivariate analysis was adjusted for recipient and donor age, recipient and donor’s sex, type 
of transplantation (living donor or deceased donor), history of diabetes mellitus, smoking history, and 
laboratory tests including hemoglobin, albumin, and estimated glomerular filtration rate at 1 year after kidney 
transplantation). The primary outcome was composite of all-cause mortality, graft failure, and eGFR ≥ 50%. 
Graft failure is defined as the development of kidney failure requiring dialysis or KT, or death with a functional 
graft. Significant values are in bold. HR hazard ratio, CI confidence interval, TSAT transferrin saturation, eGFR 
estimated glomerular filtration rate, KT kidney transplantation.

HR 95% CI P-value

TSAT

 ≤ 20% 1.40 0.84–2.33 0.193

 21–35% Reference

 > 35% 1.67 1.00–2.77 0.049

Ferritin

 ≤ 100 ng/mL 0.85 0.53–1.37 0.500

 101–300 ng/mL Reference

 > 300 ng/mL 1.20 0.60–2.40 0.608
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by immunosuppressant drug use, obesity, or prior use of iron replacement, phlebotomy or erythropoietin can 
be a treatment option52,53.

Our study had several limitations. Firstly, this observational cohort study lacked detailed information on 
transfusions, history of bleeding, proteinuria measurements, and medications including iron supplements 
and erythropoietin injections. Consequently, it was impossible to precisely analyze the causes of iron overload 
after KT. Secondly, potential confounding factors cannot be completely controlled in this observational study. 
Although adjustments for albumin and C-reactive protein were tried to screen out highly inflammatory status 
as a cause of high ferritin, we cannot completely exclude causes of high ferritin other than iron overload due to 
lack of thorough clinical information about these factors. Lastly, the follow-up duration of this study was not 
long enough to analyze the long-term impact of iron status after KT. Further studies, including this cohort study 
at later points, are required to elucidate this long-term impact. Despite its limitations, this study demonstrated 
temporal changes in iron status after KT. Furthermore, the study explains the association between iron status 
and kidney allograft function, and therefore has significance as a cornerstone for more controlled clinical trials 
on a larger scale.

In conclusion, high iron status, represented by a high TSAT level, is significantly associated with an increased 
risk of adverse outcomes in KT recipients, independent of anemia.

Methods
Study participants.  The KoreaN cohort study for Outcome in patients With Kidney Transplantation 
(KNOW-KT) is a prospective, observational, cohort study conducted by eight transplant centers in South 
Korea54. Patients were enrolled in KNOW-KT from July 2012 to August 2016 and have been followed up annu-
ally until now. The protocol summary is registered in the International Clinical Trial Registry (NCT02042963). 
All study procedures were performed in accordance with the Declaration of Helsinki guidelines and the study 
was approved by the institutional review boards of the participating clinical centers (IRB 2021-4265-001). 
Informed consent was obtained from all study participants.

In total, 1,080 KT recipients were enrolled. We excluded 99 patients who had no follow-up six months after 
KT and 12 who underwent graft loss within one year after KT. Moreover, 46 patients with missing baseline 
demographic data and 28 patients without baseline laboratory data were excluded. Finally, 895 patients were 
included in the study (Fig. 3).

Data collection and measurements.  The baseline demographics, anthropometric measurements, and 
comorbid status of both recipients and donors were collected during the pre-transplant screening. Baseline labo-
ratory tests, including hemoglobin, creatinine, albumin, iron profiles (serum iron, TSAT, ferritin), total choles-
terol, and C-reactive protein (CRP), were measured at each visit. Serum creatinine level was measured using an 
isotope-dilution mass spectrometry-traceable method55, and the eGFR was calculated using the four-variable 
Modification of Diet in Renal Disease formula56.

Main predictors.  The main predictors of this study were iron status, defined using TSAT, and ferritin levels 
measured one year after KT. Since the iron status as well as renal functions stabilize one year after KT, we selected 
it as a baseline in our study. TSAT was calculated as the percentage of the ratio of serum iron levels divided by the 
total iron binding capacity. Ferritin and TSAT levels were classified into three groups, where 20%, and 35% were 
the reference points for the TSAT, and 100 ng/ml and 300 ng/ml were the reference points for ferritin.

Participants in the KoreaN cohort study Outcome in patients 
With Kidney Transplantation (KNOW-KT) 

(N = 1,080)

Total analyzed subjects (N = 895)

Exclusion (N  = 185)

No follow up after 6 months after KT (N = 99)
Graft loss within 1 year after KT (N = 12)
Missing baseline demographic data (N = 46)
Missing baseline laboratory data (N = 28)

Figure 3.   Flow diagram of the study cohort. KT kidney transplantation.
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Study outcomes.  The primary outcome was a composite outcome of all-cause mortality, graft loss, and 
a ≥ 50% decline in eGFR. Degree of eGFR decline was calculated as eGFR decline from the eGFR value at 1 year 
after KT as the baseline. Graft loss was defined as the development of kidney failure that required dialysis or KT. 
The secondary outcome included separate outcomes from the primary outcome, which were all-cause mortal-
ity, graft loss, and a ≥ 50% decline in eGFR. Rejection was also included in our secondary outcome, which was 
defined as biopsy-confirmed acute or chronic rejection. Survival time was defined as the time from one year after 
transplantation to the date of composite event occurrence. Patients who failed to follow-up were censored at the 
time of their last visit.

Statistical analyses.  Continuous variables are presented as mean ± standard deviation, while categorical 
variables are presented as numbers and proportions. Categorical variables were compared using the chi-squared 
test or Fisher’s exact test, as appropriate. The Kolmogorov–Smirnov test was used to confirm the normality of 
the distribution. Continuous variables with a normal distribution were compared using the analysis of variance 
test. Variables with skewed distributions are presented as medians with interquartile ranges (IQR) and compared 
using the Kruskal–Wallis test. Furthermore, Cox proportional hazard regression models were used to investigate 
the association between iron status and composite outcomes. Univariate models were first used in the primary 
analysis. Subsequently, multivariate models were used with covariates having a significance level of < 0.1 in the 
univariate analysis. The results were presented as hazard ratios (HRs) and 95% confidence intervals (CIs). Sta-
tistical significance was defined as P < 0.05. All statistical analyses were performed using Stata version 15 (Stata-
Corp LLC, College Station, TX, USA).

Data availability
The data are not publicly available since the ownership belongs to Seoul National University Hospital Medical 
Research Cooperation Center. However, the data will be shared on reasonable request to the corresponding 
author.

Received: 16 October 2022; Accepted: 13 January 2023

References
	 1.	 System, U. S. R. D. USRDS Annual Data Report: Epidemiology of Kidney Disease in the United States. (National Institutes of Health, 

National Institute of Diabetes and Digestive and Kidney Diseases, 2020).
	 2.	 Tonelli, M. et al. Systematic review: Kidney transplantation compared with dialysis in clinically relevant outcomes. Am. J. Trans-

plant. 11, 2093–2109. https://​doi.​org/​10.​1111/j.​1600-​6143.​2011.​03686.x (2011).
	 3.	 Sonoda, T. et al. Outcome of 3 years of immunosuppression with tacrolimus in more than 1000 renal transplant recipients in japan. 

Transplantation 75, 199–204. https://​doi.​org/​10.​1097/​01.​Tp.​00000​40867.​67360.​9f (2003).
	 4.	 Lamb, K. E., Lodhi, S. & Meier-Kriesche, H. U. Long-term renal allograft survival in the United States: A critical reappraisal. Am. 

J. Transplant. 11, 450–462. https://​doi.​org/​10.​1111/j.​1600-​6143.​2010.​03283.x (2011).
	 5.	 Meier-Kriesche, H. U., Schold, J. D., Srinivas, T. R. & Kaplan, B. Lack of improvement in renal allograft survival despite a marked 

decrease in acute rejection rates over the most recent era. Am. J. Transplant. 4, 378–383. https://​doi.​org/​10.​1111/j.​1600-​6143.​2004.​
00332.x (2004).

	 6.	 Gafter-Gvili, A. & Gafter, U. Posttransplantation anemia in kidney transplant recipients. Acta Haematol. 142, 37–43. https://​doi.​
org/​10.​1159/​00049​6140 (2019).

	 7.	 Afzali, B. et al. Anemia after renal transplantation. Am. J. Kidney Dis. 48, 519–536. https://​doi.​org/​10.​1053/j.​ajkd.​2006.​07.​006 
(2006).

	 8.	 Bamgbola, O. F. Spectrum of anemia after kidney transplantation: Pathophysiology and therapeutic implications. Clin. Transplant. 
30, 1185–1194. https://​doi.​org/​10.​1111/​ctr.​12813 (2016).

	 9.	 Jeong, J. C. et al. Characteristics of anemia and iron deficiency after kidney transplant. Transplant. Proc. 51, 1406–1409. https://​
doi.​org/​10.​1016/j.​trans​proce​ed.​2019.​01.​140 (2019).

	10.	 Malyszko, J., Oberbauer, R. & Watschinger, B. Anemia and erythrocytosis in patients after kidney transplantation. Transplant. Int. 
25, 1013–1023. https://​doi.​org/​10.​1111/j.​1432-​2277.​2012.​01513.x (2012).

	11.	 Colucci, S. et al. The immunophilin FKBP12 inhibits hepcidin expression by binding the BMP type I receptor ALK2 in hepatocytes. 
Blood 130, 2111–2120. https://​doi.​org/​10.​1182/​blood-​2017-​04-​780692 (2017).

	12.	 Lorenz, M. et al. Iron overload in kidney transplants: Prospective analysis of biochemical and genetic markers. Kidney Int. 67, 
691–697. https://​doi.​org/​10.​1111/j.​1523-​1755.​2005.​67129.x (2005).

	13.	 Mehta, R. C. et al. Iron status, fibroblast growth factor 23 and cardiovascular and kidney outcomes in chronic kidney disease. 
Kidney Int. 100, 1292–1302. https://​doi.​org/​10.​1016/j.​kint.​2021.​07.​013 (2021).

	14.	 Awan, A. A. et al. Prevalence, correlates and outcomes of absolute and functional iron deficiency anemia in nondialysis-dependent 
chronic kidney disease. Nephrol. Dial. Transplant. 36, 129–136. https://​doi.​org/​10.​1093/​ndt/​gfz192 (2021).

	15.	 Kovesdy, C. P., Estrada, W., Ahmadzadeh, S. & Kalantar-Zadeh, K. Association of markers of iron stores with outcomes in patients 
with nondialysis-dependent chronic kidney disease. Clin. J. Am. Soc. Nephrol. 4, 435–441. https://​doi.​org/​10.​2215/​cjn.​03980​808 
(2009).

	16.	 Chaudhary, K. et al. Renal iron accelerates the progression of diabetic nephropathy in the HFE gene knockout mouse model of 
iron overload. Am J Physiol Renal Physiol 317, F512-f517. https://​doi.​org/​10.​1152/​ajpre​nal.​00184.​2019 (2019).

	17.	 Schjelderup, P. et al. Anemia is a predictor of graft loss but not cardiovascular events and all-cause mortality in renal transplant 
recipients: Follow-up data from the ALERT study. Clin. Transplant. 27, E636-643. https://​doi.​org/​10.​1111/​ctr.​12220 (2013).

	18.	 Tsujita, M. et al. The effect of maintaining high hemoglobin levels on long-term kidney function in kidney transplant recipients: 
A randomized controlled trial. Nephrol. Dial. Transplant. 34, 1409–1416. https://​doi.​org/​10.​1093/​ndt/​gfy365 (2019).

	19.	 Choukroun, G. et al. Correction of postkidney transplant anemia reduces progression of allograft nephropathy. J. Am. Soc. Nephrol. 
23, 360–368. https://​doi.​org/​10.​1681/​asn.​20110​60546 (2012).

	20.	 Winkelmayer, W. C., Lorenz, M., Kramar, R., Hörl, W. H. & Sunder-Plassmann, G. Percentage of hypochromic red blood cells is 
an independent risk factor for mortality in kidney transplant recipients. Am. J. Transplant. 4, 2075–2081. https://​doi.​org/​10.​1046/j.​
1600-​6143.​2004.​00604.x (2004).

	21.	 Bogdan, A. R., Miyazawa, M., Hashimoto, K. & Tsuji, Y. Regulators of iron homeostasis: New players in metabolism, cell death, 
and disease. Trends Biochem. Sci. 41, 274–286. https://​doi.​org/​10.​1016/j.​tibs.​2015.​11.​012 (2016).

https://doi.org/10.1111/j.1600-6143.2011.03686.x
https://doi.org/10.1097/01.Tp.0000040867.67360.9f
https://doi.org/10.1111/j.1600-6143.2010.03283.x
https://doi.org/10.1111/j.1600-6143.2004.00332.x
https://doi.org/10.1111/j.1600-6143.2004.00332.x
https://doi.org/10.1159/000496140
https://doi.org/10.1159/000496140
https://doi.org/10.1053/j.ajkd.2006.07.006
https://doi.org/10.1111/ctr.12813
https://doi.org/10.1016/j.transproceed.2019.01.140
https://doi.org/10.1016/j.transproceed.2019.01.140
https://doi.org/10.1111/j.1432-2277.2012.01513.x
https://doi.org/10.1182/blood-2017-04-780692
https://doi.org/10.1111/j.1523-1755.2005.67129.x
https://doi.org/10.1016/j.kint.2021.07.013
https://doi.org/10.1093/ndt/gfz192
https://doi.org/10.2215/cjn.03980808
https://doi.org/10.1152/ajprenal.00184.2019
https://doi.org/10.1111/ctr.12220
https://doi.org/10.1093/ndt/gfy365
https://doi.org/10.1681/asn.2011060546
https://doi.org/10.1046/j.1600-6143.2004.00604.x
https://doi.org/10.1046/j.1600-6143.2004.00604.x
https://doi.org/10.1016/j.tibs.2015.11.012


8

Vol:.(1234567890)

Scientific Reports |          (2023) 13:861  | https://doi.org/10.1038/s41598-023-28125-x

www.nature.com/scientificreports/

	22.	 Cairo, G., Bernuzzi, F. & Recalcati, S. A precious metal: Iron, an essential nutrient for all cells. Genes Nutr. 1, 25–39. https://​doi.​
org/​10.​1007/​bf028​29934 (2006).

	23.	 Zhang, C. Essential functions of iron-requiring proteins in DNA replication, repair and cell cycle control. Protein Cell 5, 750–760. 
https://​doi.​org/​10.​1007/​s13238-​014-​0083-7 (2014).

	24.	 Beard, J. L. Iron biology in immune function, muscle metabolism and neuronal functioning. J. Nutr. 131, 568S-579S. https://​doi.​
org/​10.​1093/​jn/​131.2.​568S (2001) (Discussion 580S).

	25.	 Slotki, I. & Cabantchik, Z. I. The labile side of iron supplementation in CKD. J. Am. Soc. Nephrol. 26, 2612–2619. https://​doi.​org/​
10.​1681/​asn.​20150​10052 (2015).

	26.	 Swaminathan, S. Iron, hormesis, and protection in acute kidney injury. Kidney Int. 90, 16–17. https://​doi.​org/​10.​1016/j.​kint.​2016.​
02.​035 (2016).

	27.	 Cabantchik, Z. I., Breuer, W., Zanninelli, G. & Cianciulli, P. LPI-labile plasma iron in iron overload. Best Pract. Res. Clin. Haematol. 
18, 277–287. https://​doi.​org/​10.​1016/j.​beha.​2004.​10.​003 (2005).

	28.	 Vinchi, F. et al. Atherosclerosis is aggravated by iron overload and ameliorated by dietary and pharmacological iron restriction. 
Eur. Heart J. 41, 2681–2695. https://​doi.​org/​10.​1093/​eurhe​artj/​ehz112 (2019).

	29.	 Fernández-Ruiz, M. et al. Association between baseline serum hepcidin levels and infection in kidney transplant recipients: 
Potential role for iron overload. Transpl. Infect. Dis. 20, 12807. https://​doi.​org/​10.​1111/​tid.​12807 (2018).

	30.	 Wen, C. P. et al. High serum iron is associated with increased cancer risk. Cancer Res. 74, 6589–6597. https://​doi.​org/​10.​1158/​
0008-​5472.​Can-​14-​0360 (2014).

	31.	 Vinke, J. S. J., Francke, M. I., Eisenga, M. F., Hesselink, D. A. & de Borst, M. H. Iron deficiency after kidney transplantation. Nephrol. 
Dial. Transplant. 36, 1976–1985. https://​doi.​org/​10.​1093/​ndt/​gfaa1​23 (2021).

	32.	 Ward, R. J. et al. Iron and the immune system. J. Neural Transm. 118, 315–328. https://​doi.​org/​10.​1007/​s00702-​010-​0479-3 (2011).
	33.	 Sukhbaatar, N. & Weichhart, T. Iron regulation: Macrophages in control. Pharmaceuticals https://​doi.​org/​10.​3390/​ph110​40137 

(2018).
	34.	 Ganz, T. Macrophages and systemic iron homeostasis. J. Innate Immun. 4, 446–453. https://​doi.​org/​10.​1159/​00033​6423 (2012).
	35.	 Xia, Y. et al. Ironing out the details: How iron orchestrates macrophage polarization. Front. Immunol. 12, 669566. https://​doi.​org/​

10.​3389/​fimmu.​2021.​669566 (2021).
	36.	 Corna, G. et al. Polarization dictates iron handling by inflammatory and alternatively activated macrophages. Haematologica 95, 

1814–1822. https://​doi.​org/​10.​3324/​haema​tol.​2010.​023879 (2010).
	37.	 Cherayil, B. J. Iron and immunity: Immunological consequences of iron deficiency and overload. Arch. Immunol. Ther. Exp. 58, 

407–415. https://​doi.​org/​10.​1007/​s00005-​010-​0095-9 (2010).
	38.	 Ni, S., Yuan, Y., Kuang, Y. & Li, X. Iron metabolism and immune regulation. Front. Immunol. 13, 816282. https://​doi.​org/​10.​3389/​

fimmu.​2022.​816282 (2022).
	39.	 Jabara, H. H. et al. A missense mutation in TFRC, encoding transferrin receptor 1, causes combined immunodeficiency. Nat. 

Genet. 48, 74–78. https://​doi.​org/​10.​1038/​ng.​3465 (2016).
	40.	 Resch, T. et al. Disturbances in iron homeostasis result in accelerated rejection after experimental heart transplantation. J. Heart 

Lung. Transplant. 36, 732–743. https://​doi.​org/​10.​1016/j.​healun.​2017.​03.​004 (2017).
	41.	 Naito, Y. et al. Association between renal iron accumulation and renal interstitial fibrosis in a rat model of chronic kidney disease. 

Hypertens. Res. 38, 463–470. https://​doi.​org/​10.​1038/​hr.​2015.​14 (2015).
	42.	 Ikeda, Y. et al. Dietary iron restriction alleviates renal tubulointerstitial injury induced by protein overload in mice. Sci. Rep. 7, 

10621. https://​doi.​org/​10.​1038/​s41598-​017-​11089-0 (2017).
	43.	 Vaugier, C. et al. Serum iron protects from renal postischemic injury. J. Am. Soc. Nephrol. 28, 3605–3615. https://​doi.​org/​10.​1681/​

asn.​20160​80926 (2017).
	44.	 Stack, A. G. et al. Transferrin saturation ratio and risk of total and cardiovascular mortality in the general population. QJM Int. J. 

Med. 107, 623–633. https://​doi.​org/​10.​1093/​qjmed/​hcu045 (2014).
	45.	 Mainous, A. G. 3rd., Gill, J. M. & Carek, P. J. Elevated serum transferrin saturation and mortality. Ann. Fam. Med. 2, 133–138. 

https://​doi.​org/​10.​1370/​afm.​25 (2004).
	46.	 Pietrangelo, A. Haemochromatosis. Gut 52, 23–30. https://​doi.​org/​10.​1136/​gut.​52.​suppl_2.​ii23 (2003).
	47.	 Coyne, D. Iron indices: What do they really mean?. Kidney Int. Suppl. 69, S4-8. https://​doi.​org/​10.​1038/​sj.​ki.​50004​04 (2006).
	48.	 Eschbach, J. W. & Adamson, J. W. Iron overload in renal failure patients: Changes since the introduction of erythropoietin therapy. 

Kidney Int. Suppl. 69, S35-43. https://​doi.​org/​10.​1046/j.​1523-​1755.​1999.​055su​ppl.​69035.x (1999).
	49.	 Rostoker, G. et al. Hemodialysis-associated hemosiderosis in the era of erythropoiesis-stimulating agents: A MRI study. Am. J. 

Med. 125, 991-999.e991. https://​doi.​org/​10.​1016/j.​amjmed.​2012.​01.​015 (2012).
	50.	 Bilar, J. M. et al. Iron overload in renal transplant patients: The role of hepcidin and erythropoietin. Transplant. Proc. 52, 169–174. 

https://​doi.​org/​10.​1016/j.​trans​proce​ed.​2019.​10.​020 (2020).
	51.	 Bragadesh, T. & Bhandari, S. Deferiprone, iron overload in a renal transplant patient. QJM 107, 465–466. https://​doi.​org/​10.​1093/​

qjmed/​hct254 (2014).
	52.	 Upadhyay, B., Green, S. D., Khanal, N. & Antony, A. C. Clinical conundrum: Managing iron overload after renal transplantation. 

BMJ Case Rep 14, 239568. https://​doi.​org/​10.​1136/​bcr-​2020-​239568 (2021).
	53.	 Zakrocka, I., Baranowicz-Gąszczyk, I. & Załuska, W. Haemochromatosis in a kidney transplant recipient: A case report. BMC 

Nephrol. 22, 201. https://​doi.​org/​10.​1186/​s12882-​021-​02416-9 (2021).
	54.	 Yang, J. et al. KNOW-KT (KoreaN cohort study for outcome in patients with kidney transplantation: a 9-year longitudinal cohort 

study): Study rationale and methodology. BMC Nephrol. 15, 77. https://​doi.​org/​10.​1186/​1471-​2369-​15-​77 (2014).
	55.	 Welch, M. J. et al. Determination of serum creatinine by isotope dilution mass spectrometry as a candidate definitive method. 

Anal. Chem. 58, 1681–1685. https://​doi.​org/​10.​1021/​ac001​21a018 (1986).
	56.	 Levey, A. S. et al. Using standardized serum creatinine values in the modification of diet in renal disease study equation for esti-

mating glomerular filtration rate. Ann. Intern. Med. 145, 247–254. https://​doi.​org/​10.​7326/​0003-​4819-​145-4-​20060​8150-​00004 
(2006).

Acknowledgements
The authors thank the study investigators and coordinators of centers participating in the KNOW-KT study 
group.

Author contributions
Research idea and study design: H.J.K., R.H. and J.Y.; Data acquisition: K.P.K., J.-H.R., M.-G.K., K.H.H., J.B.P., 
C.-D.K., and S.H.; Data analysis/interpretation: H.J.K. and H.W.K.; Statistical analysis: H.J.K., R.H., and H.W.K.; 
Supervision or mentorship: B.S.K. and J.Y. All authors read the draft and approved the final version of the 
manuscript.

https://doi.org/10.1007/bf02829934
https://doi.org/10.1007/bf02829934
https://doi.org/10.1007/s13238-014-0083-7
https://doi.org/10.1093/jn/131.2.568S
https://doi.org/10.1093/jn/131.2.568S
https://doi.org/10.1681/asn.2015010052
https://doi.org/10.1681/asn.2015010052
https://doi.org/10.1016/j.kint.2016.02.035
https://doi.org/10.1016/j.kint.2016.02.035
https://doi.org/10.1016/j.beha.2004.10.003
https://doi.org/10.1093/eurheartj/ehz112
https://doi.org/10.1111/tid.12807
https://doi.org/10.1158/0008-5472.Can-14-0360
https://doi.org/10.1158/0008-5472.Can-14-0360
https://doi.org/10.1093/ndt/gfaa123
https://doi.org/10.1007/s00702-010-0479-3
https://doi.org/10.3390/ph11040137
https://doi.org/10.1159/000336423
https://doi.org/10.3389/fimmu.2021.669566
https://doi.org/10.3389/fimmu.2021.669566
https://doi.org/10.3324/haematol.2010.023879
https://doi.org/10.1007/s00005-010-0095-9
https://doi.org/10.3389/fimmu.2022.816282
https://doi.org/10.3389/fimmu.2022.816282
https://doi.org/10.1038/ng.3465
https://doi.org/10.1016/j.healun.2017.03.004
https://doi.org/10.1038/hr.2015.14
https://doi.org/10.1038/s41598-017-11089-0
https://doi.org/10.1681/asn.2016080926
https://doi.org/10.1681/asn.2016080926
https://doi.org/10.1093/qjmed/hcu045
https://doi.org/10.1370/afm.25
https://doi.org/10.1136/gut.52.suppl_2.ii23
https://doi.org/10.1038/sj.ki.5000404
https://doi.org/10.1046/j.1523-1755.1999.055suppl.69035.x
https://doi.org/10.1016/j.amjmed.2012.01.015
https://doi.org/10.1016/j.transproceed.2019.10.020
https://doi.org/10.1093/qjmed/hct254
https://doi.org/10.1093/qjmed/hct254
https://doi.org/10.1136/bcr-2020-239568
https://doi.org/10.1186/s12882-021-02416-9
https://doi.org/10.1186/1471-2369-15-77
https://doi.org/10.1021/ac00121a018
https://doi.org/10.7326/0003-4819-145-4-200608150-00004


9

Vol.:(0123456789)

Scientific Reports |          (2023) 13:861  | https://doi.org/10.1038/s41598-023-28125-x

www.nature.com/scientificreports/

Funding
This work was supported by the Research Program funded by the Korea Centers for Disease Control and Preven-
tion (2012E3301100, 2013E3301600, 2013E3301601, 2013E3301602, 2016E3300200).

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​023-​28125-x.

Correspondence and requests for materials should be addressed to J.Y.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

https://doi.org/10.1038/s41598-023-28125-x
https://doi.org/10.1038/s41598-023-28125-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Impact of iron status on kidney outcomes in kidney transplant recipients
	Results
	Baseline characteristics of study population according to iron status. 
	Temporal changes in iron status and anemia after kidney transplantation. 
	Outcome event rates according to iron status. 
	Association between iron parameters and primary outcomes. 
	Association between iron parameters and secondary outcomes. 

	Discussion
	Methods
	Study participants. 
	Data collection and measurements. 
	Main predictors. 
	Study outcomes. 
	Statistical analyses. 

	References
	Acknowledgements


