








(Tyr/Phe, Ser/Gly, and Arg/citrulline [Cit]), the presence of
urea cycle dysfunctions (ornithine [Orn]/Arg and Cit/Orn)
(Supplemental Figure 2), the importance of the kynurenine
pathway (OH-Kyn/Trp), and the relative presence of ADMA
(Arg/ADMA and ADMA/SDMA). Patients from different
CKD groups showed no differences in Ala/BCAA, Val/Gly,
and Ser/Gly (P.0.05), whereas other plasma ratios were
significantly associated with CKD stage (P# 0.01) (Table 5)
and showed monotonic variations along the course of the
disease (Figure 2). The ratios of EAA/NEAA, Tyr/Phe,
Arg/Cit, and Arg/ADMA were lower in more severe CKD
stages, whereas Orn/Arg, Cit/Orn, ADMA/SDMA, and
OH-Kyn/Trp were higher (Figure 2).
Clinical Features. A reduction in Arg/ADMAwas found

in patients with a greater degree of inflammation, malnutri-
tion, or proteinuria (all P# 0.001) (Supplemental Figure 1B).
Those patients with worse nutritional states or proteinuria
also had lower Arg/Cit and higher OH-Kyn/Trp (both
P,0.001). Finally, ADMA/SDMA was increased in patients
with malnutrition (P,0.001). In multivariate models, none of
these ratios were associated with albuminemia, CRP, or pro-
teinuria (Table 4). Instead, these ratios as well as EAA/
NEAA and Cit/Orn were significantly associated with
eGFR. Finally, Val/Gly was independently associated with
eGFR, serum bicarbonate, and body weight.

Urine AAs and Amines
CKD2–3 Versus CKD4–5. Total urinary AA excretion

was not associated with CKD stage (Table 3). Urinary ex-
cretions of Pro and Cit were higher in CKD4–5 compared
with CKD2–3 (both P,0.001), whereas urinary excretion
of ADMA was lower (P,0.001). There were significant
correlations between eGFR and urinary excretion of Cit,
ADMA, and Pro (r =20.74, 0.65, and 20.68, respectively,
all P,0.001) (Figure 1).

Clinical Features. Total urinary AA excretion indepen-
dently decreased with age (P=0.03) and increased with
proteinuria (P=0.01) (Supplemental Table 1). Urinary ex-
cretion of EAA also decreased with age (P=0.05) but was
not associated with proteinuria (Table 4). There were sig-
nificant correlations between proteinuria and urinary ex-
cretion of 12 AAs (r =0.74–0.29 for proline, citrulline,
asparagine, valine, alanine, threonine, lysine, phenylalanine,
methionine, serine, tyrosine, and tryptophan; P,0.05). In
multivariate analyses, urinary excretions of proline and cit-
rulline were independently associated with eGFR and pro-
teinuria (Table 4). Valine excretion was associated with both
proteinuria and decreasing sodium levels. Lysine excretion
was consistently increased in patients with lower serum al-
bumin levels (Supplemental Figure 1B, Table 4). Multivariate
regressions additionally showed that it was lower in patients
with higher CRP levels (Table 4).

Discussion
In this study, we have shown that CKD defined by eGFR

and clinical features accompanying the disease was asso-
ciated with alterations in plasma and urinary AA and amine
profiles. Applying a metabolomic approach, we simulta-
neously measured targeted compounds with high selectivity
and sensitivity (9) and obtained a clear idea of patients’ met-
abolic states. We showed that plasma AA alterations ap-
peared early in CKD and were more frequent and more
pronounced in advanced stages. In HD patients, we ob-
served significant alterations in plasma levels of many com-
pounds, including serine, aspartic acid, valine, leucine,
lysine, threonine, tyrosine, and SDMA, which had been
shown to differ from healthy controls (2,3,6,10,11), but we
did not find them to be correlated with eGFR in the non-
dialyzed patients. Despite having no dietary protein

Figure 1. | Plasma concentration (in micromoles per liter) and urinary excretion (in micromoles per mole urinary creatinine) of amino acids
and amines significantly associatedwith estimatedGFR (eGFR;milliliters perminute per 1.73m2).ADMA, asymmetric dimethylarginine; Cit,
citrulline; OH-Kyn, hydroxykynurenine; Pro, proline; Trp, tryptophan.
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restriction, HD patients had lower concentrations of AA and
EAA and a lower nutritional state. After dialysis, losses of
AAs in the dialysate have been reported to be as high as
6–8 g, and plasma AA levels have been reported to be re-
duced by 20%–40% (12). As a consequence, results obtained
in HD could not be clearly associated with reaching the
ultimate stage of the disease.
Limiting the analysis to non-HD patients and studying

eGFR as a continuous variable, we observed significant
associations between CKD severity and plasma or urinary
AA and amine profiles. Previous studies performed in pa-
tients with CKD stages 3–5 showed that reducing kidney
function was associated with increasing plasma concentra-
tions of citrulline (2,10,13). Citrulline is mainly produced in
the liver through the urea cycle and is further catabolized

into arginine in renal cells (Supplemental Figure 2). In the
present study, we observed that the increase in plasma
citrulline concentrations occurred when eGFR reached val-
ues below 45 ml/min per 1.73 m2. In addition, the relative
presence of arginine compared with citrulline (Arg/Cit)
was progressively lower in more advanced CKD stages,
suggesting a lower activity of argininosuccinate synthase
(Enzyme Commission [EC] number 6.3.4.5) and/or argini-
nosuccinate lyase (EC4.3.2.1). In an animal model, CKD
induced a reduction in the renal uptake of citrulline in the
abundance of these enzymes (14). We also found that re-
duced kidney function was associated with a greater urinary
citrulline excretion, confirming that increased citrullinemia
was not related to retention but rather, had a metabolic or-
igin. A causal relationship between renal loss and altered

Table 4. Multivariate regressions on plasma concentrations (micromoles per liter), plasma ratios (no unit), and urinary excretion
(micromoles per mole creatinine) of amino acids and amines in nondialyzed CKD patients

Dependent Variables Explanatory
Variable

Change for 1
Unit Increase

95% Confidence
Interval P Value Model

P Value

Plasma concentration
Citrulline log(eGFR) 227.2 242.4 to 212.1 0.001 0.002

Diabetes (yes) 16.8 3.1 to 30.4 0.02
Phenylalanine HCO3

2 22.0 23.7 to 20.2 0.03 0.01
log(CRP) 6.1 0.5 to 11.6 0.04
Weight 0.32 0.03 to 0.61 0.04

Tryptophan eGFR 0.31 0.04 to 0.58 0.03 0.02
ADMA log(eGFR) 20.47 20.69 to 20.24 ,0.001 ,0.001

Na1 0.05 0.01 to 0.09 0.03
Hydroxykynurenine log(eGFR) 21.7 22.3 to 21.2 ,0.001 ,0.001

Na1 0.14 0.05 to 0.22 0.01
Plasma ratios
EAA/NEAA eGFR 0.005 0.002 to 0.01 0.001 0.01

Weight 0.003 0.0004 to 0.01 0.03
Arg/Cit eGFR 0.04 0.02 to 0.06 ,0.001 0.001
Cit/Orn eGFR 20.01 20.01 to 20.001 0.02 0.01
Val/Gly eGFR 0.02 0.01 to 0.03 0.002 0.004

Weight 0.02 0.01 to 0.03 0.01
HCO3

2 20.07 20.13 to 20.01 0.03
Arg/ADMA eGFR 2.2 0.1 to 4.3 0.04 0.03
ADMA/SDMA log(eGFR) 20.76 21.29 to 20.23 0.01 0.002

Na1 0.10 0.01 to 0.19 0.04
OH-Kyn/Trp log(eGFR) 20.59 20.93 to 20.25 0.002 0.003

Urinary excretion
(logtransformed)

Total EAA Age 20.02 20.05 to 20.001 0.05 0.01
Alanine log(proteinuria) 0.22 0.08 to 0.36 0.004 0.04
Asparagine log(proteinuria) 0.17 0.05 to 0.30 0.01 ,0.001
Citrulline log(eGFR) 21.0 21.7 to 20.4 0.01 ,0.001

log(proteinuria) 0.25 0.02 to 0.48 0.04
Lysine log(CRP) 20.6 20.99 to 20.21 0.01 0.003

Albumin 20.18 20.30 to 20.06 0.01
Phenylalanine log(proteinuria) 0.2 0.08 to 0.33 0.004 0.003
Proline log(eGFR) 21.0 21.6 to 20.4 0.004 ,0.001

log(proteinuria) 0.31 0.1 to 0.51 0.01
Tyrosine log(proteinuria) 0.18 0.05 to 0.31 0.01 0.02
Valine log(proteinuria) 0.32 0.12 to 0.52 0.01 0.04

Na1 20.13 20.24 to 20.02 0.04

All models included age, sex, diabetes, weight, eGFR, proteinuria, serum HCO3
2, serum Na+, serum albumin, and serum CRP as

covariates. eGFR, estimated GFR; CRP, C-reactive protein; ADMA, asymmetric dimethylarginine; EAA, sum of essential amino acids;
NEAA, sum of nonessential amino acids; Arg, arginine; Cit, citrulline; Orn, ornithine; Val, valine; Gly, glycine; SDMA, symmetric
dimethylarginine; OH-Kyn, hydroxykynurenine; Trp, tryptophan.
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citrulline metabolism is supported by experimental results in
mice showing that partial nephrectomy induced citrullinuria
(15), possibly because of overload and saturation of tubular
transporters. Interestingly, we also found that, independent
of CKD severity, diabetic patients had higher plasma citrul-
line concentrations. This finding is in line with the results
from a diabetic rat model, in which citrullinemia increased
early in the course of the disease, although the mechanism
remains unclear (16).
In our population, we observed a significant increase in

plasma ornithine concentrations in patients with CKD4–5
compared with CKD2–3. Ornithine concentrations are in-
creased in the plasma of uremic patients compared with
controls (2,17), but they do not seem to be correlated with
the degree of kidney function (9). Ornithine is an interme-
diate of the urea cycle, during which it is converted into
citrulline (Supplemental Figure 2). The relative increase in
plasma citrulline (increasing Cit/Orn) in more severe CKD
indicates an activation of ornithine catabolism directed to
citrulline synthesis and possibly, proline synthesis. This
hypothesis is suggested by the increased prolinemia and
Pro/Orn found in HD patients and the association be-
tween proline excretion and eGFR. These results suggest
an increased proline synthesis from accumulating orni-
thine, which would be compensated by urinary excretion
in the early stages of the disease. Tubular reuptake of pro-
line depends on a low-affinity system shared with glycine
and a specific system with high affinity (18). We did not ob-
serve changes in glycinuria suggesting that the high-affinity
transporter SLC6A20 could be involved.
We observed a gradual increase in plasma ADMA con-

centrations and a decrease of its urinary excretion in
patients with more severe CKD. Reduced GFR probably
explained the lower excretion and participated in ADMA
accumulation, hereby confirming its classification as a uremic
retention solute (19,20). Other mechanisms have also been
observed in vivo, such as an increased activity in protein
arginine methyltransferases responsible for ADMA synthesis
and a reduced catabolism by dimethylargininase (EC3.5.3.18)
(21). We also showed that plasma ADMA concentrations

were directly associated with serum sodium levels. This as-
sociation could be causal, since ADMA infusion has been
shown to induce sodium retention (22) and would further
support the link between ADMA and hypertension, glo-
merulosclerosis, and CKD progression (22,23). ADMA
also acts on vascular function by inhibiting NO synthase.
We found that the relative presence of arginine, estimated
by Arg/ADMA, was progressively reduced in patients
with more severe CKD. A low ratio could inhibit NO pro-
duction (24) and explain the NO deficiency observed in
early CKD patients with normal arginine levels (25).
In this study, plasma concentrations of tryptophan pro-

gressively declined with reducing renal function, and this
decline was not explained by urinary losses. Tryptophan
catabolism by indoleamine 2,3-dioxygenase (EC1.13.11.52)
has been shown to increase with CKD severity (26,27). In our
patients, we also measured plasma hydroxykynurenine and
confirmed that this pathway was upregulated, although mi-
crobial production of indoles from tryptophan could also be
involved (28). In contrast, plasma phenylalanine concentra-
tions were independent of kidney function but increased
with the degree of inflammation and acidosis. Interestingly,
plasma phenylalanine concentration has been shown to
be increased in inflammatory diseases, including uremia
(29). Additionally, CKD is expected to directly affect phenyl-
alanine metabolism through the availability of phenylala-
nine 4-hydroxylase (EC1.14.16.1), a renal and hepatic
enzyme responsible for converting phenylalanine into tyro-
sine (30). In our population, the relative presence of tyrosine
(Tyr/Phe ratio) was gradually lower in more evolved CKD
stages, and we found a tendency to declining tyrosine con-
centrations with CKD severity. A similar pattern was ex-
pected for the renal glycine hydroxymethyltransferase
(EC2.1.2.1), which converts glycine to serine; however,
variations in Ser/Gly were less clear cut, and changes
in plasma serine were only observable in HD patients.
Still, these results suggest that metabolic disturbances
and reduced synthesis rates induced by altered renal
function could be clinically relevant and possibly lead
to AA deficiencies.

Table 5. Plasma ratios of amino acids and amines in nondialyzed and dialyzed CKD patients

Variables CKD2–3 CKD4–5 Hemodialysis P Value

EAA/NEAA 0.6860.16 0.6060.12 0.5560.14 ,0.01a

Orn/Arg 0.6260.23 0.7760.30 0.9360.46 0.01a

Arg/Cit 2.8361.31 1.6060.53 1.0960.44 ,0.001a

Cit/Orn 0.7160.27 0.9660.33 1.2460.41 ,0.001a

Pro/Orn 4.1461.14 3.9661.48 5.2662.16 0.01a

Tyr/Phe 1.0560.23 0.9060.23 0.7360.17 ,0.001a

Val/Gly 1.2960.68 1.1960.46 1.1160.67 0.58
Ser/Gly 0.4760.13 0.4560.11 0.4060.12 0.12
Ala/BCAA 0.7860.30 0.9160.29 0.8060.30 0.25
ADMA/SDMA 0.7360.46 1.3661.01 2.9561.65 ,0.001a

Arg/ADMA 193.66115.7 115.8673.1 41.3620.5 ,0.001a

OH-Kyn/Trp 0.02360.020 0.08260.072 0.26260.094 ,0.001a

All values are mean6 SD. EAA, sum of essential amino acids; NEAA, sum of nonessential amino acids; Orn, ornithine; Arg, arginine; Cit,
citrulline; Pro, proline; Tyr, tyrosine; Phe, phenylalanine; Val, valine; Gly, glycine; Ser, serine; Ala, alanine; BCAA, branched chain amino
acid; ADMA, asymmetric dimethylarginine; SDMA, symmetric dimethylarginine; OH-Kyn, hydroxykynurenine; Trp, tryptophan.
aP,0.05.
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Our study has some limitations that should be considered.
First, protein intake of patients was not assessed, whereas
there was some evidence of a higher risk of malnutrition in
those patients with more advanced CKD (lower plasma
albumin levels and lower EAA/NEAA and Val/Gly ratios).
In multivariate models, however, eGFR was a better pre-
dictor of plasma AA levels than albuminemia, suggesting
that observations were not explained by malnutrition only.
Second, fasting could not be ensured, but the timing of blood
sampling did not affect result. Third, it was questioned
whether the greater importance of proteinuria in severe CKD
could have influenced the results of urinary AA excretion.
Although urine contains protease activity, proteolysis is es-
sentially completed after voiding (31). Unspecific proteolytic
cleavage of urinary proteins in vivo may have induced un-
specific free AA production. Additionally, results from mul-
tivariate analyses confirmed the presence of significant

associations with other factors, including eGFR. Also, it is
noteworthy that citrulline excretion increased with protein-
uria but was not a constitutive element of proteins.
Using the latest urinary and plasma metabolomic appro-

aches, we observed significant associations between disease
severity and AA and amine metabolism in CKD patients. We
identified situations suggesting an overproduction occurring
at a systemic level (Cit) and situations of urinary retention
(ADMA) and urinary excretion (proline). These data add to
our understanding of the CKD-associated modifications ob-
served in AAmetabolism and may be of relevance for clinical
evaluation of these patients, particularly in regard to meta-
bolic and nutritional aspects.
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Table S1. Results from the multivariate regression model. 

Dependant 

variable 

Explanatory 

variables 

Change for 1 

unit increase 

95% 

Confidence 

interval 

P Overall P 

Log total AA 

in Urine 

(nmol/mol 

creatinine) 

eGFR -0.85 (-14.3 ; 12.6) 0.90 0.006 

Age -21.4 (-40.4 ; -2.5) 0.03 

Sex (F) -172.7 (-521.7 ; 176.3) 0.34 

Log(Proteinuria) 132.2 (34.7 ; 229.6) 0.01 

 

 

 



Figure S1. Mean and SEM of plasma concentrations, urinary concentrations and plasma ratios 

of AA and amines with significant differences between groups.  

Groups were defined by median levels in serum albumin, serum CRP and urinary protein-to-creatinine 

ratio. All p-values are <0.001. 
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b) Plasma ratios 

 

 

c) Urinary amino acids and amines 



Figure S2. The urea cycle and the relative changes in plasma concentrations observed with 

increasing CKD severity. 

 

ARG:Argininase, ASS: Argininosuccinate synthase, ASL: Argininosuccinate lyase, OTC: ornithine 

transcarbamylase. 

 


