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Abstract

Previous studies have suggested that kidney donors may have abnormalities of mineral and bone
metabolism typically seen in chronic kidney disease. This may have important implications for the
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skeletal health of living kidney donors and for our understanding of the pathogenesis of long term
mineral and bone disorders in chronic kidney disease. In this prospective study, 182 of 203 kidney
donors and 173 of 201 paired normal controls had markers of mineral and bone metabolism
measured before and at 6 and 36 months after donation (ALTOLD Study). Donors had
significantly higher serum concentrations of intact parathyroid hormone (24.6% and 19.5%) and
fibroblast growth factor-23 (9.5% and 8.4%) at 6 and 36 months, respectively, as compared to
healthy controls, and significantly reduced tubular phosphate reabsorption (-=7.0% and -5.0%) and
serum phosphate concentrations (—6.4% and —2.3%). Serum 1,25-dihydroxyvitamin D3
concentrations were significantly lower (-17.1% and -12.6%), while 25-hydroxyvitamin D
(21.4% and 19.4%,) concentrations were significantly higher in donors compared to controls.
Moreover, significantly higher concentrations of the bone resorption markers, carboxyterminal
cross-linking telopeptide of bone collagen (30.1% and 13.8%) and aminoterminal cross-linking
telopeptide of bone collagen (14.2% and 13.0%), and the bone formation markers, osteocalcin
(26.3% and 2.7%), and procollagen type | N-terminal propetide (24.3% and 8.9%) were observed
in donors. Thus, kidney donation alters serum markers of bone metabolism that could reflect
impaired bone health. Additional long term studies that include assessment of skeletal architecture
and integrity are warranted in kidney donors.

Keywords
FGF23; hyperparathyroidism; parathyroid hormone; mineral metabolism

INTRODUCTION

There are compelling reasons to understand the short- and long-term effects of kidney
donation on donors.k: 2 First, it is important to know the adverse consequences of donation
to appropriately inform potential donors of inherent risks of donation. Second, kidney
donation is an opportunity to better understand the physiological effects of mild reductions
in kidney function without the confounding effects of underlying kidney disease.

Whether kidney donors with a glomerular filtration rate less than 60 mL/min/1.73m? should
be classified as having chronic kidney disease (CKD) as suggested in current guidelines is
controversial.3 4 One reason to classify someone as having CKD is to alert individuals and
caregivers to possible preventable or treatable complications. Individuals with CKD
typically have abnormalities of calcium and phosphorus regulation. Previous studies have
reported that kidney donors have increased concentrations of serum parathyroid hormone
(PTH) and fibroblast growth factor-23 (FGF23).6-14 Studies report that donors have reduced
serum concentrations of 1,25-dihydroxyvitamin D3 (1,25(0H),D3, calcitriol).”-11: 13 Most
studies, however, have been small, with short-term follow-up. Only one study has been
prospective and controlled, and only 1-year follow-up has been reported.1 None of these
studies has reported a comprehensive assessment of mineral metabolism.

To examine the possible health-related consequences of kidney donation we conducted a
prospective, controlled study of living kidney donors and paired normal controls (“Assessing
Long Term Outcomes in Living Kidney Donors (ALTOLD)”.15: 16 \We previously reported
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that for up to 3 years after donation, serum PTH concentrations were elevated in donors
compared to pre-donation values and compared to controls.1® Because of these observations,
and previous reports of elevated PTH and FGF23 concentrations among donors, we
measured serum concentrations of intact PTH, intact FGF23, 25-hydroxyvitamin D,
1,25(0OH),D3, the tubular reabsorption of calcium and phosphorus, and markers of bone
resorption and formation in donors and controls. The results show that 3 years after kidney
donation, donors have increased PTH, FGF23 and reduced 1,25(OH),D3 concentrations, and
concomitant increases in serum markers of bone resorption, which if persistent could place
donors at risk of increased bone loss in future years.

PARTICIPANT CHARACTERISTICS

Donors and controls were similar at baseline (Table 1). Donors were more likely to have a
blood relationship to the transplant recipient than were controls. The numbers of participants
taking an oral vitamin D and/or a calcium supplement were similar in controls and donors.
There were no differences in body weight or body mass index. The participants differed
from living donors in the USA in some important ways: compared to all living donors in the
US, study participants were less likely to be male, more likely to be white, and more likely
to be younger in age.1®

Glomerular filtration rate declined as expected after donation, but increased slightly among
donors and declined slightly in controls between visits at 6 and 36 months after donation
(Table 2). Serum albumin concentration appeared to decline slightly over time, but was not
different in donors versus controls. C-reactive protein, urine protein and urine albumin
concentrations were similar in donors and controls and changed little before and after
donation.

PARATHYROID HORMONE, FIBROBLAST GROWTH FACTOR-23 AND FRACTIONAL
REABSORPTION OF PHOSPHATE

At 6 and 36 months serum PTH concentrations had increased in donors compared to
controls (Fig. 1, Table 3). Serum FGF23 concentrations were also higher in donors than
controls at 6 and 36 months. Increases in serum PTH and FGF23 were associated with a
reduction in the tubular reabsorption of phosphate in the donor group, but not in the control
group. The serum phosphate concentration was lower in donors than controls at 6 months
but not different at 36 months. Serum calcium and fractional tubular resorption of calcium
were not affected by kidney donation (Table 3).

VITAMIN D, CALCIUM AND FRACTIONAL EXCRETION OF CALCIUM

Serum 1,25(OH),D3 concentrations were similar in donors and controls before kidney
donation, but at 6 and 36 months 1,25(OH),D3 concentrations were lower in donors
compared to controls (Fig. 1, Table 3). Serum 25(OH)D concentrations were similar in
donors and controls before kidney donation (Table 3). In the donor group, by 6 and 36
months, 25(OH)D concentrations had increased, while 25(OH)D concentrations remained
unchanged in controls.
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MARKERS OF BONE METABOLISM

We measured markers of bone resorption and bone formation in donors and controls prior to
and at 6 and 36 months following kidney donation. Bone resorption was assessed by
measuring serum NTX, CTX and TRAP 5b, while bone formation was assessed measuring
OC, BAP, and P1NP. Serum NTX and CTX were increased in donors compared to controls
at both 6 and 36 months (Fig. 2, Table 3). TRAP 5b concentrations did not change in donors
or controls. OC concentrations were higher in donors than controls at 6 and 36 months
(Table 3), while PLNP concentration was higher at 6 months but not different at 36 months
(Table 3). BAP concentrations were higher in donors than controls at 6 and 36 months, but
BAP concentrations were also higher in donors than controls at baseline (Fig. 2, Table 3).
Altogether the findings are consistent with increased bone turnover in donors compared to
controls.

DISCUSSION

The principal findings of the current study at 3 years after kidney donation, are that donors
show: 1) increased serum PTH and FGF23 concentrations; 2) increased fractional excretion
of phosphate; 3) decreased serum 1,25(0OH),D3 and increased serum 25(OH)D
concentrations; 4) no changes in serum calcium concentrations and the fractional excretion
of calcium; and 5) an increase in bone turnover, manifest as an increase in bone resorption
(NTX and CTX are increased), and an increase in bone formation (OC, BAP and P1NP are
increased). The sequence of events leading to an increase in markers of bone turnover in
kidney donors includes a reduction in GFR, associated reduction in the synthesis of
1,25(0OH),D3 (due to reduced renal mass and elevated FGF23 concentrations), and resultant
secondary hyperparathyroidism.

The current study is the largest prospective study that compares kidney donors to a similar
control group not undergoing surgery and selected before donation. We found 9 studies,6-14
not including the current study5: 16 reporting possible mineral and bone disorders in kidney
donors (Table S1). Of the previous 9 studies, 5 were prospective, comparing changes before
and after donation but did not include normal controls.®: 7- 10. 12, 13 Three others were
retrospective, cross-sectional studies,8 9 11 and 1 of these studies included non-donor
controls.11 Only 1 of the 9 studies was both prospective and controlled.14 There is
considerable heterogeneity in the results of these studies. Some differences may be
attributable to study design, particularly with differences in sample size (most being small)
and duration of follow-up (most being short). Differences in the results could also reflect
differences in assays.

We previously reported that serum phosphate concentration was decreased at 6 and 36
months after donation compared to controls.18 Despite reduced levels of serum phosphate,
tubular resorption of phosphate declined (Table 3), indicating that renal phosphate excretion
was the likely cause, or at least a contributing factor to the lower serum phosphate
concentrations. Although 3 studies reported no change in serum phosphate

concentrations,5: 10: 14 3 others reported a decline in phosphate after kidney donation.’- 11,13
All studies that measured tubular resorption of phosphate reported a decline after
donation.6-8. 10, 11, 13 Both PTH and FGF23 are known to be phosphaturic.17-19 Therefore,
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it is not surprising that both of these hormones were increased in donors compared to
controls at 6 and 36 months after donation (Fig. 1, Table 3). Some,” 11.13. 14 pyt not all
studies, 10 also reported that PTH concentrations increased after kidney donation. FGF23
was reportedly increased after kidney donation in 5 studies that measured it.10-14 Altogether,
these results suggest that for at least 3 years after donation serum PTH and FGF23 are
increased, possibly explaining why fractional excretion of phosphate is increased.

The presence of elevated serum FGF23 concentrations despite the presence of
hypophosphatemia suggests the presence of autonomous (i.e. not responsive to changes in
phosphate concentrations) synthesis of FGF23 in bone osteocytes?%: 21 and supports the
notion that bone metabolism is altered in subjects following kidney donation. Elevated PTH
concentrations occurring as a result of reduced 1,25(0OH),D3 synthesis and attendant
negative calcium balance could serve as the driver of altered bone metabolism and osteocyte
activity following kidney donation. It is not known if alterations in the Klotho concentrations
contribute to the hypophosphatemia seen following kidney donation22.

We found that serum 1,25(0OH),D3 was decreased at 6 and 36 months after donation (Fig. 1,
Table 3). Similarly, others have reported reduced levels of 1,25(OH),D3 in kidney

donors,” 9-11. 13 while results for 25(OH)D have been equivocal.” 11. 13 We found that
25(0OH)D3 and total 25(OH)D were unequivocally increased after donation (Table 3). These
results are consistent with there being inadequate conversion of 25(0OH)Ds3 to 1,25(0OH),D3
due to the reduction in kidney mass after organ donation, and that this effect persists for at
least 3 years after donation. Nevertheless, as previously reported,’: 8. 10. 11,13 \ye found
serum calcium to be unchanged after donation, despite the reduced levels of 1,25(0OH),Ds.

There have been few attempts to measure markers of bone metabolism in kidney donors.
Ponte, et al., measured 2 markers of bone formation (BAP and PANP) and 1 marker of bone
resorption (CTX) in 27 kidney donors before donation, and at 6 months and 1 year after
donation.13 They found that that BAP was increased at 6 months but not at 1 year compared
to pre-donation, and P1NP was unchanged at 6 months and 1 year. Bone resorption
measured by serum CTX determinations declined at 1 year compared to pre-donation.13
These results differ from those of the current study. In our study we found definitive
evidence for an increase in bone resorption. Indeed, 2 of 3 markers of bone resorption (NTX
and CTX) were increased. We also found that 2 markers of bone formation were increased
(serum OC and P1NP). These findings suggest that bone turnover may be increased
following kidney donation.

It is possible that the differences between donors and controls in MBD biomarkers seen in
the current study simply reflect reduced renal clearance of the molecules and have no long
term consequence to the donors. Indeed, the extent to which increases in biomarkers in
donors compared to controls are due to differences in production, non-renal elimination or
renal elimination is unclear. A very recent study examined single-pass renal clearance of
PTH, FGF23, and vitamin D metabolites among 17 individuals from the general population
undergoing heart catheterization23. The investigators found 44.2% + 10.3% renal extraction
of parathyroid hormone, which was greater than the extraction of creatinine (22.1% + 7.9%).
The renal extraction of FGF23 was 17.1% =+ 19.5%. There were no differences in
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concentrations of vitamin D metabolites across the renal vein and artery; However, given the
much longer plasma half-lives of vitamin D metabolites, the lack of large gradients across
the renal artery and vein does not rule out slow renal clearance. We are not aware of other
studies that have examined the renal clearance of MBD biomarkers in humans. A study in
sheep found that plasma clearance of osteocalcin was reduced by unilateral nephrectomy?4.
Renal clearance of osteocalcin was 50-91% of plasma osteocalcin clearance, and the authors
concluded that the kidney is the major site of osteocalcin clearance, although extra-renal
sites made a significant contribution. We were unable to find studies directly measuring the
renal clearance of the other MBD biomarkers that were examined in the present study. Not
knowing the mechanisms for differences in plasma levels of MBD biomarkers between
donors and controls does not diminish the potential for these differences to cause or
contribute to bone disease. Nevertheless, additional studies into mechanisms causing acute
and chronic changes in MBD biomarker concentrations after unilateral nephrectomy would
be helpful.

The results of this study should be interpreted with caution. Although many studies have
shown that MBD biomarkers correlate with bone mineral content and bone histology,
evidence that these biomarkers correlate with fracture risk and outcomes in clinical trials of
osteoporosis is weak.2> Thus, despite the findings in this study, it is not clear whether any of
the reported abnormalities in mineral bone disorder biomarkers cause adverse outcomes of
interest to living kidney donors. In a study of 2015 kidney donors in Canada, Garg, et al.,
failed to find an increased number of fractures compared to normal individuals in the general
population.2® Similarly, although PTH, FGF23 and other MBD biomarkers have been found
to be independent risk factors for cardiovascular disease in the general population and in
patients with CKD,27-31 it is unclear whether kidney donation causes an increase in
cardiovascular disease events or other adverse outcomes.32: 33

In summary, the results of this study provide the best evidence to date that mild reductions in
kidney function in otherwise normal individuals may cause abnormalities in mineral
metabolism. It is unequivocal that kidney donation causes increases in PTH, FGF23 and
tubular excretion of phosphate. It is also clear that 1,25(OH),D3 declines even as 25(0OH)D3
and total 25(OH)D increase. These changes are also associated with changes in markers of
bone metabolism. Additional studies, including studies of bone mineralization and bone
metabolism over longer periods of time are warranted.

METHODS
INSTITUTIONAL APPROVALS

This study was approved by the institutional review boards at the participating sites,
including the University of Minnesota, Minneapolis, MN (number 0503M67993); Hennepin
County Medical Center, Minneapolis, MN; Mayo Clinic, Rochester, MN; Ohio State
University, Columbus, OH; University of Maryland, Baltimore, MD; Johns Hopkins
University, Baltimore, MD; University of lowa, lowa City, IA; and University of California
at San Francisco, San Francisco, CA. Because this was an observational study and not a
clinical trial, it was not registered in a clinical trials registry.

Kidney Int. Author manuscript; available in PMC 2017 October 01.
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STUDY DESIGN AND POPULATION SAMPLE

Details of the study design have previously been reported.15: 16 Consecutive kidney donors
at each study site were asked to participate prior to donation. For donors that consented to
participate, a control was found that would have been a suitable donor at the same site as the
donor. When more than one potential control was available, preference was given to age and
sex to match the donor as closely as possible; 182 of 203 (89.7%) original donors and 173 of
201 (86.1%) original controls completed the 36 month follow-up visits.16

LABORATORY MEASUREMENTS

Serum and morning urine creatinine, phosphate and calcium were measured at the
University of Minnesota Advanced Research and Diagnostic Laboratory.> 16 Tubular
resorption of phosphate was calculated as 100 x (1 — (urine phosphate x serum creaKnine/
urine creaKnine x serum phosphate). Tubular resorption of calcium was similarly calculated.

Assays performed at the Mayo Clinic, Mayo Medical Laboratories, Immunochemical Core
Laboratory or laboratory of one of the authors (RK) included:

Aminoterminal cross-linking telopeptide of bone type I collagen (NTX) is
measured in serum by a quantitative competitive-inhibition enzyme-linked
immunosorbent assay (Osteomark; Ostex International, Seattle, WA). Intra-
assay coefficients of variation (CVs) are 6.9% and 2.5% at 7.5 and 30.2 nmol
BCE/L, respectively. Inter-assay CVs are 17% and 7.1% at 7.2 and 26.5 nmol
BCEI/L, respectively.

Carboxyterminal cross-linking telopetide of bone type I collagen (CTX) is
measured by a 2-site immunenzymatic sandwich assay on the Roche Cobas
e411 (Roche Diagnostics, Indianapolis, IN). Intra-assay CVs are 7.8%, 2.7%,
3.2% and 1.9% at 0.046, 0.292, 0.709 and 2.94 ng/mL, respectively. Inter-assay
CVsare 7.7 %, 8.5% and 7.8% at 0.291, 0.679 and 2.77 ng/mL, respectively.

Osteocalcin (OC) is measured by a 2-site immunenzymatic sandwich assay on
the Roche Cobas e411 (Roche Diagnostics, Indianapolis, IN). Intra-assay CV’s
are 2.8%, 1.3%, 1.2%, and 1.7% at 1.62, 14.5, 83.4 and 178 ng/mL
respectively. Inter-assay CVs are 2.6%, 3.2% and 3.9% at 15.8, 87.2 and 186
ng/mL, respectively.

Bone alkaline phosphatase (BAP) is measured using an immunoassay from
Metra Biosystems (Mountain View, CA). A monoclonal antibody captures
bone alkaline phosphatase onto a solid-phase to measure its enzymatic activity.
The assay has 3-8% cross-reactivity with liver alkaline phosphatase. Intra-
assay CVs are 9.9% at 18 U/L and 8.3 % at 64 U/L.

Procollagen type I N terminal propetide (P1NP) is measured by a double
antibody radioimmunoassay (Orion Diagnostica, Espoo, Finland). Intra-assay
CVs are 2.3% at 44.5 pg/L and 12.7% at 103 pg/L. Inter-assay CVs are 3.8% at
28.0 pg/L and 9.2% at 165 pg/L.
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1,25-Dihydroxyvitamin D3 (1,25(OH),D3) testing is performed by an immuno-
extraction and liquid chromatography-tandem mass spectrometry method. The
1-25-dihydroxyvitamin D3 intra-assay imprecision is 6.9% at levels of 45 and
307 pg/ml (n=20). The 1-25-dihydroxyvitamin D inter-assay imprecision is
12% and 7% at 82 and 207 pg/ml respectively (n=20). Linearity and recovery
is within 95-105%.

25-Hydroxyvitamin D5 (25(0OH)D5) is measured by liquid chromatography-
tandem mass spectrometry. Intra-assay CVs are 4.4%, 3.3%, and 4.2% at 14,
41, and 124 ng/mL, respectively. Interassay CVs are 6.1%, 6.2%, and 4.7% at
15, 43, and 128 ng/mL, respectively.

25-Hydroxyvitamin D3 (25(OH)D3) is measured by liquid chromatography-
tandem mass spectrometry. Intra-assay CVs are 3.8%, 2.4%, and 4.7% at 25,
54, and 140 ng/mL, respectively. Inter-assay CVs are 6.4%, 6.8%, and 5.0% at
24,52, and 140 ng/mL, respectively.

25-Hydroxyvitamin D is the sum of 25(OH)D, and 25(0OH)Ds3.

Parathyroid hormone (PTH) is measured using a two-site chemiluminescent
immunometric assay on Roche Cobas (Roche Diagnostics, Indianapolis, IN).
Intra-assay CV’s are 5.3%, 2.2%, 2.3% at 18, 199.6 and 614.25 pg/mL,
respectively.

Tartrate-resistant acid phosphatase 5b (TRAP 5b) is measured in serum by the
BoneTRAP® immunoassay (Immunodiagnostic Systems PLC, Boldon, UK).
Intra-assay CVs are 6.0% and 6.6% at 3.0 and 7.1 U/L, respectively. Inter-
assay CVs are 5.8% and 7.2% at 3.3 and 16.1 U/L, respectively.

Fibroblast Growth Factor 23 (FGF23) is measured in serum by the fibroblast
growth factor 23 ELISA Kit (Kainos Laboratories, Inc., Tokyo, Japan). Intra-
assay CVs are 9.7% and 5.3% at 23 and 550 ng/L, respectively. Inter-assay
CVs are 14.0% and 7.0% at 17 and 672 ng/L, respectively.

STATISTICAL ANALYSIS

Differences between donors and controls at baseline were assessed by chi-square
(categorical data) and t-tests (parametric data). Differences between groups and among visits
were assessed using analysis of variance with repeated measures (generalized linear mixed-
effects models). This analysis assessed the independent effects of donors versus controls,
visits at baseline, 6 month and 36 months. Results were considered statistically significant
for P<0.05, although consideration should be given to the fact that P-value was not adjusted
for multiple comparisons. Variables that were not normally distributed were logarithmically
transformed before analysis. Differences in categorical variables between groups and among
visits were assessed with Chi-Square. All analyses were carried out with SAS® 9.2 for the
personal computer (SAS® Institute Inc., Cary, NC). Data were analyzed by authors BLK
and JJS.
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C. 1,25-Dihydroxyvitamin D; (Calcitriol)
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Figure 1.
Differences between donors and controls, before and after donation, in concentrations of

serum parathyroid hormone (Panel A), fibroblast growth factor-23 (Panel B), and 1,25-
dihydroxyvitamin D3 (Panel C). Gray solid lines are means and gray dashed lines are 95%
confidence intervals for controls. Black solid lines are means and black dashed lines are 95%
confidence intervals for controls. P-values compare donors with controls. The times of study
visits are indicated on the x-axis by squares. The numbers of samples assayed and the values
at each time point are indicated in Table 3.
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B. Carboxyterminal Cross-Linking Telopeptide of Bone Type | Collagen
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D. Bone Alkaline Phosphatase
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Figure 2.
Differences between donors and controls, before and after donation, in concentrations of

serum aminoterminal cross-linking telopeptide of bone collagen (Panel A), carboxyterminal
cross-linking telopetide of bone collagen (Panel B), osteocalcin (Panel C), and bone alkaline
phosphatase (Panel D). Gray solid lines are means and gray dashed lines are 95% confidence
intervals for controls. Black solid lines are means and black dashed lines are 95% confidence
intervals for controls. P-values compare donors with controls. The times of study visits are
indicated on the x-axis by squares. The numbers of samples assayed and the values at each
time point are indicated in Table 3.

Kidney Int. Author manuscript; available in PMC 2017 October 01.

36

P =0.0105



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Kasiske et al.

Participant characteristics.Z

Table 1

Characteristic Controls (N=173) Donors (N=182) P-Value
Male sex 60/173 (34.7%)  62/182 (34.1%) 0.91
Non-white ethnicity 8/173 (4.6%) 11/182 (6.0%) 0.64
Blood relative of the transplant recipient 40/173 (23.1%) 98/182 (54.1%) <0.001
Vitamin D supplement used before donation 6/173 (3.5%) 7/182 (3.9%) 0.85
Vitamin D supplement used at 6 months after donation 8/170 (4.7%) 7/180 (3.9%) 0.71
Vitamin D supplement used at 36 months after donation 26/173 (15.0%) 17/182 (9.3%) 0.11
Calcium supplement used at before donation 14/173 (8.1%) 6/182 (3.3%) 0.05
Calcium supplement used at 6 months after donation 15/170 (8.9%) 8/180 (4.5%) 0.10
Calcium supplement used at 36 months after donation 21/173 (12.1%) 16/182 (8.8%) 0.30
Age at baseline before donation (years) 43.4 (41.5-45.2)  43.6 (42.0-45.3) 0.84
Body mass index at baseline before donation (kg/m?) 26.7 (26.0-27.5)  26.6 (26.0-27.2) 0.81

Page 18

1 . . . X
Values are numbers (and % in parentheses) of controls or donors with the characteristic, or means (and 95% Confidence Intervals) for age and

body mass index.
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