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Abstract In renal transplant recipients (RTR), we recently
found that low urinary excretion of homoarginine (hArg)
is associated with mortality and graft failure. However, it
is not known whether such prospective associations also
hold true for plasma concentrations of hArg. In the pre-
sent study, we therefore determined plasma concentra-
tions of hArg in the same cohort, i.e. in 687 RTR (func-
tioning graft >1 year), and in 140 healthy donors, before
and after kidney donation. Plasma hArg concentrations
were significantly lower in RTR compared to healthy
controls [1.24 (0.95-1.63) uM vs. 1.58 (1.31-2.03) uM,
P < 0.001], and kidney donation resulted in a decrease
in plasma hArg concentration to 1.41 (1.10-1.81) uM
(P < 0.001). In RTR, multivariable linear regression anal-
ysis revealed BMI (8 = 0.124), heart rate (8 = —0.091),
pre-emptive transplantation (8 = 0.078), antidiabetic
medication (8 = —0.091), eGFR (8 = 0.272), plasma
PTH (B = —0.098), uric acid (8 = 0.137), alkaline phos-
phatase (8 = —0.100), HDL (8 = —0.111), NT-pro-BNP
(B = —0.166), and urinary urea excretion (8 = 0.139) as
main determinants of plasma hArg (all P < 0.05). In RTR,
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plasma hArg concentration was inversely associated with
all-cause [hazard ratio (HR) 0.59 (95% CI 0.50-0.70),
P < 0.001] and cardiovascular mortality [HR 0.50 (0.39—
0.66), P < 0.001], both expressed per standard deviation
change in log-transformed hArg, independent of potential
confounders. To conclude, our results suggest that the kid-
ney is a major hArg production site and an important mod-
ulator of hArg homeostasis in the renal and cardiovascu-
lar systems. Moreover, low plasma hArg is independently
associated with increased risk of cardiovascular mortality
in RTR, which corroborates the cardiovascular importance
of preserving kidney function after transplantation.

Keywords Cardiovascular risk - Transplantation - Graft
survival - Kidney

Abbreviations

ADMA Asymmetric dimethylarginine

AGAT L-Arginine:L-glycine amidinotransferase

BSA Body surface area

BMI Body mass index

CI Confidence interval

eGFR Estimated glomerular filtration rate

GATM Glycine amidinotransferase

hArg Homoarginine

HR Hazard ratio

IQR Interquartile range

KTx Kidney transplantation

NO Nitric oxide

NOS Nitric oxide synthase

NT-pro-BNP  N-terminal pro-hormone of brain natriuretic
peptide

PTH Parathyroid hormone

QC Quality control

RTR Renal transplant recipients
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Introduction

Homoarginine (hArg) is the non-proteinogenic methylene
homologue of the amino acid arginine (Arg). While Arg
is well known to play multiple physiological roles (Wu
et al. 2009), our understanding of the biological signifi-
cance of hArg is limited. Most recently, hArg has aroused
the interest of scientists from different disciplines (Tsikas
and Wu 2015). Similar to arginine albeit at lower con-
centrations, hArg circulates in blood and is excreted in
the urine (Bernstein et al. 2015; Kayacelebi et al. 2014a,
b; Marescau et al. 1997). In patients with impaired renal
function, low circulating hArg concentrations emerged
as a cardiovascular risk factor (Tomaschitz et al. 2014).
Conversely, higher urinary hArg excretion is associated
with lower rates of all-cause mortality and graft failure
in renal transplant recipients (RTR) (Frenay et al. 2015a).

Both Arg and hArg are substrates for nitric oxide
synthase (NOS) (Hecker et al. 1991; Moali et al. 1998;
Bretscher et al. 2003; Alesutan et al. 2016), a family of
isoenzymes generating nitric oxide (NO). NO exerts a
multitude of biological activities including blood vessel
dilatation and is of particular importance for the kidney
and in the cardiovascular system (Moncada and Higgs
1993; Passauer et al. 2005; Zoccali 2006; O’Connor and
Cowley 2010).

In consideration of the potential significance of cir-
culating hArg in the renal and cardiovascular systems in
general and in renal transplantation in particular, delinea-
tion of its origin and mechanism(s) of action would seem
to be important for the health and wellbeing of transplant
recipients. In previous studies, we found that RTR have
lower hArg excretion rates than healthy controls (Frenay
et al. 2015a). RTR patients also have higher concentra-
tions of asymmetric dimethylarginine (ADMA) in blood
than healthy controls (Frenay et al. 2015b), which is an
important endogenous inhibitor of NOS activity (Tsikas
et al. 2000). In the present study, we evaluated a possible
role of circulating hArg in mortality outcome after kid-
ney transplantation (KTx). In addition, plasma hArg con-
centrations were compared before and after donation of a
kidney by a healthy subject.

Methods
Design and study population
This is a cross-sectional and longitudinal analysis of

a single-center RTR cohort that has been previously
described in detail (van den Berg et al. 2012a, 2014;
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Frenay et al. 2015a, b). A total of 707 RTR (KTx group)
signed informed consent and participated in the present
study. All transplantations were conducted at the Univer-
sity Medical Center Groningen (UMCG). Twenty RTR
had missing biological samples, resulting in 687 RTR
eligible for analysis of hArg in plasma samples. We also
collected plasma samples from 140 healthy kidney donors
before (DB group) and after (DA group) kidney donation.
The Institutional Review Board approved the study proto-
col (METc 2008/186) in adherence to the Declaration of
Helsinki. Baseline examination of a participant was per-
formed between November 2008 and March 2011. The
primary outcome measures of the study were all-cause
mortality, death-censored graft failure and cardiovascular
mortality. The latter was defined as death due to cerebro-
vascular disease, ischemic heart disease, heart failure, or
sudden cardiac death, whereas graft failure was defined
as necessity for return to dialysis or re-transplantation.
Participants were followed up until the end of May 2013.

All RTR and healthy donors visited the out-patient
clinic in the morning, after an overnight fast. A strict pro-
tocol (van den Berg et al. 2012b) was followed to measure
both blood pressure (mmHg) and heart rate using a semi-
automatic device (Dinamap® 1846, Critikon, Tampa, FL,
USA). Clinical and biochemical analyses were performed
by validated routine laboratory methods (Frenay et al.
2015a, b). eGFR was calculated using the CKD Epide-
miology Collaboration (CKD-EPI) equation (Levey et al.
2009). Participants registered their dietary intake using a
validated semi-quantitative FFQ as described elsewhere
(van den Berg et al. 2013). Dietary data were converted
into daily nutrient intake using the Dutch Food Composi-
tion Table of 2006 (The Hague 2006). All information on
participants’ medical history, medication use and health
status was obtained from patient records. Relevant trans-
plant information was extracted from the UMCG renal
transplant database. Information on smoking behavior
was obtained by using a questionnaire, with classification
as current, former or never smokers.

Measurement of plasma hArg

We measured the concentration of hArg in plasma sam-
ples collected during a previous study (Frenay et al.
2015a, b) of a large cohort of stable RTR and healthy
donors before and after kidney donation. The concentra-
tion of hArg and Arg was determined in 10-yL aliquots
of plasma ultrafiltrates by gas chromatography-mass
spectrometry (GC-MS) as described elsewhere (Kay-
acelebi et al. 2014b). Plasma samples were analyzed in
batches of 10, along with quality control (QC) samples
analyzed in duplicate. A plasma sample of a healthy
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volunteer served as QC sample. QC1 samples were ana-
lyzed without addition of synthetic hArg. QC2 samples
were spiked with 2 uM hArg. Considering the data from
the ten runs, the hArg concentration in the QC1 and QC2
samples was determined to be (mean &+ SD) 1.79 + 0.06
and 3.75 £ 0.13 uM, respectively. The mean imprecision
(relative standard deviation; RSD, %) was 3.4% (range
0-7.6%) in the QC1 samples and 3.5% (range 0-4.9%)
in the QC2 samples. The concentration of 2 pM hArg
added to the QC2 samples was determined with a mean
accuracy (recovery, %) of 98% (range 87-108%). These
QC data support the validity of the hArg concentrations
measured in the plasma samples of RTR and donors.

Statistical analyses

Statistical analyses were performed using SPSS 22.0 (SPSS
Inc., Chicago, IL, USA) and GraphPad Prism version 5.00
for Windows (GraphPad Software, San Diego, CA, USA).
Data are presented as mean + SD or median [interquar-
tile range (IQR)]. The distribution of all parameters was
assessed by inspecting histograms and probability plots.
Skewed data were normalized by logarithmic transforma-
tion, where appropriate.

Possible baseline differences between tertiles of plasma
hArg in our RTR population were tested by using ANOVA
for normally distributed, the Kruskal-Wallis test for non-
normally distributed, and the Chi-square test for nominal
data. Baseline associations with plasma hArg concentra-
tion and other parameters were explored by means of linear
regression analysis. Possible crude associations of plasma
hArg concentration with mortality and death-censored
graft failure were investigated by Kaplan—Meier analyses,
accompanied by log-rank tests. Changes in plasma hArg
concentration in donors before and after donation were
compared by paired ¢ test. Plasma hArg concentrations in
RTR and donors were compared by unpaired #-test.

Cox regression analysis was conducted for all-cause
mortality and graft failure, and models were constructed
with inclusion of all parameters that were significantly
associated with plasma hArg concentration in multi-
variable analysis (P < 0.05) analogous to the previously
reported analysis for urinary hArg (Frenay et al. 2015b).
These parameters were divided into two groups, i.e.,
one group for potential determinants and another group
for potential effectors of plasma hArg. First, crude Cox
analysis was performed (model 1), followed by adjust-
ment for pre-emptive KTx, age and gender (model 2) and
eGFR (model 3). Additionally, potential determinants of
plasma hArg were added [BMI, heart rate, antidiabetic
medication, alkaline phosphatase, and urea excretion
(model 4). In the final model, parameters that were asso-
ciated with plasma hArg, but were more likely to be in

the causal pathway of plasma hArg rather than determine
hArg, were added (model 5: HDL cholesterol, parathy-
roid hormone (PTH), uric acid, and NT-pro-BNP].
Finally, hazard ratio (HR) values are presented per
standard deviation change of log-transformed plasma hArg
concentration. Within all statistical analyses, a two-sided P
value less than 0.05 was considered statistically significant.

Results
Cohort characteristics

The baseline RTR characteristics are summarized in
Table 1. Plasma hArg concentration was 1.31 (1.06—
1.75) uM in the male (57%) and 1.14 (0.91-1.52) uM
in the female RTR. In the entire KTx cohort analyzed,
plasma hArg concentration was 1.24 (0.95-1.63) uM. In
the healthy donors, plasma hArg concentration was 1.58
(1.3-2.03) uM before and 1.41 (1.10-1.81) uM after kidney
donation (P = 0.004). Plasma hArg concentration differed
between RTR and healthy donors before (P < 0.0001) and
after (P = 0.006) kidney donation.

In the tertiles as well as in the whole cohort, plasma
hArg concentration was by a constant factor of about 1.15
higher in males compared to females. The highest plasma
hArg concentrations were measured in the younger RTR
who also had higher BMI and BSA values. PTH and
hsCRP were lowest in the highest plasma hArg tertile.
Urea and NT-pro-BNP were lowest in the highest plasma
hArg tertile, whereas uric acid and urea excretion were
highest in the highest plasma hArg tertile. With respect
to renal function, serum creatinine and albuminuria were
lowest in the highest plasma hArg tertile, while eGFR was
highest.

RTR had a significantly higher systolic and diastolic
blood pressure compared to controls. eGFR was signifi-
cantly lower in RTR compared to controls. Urinary albumin
excretion was significantly higher in RTR than in controls.
NT-pro-BNP, HbA |, triglycerides and hsCRP were all sig-
nificantly higher in RTR compared to healthy controls. In
the RTR cohort, we tested associations of plasma hArg con-
centrations with different clinical parameters by univariable
and multivariable regression analyses. The results of these
analyses are summarized in Table 2. BMI (8 = 0.124),
heart rate (8 = —0.091), pre-emptive KTx (8 = 0.078),
antidiabetic medication (8 = —0.091), eGFR (8 = 0.272),
plasma PTH (8 = —0.098), uric acid (8 = 0.137), alkaline
phosphatase (8 = —0.100), HDL (8 = —0.111), NT-pro-
BNP (8 = 0.166), and urinary urea excretion (8 = 0.139),
showed the strongest independent associations with plasma
hArg concentration (all P < 0.05).
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Table 1 Baseline characteristics of renal transplant recipients presented as tertiles of plasma homoarginine (hArg) concentration

Overall Tertile 1 Tertile 2 Tertile 3 P value
(n = 687) (n=228) (n=1231) (n=1228)

Plasma hArg (uM)

Men 1.31 [1.06-1.75] 0.94 [0.78-1.06] 1.31[1.22-1.42] 1.93 [1.75-2.21]

Women 1.14 [0.91-1.52] 0.81 [0.65-0.91] 1.14 [1.05-1.25] 1.68 [1.52-1.99]
Demographics
Age (years) 53.0+12.8 55.6+£11.9 53.5+129 498 £12.8 <0.001
BMI (kg/m?) 26.7+ 4.8 25.8+4.9 26.9 +4.8 27.1+44 0.007
BSA (m?) 1.94 £0.22 1.91£0.22 1.95 £0.22 1.97 £0.21 0.01
Smokers, n (%) 0.76

Never 269 (42) 82 (39) 90 (41) 97 (45)

Past 294 (46) 97 (46) 104 (47) 93 (43)

Current 83 (13) 30 (14) 27 (12) 26 (12)
Heart rate (bpm) 69.7 £ 12.0 704 £12.3 67.8 £12.0 68.0£11.6 0.05
SBP (mmHg) 136 + 17 138 + 18 136 + 17 135+ 17 0.14
DBP (mmHg) 83+ 11 83+ 11 82+ 11 83+ 11 0.43
Antihypertensives, n (%) 606 (88) 202 (89) 200 (87) 204 (90) 0.62
Dialysis vintage, months 24 [10-47] 27 [15-55] 21 [8-44] 23 [9-49] 0.02
Transplant vintage, years 5.5[1.9-12.1] 5.1[1.6-13.6] 5.2 [1.8-12.0] 6.1 [2.5-11.1] 0.91
Deceased donor, n (%) 446 (66) 173 (77) 136 (60) 137 (61) <0.001
Pre-emptive Rtx, n (%) 112 (16) 21 (9) 41 (18) 50 (22) 0.001
HLA mismatches, n 2 [1-3] 2 [1-3] 2 [1-3] 2 [1-3] 0.49
Age donor (years) 427 £ 155 4354+ 155 43.1£159 414 +£152 0.33
Acute rejection, n (%) 182 (27) 67 (29) 63 (27) 52 (23) 0.26
Glucose homeostasis
Diabetes, n (%) 166 (24) 64 (28) 57 (25) 45 (20) 0.11
Glucose (mM) 5.2 [4.8-6.0] 5.4[4.8-6.2] 5.2 [4.8-6.0] 5.2[4.7-5.8] 0.07
HbA, (%) 6.0+0.8 6.0+0.8 6.0+0.9 59+0.8 0.43
Antidiabetic medication, n (%) 108 (16) 43 (19) 41 (18) 24(11) 0.03
Inflammation
hsCRP (mg/L) 1.6 [0.7-4.6] 2.1[0.9-6.4] 1.6 [0.74.1] 1.3 [0.7-3.5] 0.003
Leucocytes (10%/L) 7.8 [6.3-9.6] 7.5[6.1-9.8] 7.9 [6.3-9.5] 7.8 [6.6-9.4] 0.84
Serum albumin (g/L) 43.0£3.0 424 +£32 429+3.0 43.6 £2.6 <0.001
Cardiovascular and endocrinology
Total cholesterol (mM) 5.0 [4.4-5.8] 4.9 [4.3-5.9] 5.1[4.3-5.8] 5.1[4.4-5.7] 0.73
HDL-cholesterol (mM) 1.3 [1.1-1.6] 1.3 [1.1-1.6] 1.3[1.1-1.7] 1.3[1.1-1.6] 0.80
LDL-cholesterol (mM) 2.9[2.3-3.5] 2.8[2.2-3.5] 2.8 [2.3-3.5] 3.0 [2.5-3.6] 0.11
Triglycerides (mM) 1.68 [1.25-2.31] 1.67 [1.23-2.39] 1.67 [1.29-2.38] 1.69 [1.21-2.24] 0.74
Statins, n (%) 361 (53) 120 (53) 124 (54) 117 (52) 0.37
Hemoglobin (mM) 82+ 1.1 79+ 1.1 82+1.0 85+ 1.0 <0.001
Corrected calcium (mM) 240 £ 0.15 240+£0.16 241+0.14 240+£0.15 0.69
Phosphate (mM) 0.97 £0.22 0.98 £ 0.22 0.97 £0.22 0.94 £+ 0.20 0.15
Magnesium (mM) 0.95 +0.12 0.95+0.12 0.96 + 0.12 0.95+0.13 0.80
PTH (pM) 9.0 [5.9-14.7] 11.0 [7.0-18.3] 8.4 [5.5-14.0] 8.3 [5.2-12.5] <0.001
Venous pH 7.37 £0.04 7.36 £ 0.04 7.37 £0.04 7.37 £0.04 <0.001
Venous HCO3; (mM) 24.6 £3.1 23.8+3.3 25.0+ 3.0 25.0+ 2.8 <0.001
Uric acid (mM) 0.43 £0.11 0.45+£0.12 043 £0.11 042 £0.11 0.10
Urea (mM) 9.6 [7.2-13.4] 10.8 [7.4-16.2] 9.3 [7.4-12.6] 8.6 [6.8-11.3] <0.001
Nt-pro-BNP (ng/L) 249 [107-629] 396 [161-920] 260 [120-653] 144 [62-355] <0.001
Uric acid excretion (mmol/24 h) 2.58 +£0.98 229 +0.94 2.53+0.88 291 £1.01 <0.001
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Table 1 continued

Overall Tertile 1 Tertile 2 Tertile 3 P value

(n = 687) (n =228) (n=231) (n =228)
Urea excretion (mmol/24 h) 388 + 114 363 + 120 382 +99 419 £ 116 <0.001
Vitamin K antagonists, n (%) 77 (11) 29 (13) 32 (14) 16 (7) 0.05
Renal function
Serum creatinine (uUM) 125 [99-163] 140 [103-183] 125 [102-164] 115 [97-141] <0.001
¢GFR (mL/min/1.73 m?)?* 449 + 18.8 38.8 +18.4 442 +16.9 51.9 +£18.7 <0.001
Albuminuria (mg/24 h) 39 [11-176] 58 [12-241] 43 [13-227] 26 [8-116] 0.006
Liver parameters
LDH (U/L) 198 [170-232] 201 [172-237] 198 [167-232] 194 [170-226] 0.38
Alkaline phosphatase (U/L) 67 [54-83] 69 [57-93] 66 [54-83] 66 [50-78] 0.02
Dietary supplementation
Calcium, n (%) 147 (21) 52 (33) 55 (24) 40 (18) 0.21
Vitamin D, n (%) 168 (25) 51(22) 62 (27) 55 (24) 0.53
Immunosuppression
CNI, n (%) 392 (57) 128 (56) 138 (60) 126 (55) 0.59
Proliferation inhibitor, n (%) 573 (83) 187 (82) 192 (83) 194 (85) 0.67
Prednisolone (mg/d) 10 [7.5-10] 10 [7.5-10] 10 [7.5-10] 10 [7.5-10] 0.56
Sirolimus, n (%) 13 (2) 2(1) 73) 4(2) 0.23

Bold indicates statistical significance (P value <0.05)

Data are presented as mean £+ SD, median (IQR) or percentage for normally distributed, non-normally distributed and categorical variables,

respectively. P values for differences were assessed with one-way ANOVA, Kruskal-Wallis or y? test, as appropriate
Male gender, n (%): total cohort = 401 (57%), tertile 1 = 130 (57%), tertile 2 = 131 (57%), tertile 3 = 130 (57%)
# Estimated by the CKD-EPI equation that takes into account creatinine and cystatin C

Association of plasma hArg with mortality and graft
failure

During a median follow-up period of 5.3 (4.5-6.0) years,
146 (21%) RTR died in total, of whom 58 (8%) were due
to a cardiovascular cause. In the highest gender-stratified
tertile of plasma hArg concentration 23 out of 228 patients
(10%) died, in the middle tertile 52 out of 231 (23%)
patients died, and in the lowest tertile 71 out of 228 (31%)
patients died (log-rank test, P < 0.001, Fig. la). Corre-
sponding frequencies for cardiovascular mortality were 10
(4%), 14 (6%), and 34 (15%) for the highest, middle, and
lowest tertile (Fig. 1b). In total, 81 out of 687 (12%) RTR
developed graft failure. In the highest plasma hArg tertile,
the lowest frequency of graft failure was observed, i.e., 12
out of 228 (5%) RTR suffered from graft failure, while an
intermediate risk of developing graft failure was observed
in the middle tertile of plasma hArg, with 31 out of 231
(13%) RTR developing graft failure, and 38 out of 228
(17%) patients developing graft failure in the lowest tertile
of plasma hArg (log-rank test, P < 0.001, Fig. 1c).

Cox regression analyses for the associations with all-
cause and cardiovascular mortality, and graft failure

are shown in Table 3. The crude Cox regression analysis
(model 1) demonstrates that higher levels of plasma hArg
are significantly associated with a lower risk of all-cause
mortality (HR 0.59; 95% CI 0.50-0.70), P < 0.001). This
significant association remained present after adjustment
for age, gender, and pre-emptive KTx (model 2; HR 0.63;
95% CI 0.53-0.76, P < 0.001), as well as for eGFR (model
3; HR 0.72; 95% CI 0.60-0.86, P < 0.001). Upon additional
consideration of BMI, heart rate, antidiabetic medication,
alkaline phosphatase, and urea excretion, higher plasma
hArg remained significantly associated with lower mortal-
ity (model 4; HR 0.78; 95% CI 0.64-0.95, P = 0.01). In the
final model, after additionally adjusting for potential con-
sequences of plasma hArg, i.e. HDL cholesterol, PTH, uric
acid, and NT-pro-BNP, plasma hArg remained significantly
associated with all-cause mortality (model 5; HR 0.75; 95%
CI 0.62-0.93, P = 0.008). Analyses with cardiovascular
mortality as end-point revealed lower point estimates, i.e.
0.50 (0.39-0.66) for the crude and 0.54 (0.38-0.75) for the
fully adjusted association, compared to all-cause mortality.

Further, Cox regression analyses revealed that higher
plasma hArg concentration is associated with a decreased
risk of graft failure (crude model; HR 0.59; 95% CI
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Table 2 Associations of plasma homoarginine with clinical param-
eters in the renal transplant recipients

Plasma homoarginine

Univariable Multivariable

St. Beta P value St.Beta P value

Demographics

Age (years) —0.184 <0.001

Male gender, n (%) —0.175 <0.001

BMI (kg/m?) 0.110  0.005  0.124  0.001

Current smokers, n (%) —0.061 0.15

Current diabetes, n (%) —-0.076  0.05

BSA (m?) 0.176 <0.001

SBP (mmHg) —0.047 0.22

DBP (mmHg) 0.054 0.16

Heart rate (bpm) —0.119 0.002 -0.091 0.01

Renal transplantation

Transplant vintage (years) 0.035 0.37

Living donor, n (%) 0.119  0.002

Pre-emptive KTx, n (%) 0.110 0.004 0.078  0.03

HLA mismatches, n 0.003 0.90

Age donor (years) —0.066  0.09

Acute rejection, n (%) —0.044 0.25

Laboratory measurements

Hemoglobin (mM) 0.259 <0.001

HbA, ., (%) —-0.011 0.78

Antidiabetic medication, n (%) —0.106  0.006 —0.091  0.02

eGFR, CKD-EPI (mL/ 0.319 <0.001 0.272 <0.001
min/1.73 m?)

Corrected calcium (mM) —0.024 0.53

Phosphate (mM) —0.093  0.02

Magnesium (mM) 0.006 0.89

PTH (pM) —0.163 <0.001 -0.098 0.01

Venous pH —0.137 <0.001

Venous HCO3 (mM) 0.128  0.001

Uric acid (mM) —0.073  0.06 0.137  0.002

hsCRP (mg/L) —0.108  0.005

Albumin (g/L) 0.154 <0.001

Alkaline phosphatase (U/L) —-0.115  0.003 —0.100  0.009

Total cholesterol (mM) —0.016 0.68

HDL cholesterol (mM) —0.087 0.02 —0.111  0.004

LDL cholesterol (mM) 0.048 0.21

Triglycerides (mM) 0.006 0.86

NT-pro-BNP (ng/L) —0.332 <0.001 -0.166 <0.001

Albuminuria (mg/24 h) —0.087  0.02

Uric acid (mmol/24 h) 0.342 <0.001

Urea excretion (mmol/24 h) 0.266 <0.001 0.139 <0.001

Medication

Anti-hypertensives, n (%) 0.009 0.81

Statins, n (%) —0.017 0.66

Calcium supplements, 1 (%) —0.043 0.26
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Table 2 continued

Plasma homoarginine

Univariable Multivariable

St. Beta P value St.Beta P value

Vitamin D supplements, n (%) —0.008 0.84
Vitamin K antagonists, 1 (%) —0.060 0.12
Prednisolone (mg/day) —-0.033  0.39
Calcineurin inhibitors, n (%) —0.004 092
Proliferation inhibitor, 7 (%) 0.023  0.55
Sirolimus, n (%) 0.031 043

Bold indicates statistical significance (P value <0.05)

BMI body mass index, BSA body surface area, eGFR estimated glo-
merular filtration rate, HbAIc glycated haemoglobin, HCO3 bicarbo-
nate, HDL high-density lipoprotein, HLA human leukocyte antigen,
hsCRP high-sensitivity C-reactive protein, K7x kidney transplanta-
tion, LDL low-density lipoprotein, PTH parathyroid hormone.

0.48-0.74, P < 0.001, Table 3). This association remained
statistically significant after adjusting for age, gender, and
pre-emptive KTx (model 2; HR 0.56; 95% CI 0.37-0.70,
P < 0.001). Upon additional consideration of eGFR, the
association of plasma hArg with graft survival lost signifi-
cance (model 3; HR 0.82; 95% CI 0.65-1.03, P = 0.09).

In view of a potential interplay between hArg and PTH
(Tomaschitz et al. 2015), we also looked for an interac-
tion between plasma hArg and PTH levels for predict-
ing mortality risk and risk of graft failure. We found no
significant effect modification by PTH in the association
for mortality (P interaction = 0.15) or graft failure (P
interaction = 0.49).

Discussion
Clinical aspects

The most important finding of the present study is that high
plasma hArg concentrations are associated with reduced
all-cause and cardiovascular mortality in stable RTR.
These associations remained present after adjustment for
potential confounders and for factors that could share the
causal pathway of plasma hArg. Another important find-
ing of the study is that donation of one kidney by a healthy
subject results in a modest decrease in plasma hArg con-
centration. The findings of the present study would seem
to provide a reasonable explanation for why low circulat-
ing and low urinary hArg concentrations are crucial risk
factors for renal, cardiovascular and cerebrovascular dis-
eases and mortality (Atzler et al. 2013, 2014; Drechsler
et al. 2011, 2013; Frenay et al. 2015a; Kayacelebi et al.
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Fig. 1 Kaplan—Meier plots of the crude associations of plasma hArg
with a all-cause mortality, b cardiovascular mortality, and ¢ graft fail-
ure (log-rank tests P < 0.001) in renal transplant recipients

2014a; Mirz et al. 2010; Pilz et al. 2011a, b, 2014, 2015;
Haghikia et al. 2017).

Mean circulating hArg levels were found to be 1.5 uM
in females and 2 pM in males in 33 healthy adults
(Marescau et al. 1997). In 19 healthy subjects, we meas-
ured mean circulating hArg concentrations of 1.87 uM
(Kayacelebi et al. 2014b). The plasma hArg levels meas-
ured in the healthy donors of the present study prior to
kidney donation (median, 1.58 uM) are within reported
intervals. After donation of a kidney, observed plasma
hArg concentrations (median, 1.41 pM) are still within
normal intervals, yet they are by about 11% lower than

those measured in the same donors prior to the kidney
donation. In the RTR, the plasma hArg concentration
(median, 1.24 uM) was even by about 22% lower com-
pared to healthy donors. Plasma hArg concentrations
measured in our 687 RTR were considerably lower than
those reported for 8§29 RTR in another study (Drechsler
et al. 2015).

In patients with CKD, plasma levels of hArg are gen-
erally lower compared to those in healthy subjects and
dependent on the degree of kidney failure, especially in
patients with progressing CKD. It has been suggested that
low circulating levels of hArg may be useful in the pre-
diction of disease progression (Drechsler et al. 2013). In
dialysis patients, lower plasma hArg levels were found to
be associated with a significantly higher risk of dying com-
pared to those patients with higher plasma hArg levels (Pilz
et al. 2014). This group has also reported that serum hArg
concentration is inversely associated with NT-pro-BNP
levels in patients at cardiovascular risk with preserved left
ventricular ejection fraction (Pilz et al. 2011a). This obser-
vation is supported by our results indicating an inverse
association in the univariable analysis between plasma
hArg and serum NT-pro-BNP concentrations in RTR.
Moreover, in our RTR we found that plasma hArg concen-
tration is inversely associated with serum hsCRP concen-
tration, in agreement with the finding of RTR patients of
another study (Drechsler et al. 2015).

Low serum hArg concentrations were found to be related
to decreased eGFR, adverse cardiovascular events and
death due to heart failure in a large cohort of patients with
normal or slightly decreased eGFR who were hospitalized
to undergo coronary angiography (Tomaschitz et al. 2014).
These associations were more pronounced in patients with
low serum hArg levels and an eGFR below 60 mL/min per
1.73 m? Additionally, a significant association between
low circulating levels of hArg and sudden cardiac death
or death due to cardiac failure was found in patients on
hemodialysis (Atzler et al. 2013). Similar associations were
also found in patients with CKD (Ravani et al. 2013), with
plasma hArg predicting the risk of progression to dialysis
and death in CKD. Circulating hArg concentrations were
also positively related to eGFR, independent of other rel-
evant risk factors (Ravani et al. 2013). This relationship is
strongly supported by our study and another recent study
on RTR patients with anthropometric and clinical charac-
teristics comparable to our RTR patients (Drechsler et al.
2015).

hArg has been associated with energy metabolism (Wyss
and Kaddurah-Daouk 2000; Kleber et al. 2013). In our
study, we found that plasma hArg concentrations are posi-
tively associated with serum albumin concentration, BSA
and urea excretion. All these parameters are involved in
protein balance and nutritional status (Kopple et al. 2000)
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Table 3 Associations of plasma

o X All-cause mortality Cardiovascular mortality Graft failure

homoarginine with all-cause

mortality, cardiovascular HR (95% CI) P HR (95% CI) P HR (95% CI) P

mortality, and graft failure in

renal transplant recipients Model 1 0.59 (0.50-0.70) <0.001 0.50 (0.39-0.66) <0.001 0.59 (0.47-0.74) <0.001
Model 2 0.63 (0.53-0.76) <0.001 0.51 (0.38-0.68) <0.001 0.56 (0.37-0.70) <0.001
Model 3 0.72 (0.60-0.86) <0.001 0.58 (0.40-0.67) <0.001 0.82 (0.65-1.03) 0.09
Model 4 0.78 (0.64-0.95) 0.01 0.56 (0.41-0.78) 0.001 0.82 (0.64-1.06) 0.13
Model 5 0.75 (0.62-0.93) 0.008 0.54 (0.38-0.75) <0.001 0.79 (0.61-1.03) 0.08

Model 1: crude

Model 2: adjusted for age, gender, and pre-emptive KTx
Model 3: model 2, additionally adjusted for eGFR
Model 4: model 3, additionally adjusted for BMI, heart rate, antidiabetic medication, alkaline phosphatase,

and urea excretion

Model 5: model 4, additionally adjusted for HDL cholesterol, PTH, uric acid, and NT-pro-BNP

and are important determinants of cardiovascular morbidity
and mortality in pre- and post-renal transplantation (Rett-
kowski et al. 2007; Molnar et al. 2011).

A limitation of the present and other observational stud-
ies is that no conclusions can be drawn with respect to
causal relationships of the detected associations. Further
potential study limitations are that our cohort is single-cen-
tered and most participants were Caucasian, and the num-
ber of incident cases is relatively low for the adjustments
made in the Cox models. Therefore, extrapolation of our
findings to the general population is limited. On the other
hand, appreciable strengths of our study are the long fol-
low-up time and the large cohort size, as well as the com-
prehensive registration of the participants and no loss to
follow-up. All these issues contribute to the robustness of
our clinical results.

Biochemical aspects

We (Frenay et al. 2015a; Kayacelebi et al. 2014a; present
study) and others (Atzler et al. 2013, 2014; Drechsler
et al. 2011, 2013, 2015; Mirz et al. 2010; Pilz et al.
2011a, b, 2014, 2015) found that low circulating and
low urinary hArg concentrations are crucial risk factors
for renal and cardiovascular diseases and mortality in
adults. These observations are generally attributed to a
diminished NO synthesis due to a relative deficit of hArg.
Yet, while hArg is an alternative NOS substrate (Hecker
et al. 1991) a recent study demonstrated that hArg can
also attenuate the activity of recombinant NOS iso-
forms, most likely by competing with Arg (Alesutan et al.
2016). Because circulating hArg concentrations are up to
40-fold lower compared to those of Arg (Tsikas and Wu
2015), it is unlikely that hArg has a major impact on NO
synthesis in humans (Atzler et al. 2016). NO is a potent
vasodilatator and protects against cardiovascular disease
(Xia and Vanhoutte 2011; Jones and Bolli 2006), while
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impaired NO synthesis leads to endothelial and myocar-
dial dysfunction (Takahashi and Harris 2014; Yang and
Ming 2006). Circulating hArg was found to be inversely
correlated with markers of impaired endothelial function
(Pilz et al. 2014). Yet, again, there is no strong evidence
that the beneficial effects of hArg are indeed due to NO
formation from hArg. In addition, the proposed prooxida-
tive effects of hArg (Wyse et al. 2001; Sasso et al. 2015)
are doubtful to be of relevance for physiological hArg
concentrations (Hanff et al. 2016). Thus, hArg is unlikely
to diminish NO bioavailability through elevation of oxi-
dative stress. These considerations strongly suggest that
the emergence of impaired hArg synthesis as a risk fac-
tor in the renal and cardiovascular systems is unrelated to
NO and based on another mechanism yet to be unveiled.
Whether the recently discovered anti-atherosclerotic
effects whereby hArg augments phosphate-induced
osteo-/chondrogenic transformation of vascular smooth
muscle cells (Alesutan et al. 2016) are of any relevance in
this context remains to be investigated.

A genome-wide association study identified three
genes which are involvement in the regulation of circulat-
ing hArg concentration (Kleber et al. 2013). In this study,
the strongest association was observed for variants in the
glycine amidinotransferase gene. This finding is of par-
ticular interest because L-arginine:L-glycine amidinotrans-
ferase (AGAT), also known as glycine amidinotransferase
(GATM), is the enzyme that catalyzes the synthesis of hArg
and guanidinoacetate from Arg (Tsikas and Wu 2015), and
plays a major role in the energy metabolism in mitochon-
dria. Thus, the protective effects exerted by hArg are more
likely to be linked to energy metabolism rather than to NO
synthesis (Kleber et al. 2013).

In conclusion, we here demonstrated that high
plasma hArg concentrations are independently associ-
ated with reduced all-cause and cardiovascular mortal-
ity in stable renal transplant recipients. High plasma hArg
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concentrations are also associated with improved renal
function. The kidney is an important source of hArg and the
latter, therefore, of particular importance in RTR. Preserva-
tion of kidney function in RTR patients is crucial to pre-
serve cardiovascular function. The molecular mechanism(s)
by which hArg exerts its beneficial effects in the renal and
cardiovascular systems remain to be explored.
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