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Abstract
Introduction  Chronic kidney disease (CKD) is an important cause of disability and death, but its pathogenesis is poorly 
understood. Plasma metabolites can provide insights into underlying processes associated with CKD.
Objectives  To clarify the relationship of plasma metabolites with CKD and renal function in human.
Methods  We used a targeted metabolomics approach to characterize the relationship of 450 plasma metabolites with CKD 
and estimated glomerular filtration rate (eGFR) in 616 adults, aged 38–94 years, who participated in the Baltimore Longi-
tudinal Study of Aging.
Results  There were 74 (12.0%) adults with CKD. Carnitine, acetylcarnitine, propionylcarnitine, butyrylcarnitine, trigonelline, 
trimethylamine N-oxide (TMAO), 1-methylhistidine, citrulline, homoarginine, homocysteine, sarcosine, symmetric dimethyl-
arginine, aspartate, phenylalanine, taurodeoxycholic acid, 3-indolepropionic acid, phosphatidylcholines (PC).aa.C40:2, PC.aa.
C40:3, PC.ae.C40:6, triglycerides (TG) 20:4/36:3, TG 20:4/36:4, and choline were associated with higher odds of CKD in 
multivariable analyses adjusting for potential confounders and using a false discovery rate (FDR) to address multiple testing. 
Six acylcarnitines, trigonelline, TMAO, 18 amino acids and biogenic amines, taurodeoxycholic acid, hexoses, cholesteryl 
esters 22:6, dehydroepiandrosterone sulfate, 3-indolepropionic acid, 2 PCs, 17 TGs, and choline were negatively associ-
ated with eGFR, and hippuric acid was positively associated with eGFR in multivariable analyses adjusting for potential 
confounders and using a FDR approach.
Conclusion  The metabolites associated with CKD and reduced eGFR suggest that several pathways, such as the urea cycle, 
the arginine-nitric oxide pathway, the polyamine pathway, and short chain acylcarnitine metabolism are altered in adults 
with CKD and impaired renal function.
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1  Introduction

Chronic kidney disease (CKD), which affects 8–16% of 
adults worldwide, is an important cause of disability and 
death (Jha et al. 2013). Complications of progressive CKD 
include increased all-cause and cardiovascular mortality, 
cardiovascular disease, cognitive decline, anemia, min-
eral and bone disorders, and fractures (Jha et al. 2013). In 
2017, an estimated 1.2 million people worldwide died from 
CKD (GBD Chronic Kidney Disease Collaboration 2020). 
Diabetes, metabolic syndrome, and hypertension are lead-
ing causes of CKD (Jha et al. 2013). CKD can progress to 
end-stage renal disease and require costly renal replacement 
therapies.
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Asymptomatic CKD accounts for 80–90% of all cases 
(Jha et al. 2013) and is often difficult to detect (Gagnebin 
et al. 2018). As a consequence, many adults have undiag-
nosed CKD (Centers for Disease Control and Prevention 
2019). The identification of novel biomarkers can potentially 
improve the diagnosis of CKD (Ye and Mao 2016) and pro-
vide insights into the pathophysiology and biological path-
ways leading to decline of renal function and development 
of CKD (Ye and Mao 2016). Metabolomics, the systematic 
analysis of metabolites in a biologic specimen, is a prom-
ising approach to characterize specific metabolic profiles 
of CKD (Cañadas-Garre et al. 2019; Hocher and Adamski 
2017). Metabolomic studies have shown that circulating 
amino acids are associated with CKD (Benito et al. 2018, 
2019; Chen et al. 2017; Li et al. 2018; Qi et al. 2012; Silva 
et al. 2018), and certain circulating metabolites such as uric 
acid, sugars, amino acids, lipids, and organic acids predict 
incident CKD or progression of CKD (Goek et al. 2013; 
Rhee et al. 2016). The relationship of plasma metabolites 
with CKD and renal function remains incompletely char-
acterized (Cañadas-Garre et al. 2019; Hocher and Adamski 
2017; Nkuipou-Kenfack et al. 2014).

Our goal was to gain further insight into the relation-
ship of plasma metabolites with CKD and renal function. To 
address this goal, we conducted a hypothesis-free study of 
the relationship of plasma metabolites with CKD and renal 
function, assessed by estimated glomerular filtration rate 
(eGFR), using a targeted metabolomics platform in adults 
who participated in a well-characterized cohort of human 
aging.

2 � Materials and methods

The study subjects consisted of 616 participants, aged 38 
to 94 years, in the Baltimore Longitudinal Study of Aging 
(BLSA) who were seen between January 2006 and June 
2016. The study characterized the cross-sectional associa-
tion of plasma metabolites with CKD and eGFR at baseline. 
Participants were assessed at an in-patient study clinic for 
follow-up visits every one to four years, with more frequent 
follow-up for older participants. They underwent 2.5 days of 
medical, physiological, and psychological exams. The study 
protocol was approved by the institutional review boards 
of the National Institute of Environmental Health Sci-
ence (NIH, North Carolina) and the Johns Hopkins School 
of Medicine and conducted in accordance with the 1964 
Helsinki Declaration. At every visit, after the scope, proce-
dures, and related risk were explained, participants signed 
an informed consent document.

Demographic and health characteristics of the partici-
pants with and without CKD were assessed by a self-admin-
istered questionnaire. Body mass index (BMI) was defined 

as kg/m2. Hypertension was defined as a systolic blood pres-
sure ≥ 140 mm Hg, diastolic blood pressure ≥ 90 mm Hg, 
or use of antihypertensive medications (Chobanian et al. 
2003). Anemia was defined as circulating levels of hemo-
globin < 13 g/dL in men and < 12 g/dL in women; depres-
sion was diagnosed with a Center for Epidemiologic Stud-
ies-Depression Scale (CES-D) score ≥ 16 (Radloff 1977). 
Glomerular filtration rate (GFR) was based on creatinine and 
estimated using the Modification of Diet in Renal Disease 
(MDRD) formula (Levey et al. 2006). CKD was defined as 
an eGFR of < 60 ml/min/1.73 m2 or an eGFR of < 30 ml/
min/1.73 m2 if aged 80 and above (International Society 
of Nephrology and Kidney Disease Improving Global Out-
comes (KDIGO) 2013; National Kidney Foundation 2012). 
The Mini-Mental State Examination (MMSE) (Folstein et al. 
1975) and histories of myocardial infarction, cerebrovascular 
accident, peripheral artery disease, cancer, chronic obstruc-
tive pulmonary disease (COPD), angina, and stroke were 
ascertained through standardized questionnaires adminis-
tered by trained personnel.

2.1 � Measurement of serum metabolites

Blood was collected from participants who stayed overnight 
at the NIA Clinical Research Unit, Medstar Harbor Hospital 
in Baltimore, Maryland. Blood samples were drawn from 
the antecubital vein between 0700 and 0800 h after an over-
night fast. Participants were not allowed to smoke, engage in 
physical activity, or take medications before the blood sam-
ple was collected. Blood samples were immediately stored 
at 4 °C, centrifuged within 4 h, then immediately aliquoted 
and frozen at − 80 °C. The collection of EDTA plasma in 
the BLSA is consistent with guidelines for biomarker stud-
ies (Tuck et al. 2009). Pre-analytical studies of the human 
plasma metabolome show that 98% of metabolites are stable 
during 7 years of storage and 74% of metabolites are stable 
during 16 years of storage at – 80° C (Wagner-Golbs et al. 
2019). The metabolites most affected by long-term storage 
during 16 years were complex lipids (lysophosphatidylcho-
lines, phosphatidylcholines) and certain amino acids (argi-
nine, glycerate, aspartate, asparagine, pyruvate, cysteine, 
cystine) (Wagner-Golbs et al. 2019).

Plasma metabolites were measured using liquid chroma-
tography tandem mass spectrometry (LC–MS/MS). Plasma 
samples were randomized across plates and run in a masked 
fashion. Metabolites were extracted and concentrations were 
measured at Biocrates Life Sciences AG (Innsbruck, Aus-
tria). Biocrates’ commercially available MxP® Quant 500 
kit was used for the quantification of several endogenous 
metabolites of various biochemical classes. Lipids and 
hexoses were measured by flow injection analysis-tandem 
mass spectrometry (FIA-MS/MS) using a 5500 QTRAP® 
instrument (AB Sciex, Darmstadt, Germany) with an 
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electrospray ionization source, and amino acids, related 
amino acids, carboxylic acids, fatty acids, indole deriva-
tives, biogenic amines, bile acids, cresols, alkaloids, amine 
oxides, hormones, vitamins and cofactors and nucleobases 
related metabolites were measured by liquid chromatog-
raphy-tandem mass spectrometry (LC–MS/MS) using the 
same 5500 QTRAP® instrument. The experimental metabo-
lomics measurement technique is described in detail by pat-
ents EP1897014B1 and EP1875401B1 (accessible online at 
https​://paten​ts.googl​e.com/paten​t/EP189​7014B​1 and https​
://paten​ts.googl​e.com/paten​t/EP187​5401B​1). Briefly, a 
96-well based sample preparation device was used to quan-
titatively analyze the metabolite profile in the samples. The 
kit utilizes calibration standards in standard solution. For 
quantitation, calibration standards in seven concentration 
levels and stable isotope-labeled internal standards are used 
and the analytical performance is validated using quality 
controls at three concentration levels in matrix. The sample 
preparation device consists of inserts that have been spiked 
with internal standards, and a predefined sample amount was 
added to the inserts. Next, a phenyl isothiocyanate solution 
was added to derivatize some of the analytes (e.g. amino 
acids), and after the derivatization was completed, the target 
analytes were extracted with an organic solvent, followed by 
a dilution step. The obtained extracts were then analyzed by 
FIA-MS/MS and LC–MS/MS methods using multiple reac-
tion monitoring to detect the analytes.

Two UHPLC methods were run using the MxP Quant 
500 Column System for the LC–MS/MS methods. The 
mobile phase consisted of solvent A (water containing 
0.2% formic acid) and solvent B (acetonitrile containing 
0.2% formic acid), with the following gradient: LC1 Part: 
0–0.25 min 0%B at 0.8 ml/min, 1.50 min 12%B at 0.8 ml/
min, 2.70 min 17.5%B at 0.8 ml/min, 4.0 min 40%B at 
0.8 ml/min, 4.50 min 100%B at 0.8 ml/min, 4.70 min 100%B 
at 1.0 ml/min, 5.00 min 100%B at 1.0 ml/min, 5.10 min 
0%B at 1.0 ml/min, 5.80 min 0%B at 0.8 ml/min; LC2 Part: 
0.25 min 0%B at 0.8 ml/min, 0.50 min 25%B at 0.8 ml/min, 
2.00 min 50%B at 0.8 ml/min, 3.0 min 75%B at 0.8 ml/
min, 3.50 min 100%B at 0.8 ml/min, 4.70 min 100%B at 
1.0 ml/min, 5.00 min 100%B at 1.0 ml/min, 5.10 min 0%B 
at 1.0 ml/min, 5.80 min 0%B at 0.8 ml/min. For the FIA-MS/
MS method, the FIA plate was run at a flow rate of 30 µL/
min with FIA solvent as the mobile phase, with the follow-
ing flow rate program: 0–1.6 min: 30 µL/min; 2.4 min: 200 
µL/min; 2.80 min: 200 µL/min and 3.00 min: 30 µL/min.

Data were quantified using appropriate mass spectrom-
etry software (Sciex Analyst®) and imported into Biocrates 
MetIDQ™ software for further analysis. The accuracy of 
the measurements as determined by internal calibrators was 
in the normal range of the method for all analytes. Quality 
control samples were within the predefined tolerances of the 

method. The data were not normalized across plates, and no 
imputation was performed.

The kit potentially measures 630 metabolites, but 180 
metabolites were either completely below the limit of detec-
tion (most acylcarnitines and very long chain lysophosphati-
dylcholines) or were excluded from the analysis because 
they were below the limit of detection in more than 10% 
of subjects. After exclusions, 450 metabolites, including 7 
acylcarnitines (AC), trigonelline, trimethylamine N-oxide 
(TMAO), 43 amino acids and biogenic amines, 10 bile acids, 
hexoses, 3 carboxylic acids, 21 ceramides, 15 cholesteryl 
esters (CE), p-cresol sulfate, 7 diglycerides, 7 dihexosylcera-
mides, 2 dihydroceramides, 7 fatty acids, 14 hexosylcera-
mides, cortisol, dehydroepiandrosterone (DHEA) sulfate, 3 
indoles and derivatives, 11 lysophosphatidylcholines (LPC), 
hypoxanthine, 70 phosphatidylcholines (PC), 14 sphingomy-
elins (SM), 203 triglycerides (TG), 5 trihexosylceramides, 
and choline measurements were available for the data analy-
sis. Based upon metabolite concentrations, additional ratios 
were calculated to aid the interpretation of pathways: the 
global arginine bioavailability ratio (GABR: ratio of arginine 
to [ornithine + citrulline]), putrescine/ornithine, ornithine/
citrulline, proline/citrulline, serine/glycine, arginine/orni-
thine, arginine/symmetric dimethylarginine (SDMA), and 
arginine/asymmetric dimethylarginine (ADMA).

2.2 � Statistical analysis

Differences in baseline characteristics between individuals 
with CKD and without CKD were tested using an unpaired 
Student’s t-test for continuous variables and chi-square and 
Fisher’s exact tests for categorical variables. All metabo-
lites were natural log-transformed. The distributions of 
plasma metabolite concentrations were analyzed using the 
Kolmogorov–Smirnov test for normality. Depending on the 
distribution of the variables, either Student’s t-test or Mann 
Whitney U test was applied. Plasma metabolite concentra-
tions were compared in adults < 65 years with those 65 years 
and older. Unadjusted bivariate and multivariate logistic 
regression models were used to examine the relationship 
between plasma metabolite concentrations and CKD at base-
line. Unadjusted bivariate and multivariate linear regres-
sion models were used to examine the relationship between 
plasma metabolite concentrations and eGFR at baseline. In 
multivariable models, we adjusted for age, race, and sex in 
the first model, added smoking as a covariate in the second 
model, and storage time in the third model. Using the logis-
tic and linear regression models, we estimated odds ratios or 
betas, respectively, per 1 standard deviation of each metabo-
lite and 95% confidence intervals for metabolites indepen-
dently associated with CKD or eGFR. Covariates included 
age, race, and sex in model 1; age, race, sex, and smoking 
status in model 2; age, race, sex, smoking status, and storage 
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time (time from blood drawing to laboratory analysis) in 
model 3. Data analyses were performed using SPSS ver-
sion 25.0 for Windows (IBM Corp., Armonk, NY, USA) 
and RStudio version 1.2.1335 (2009–2019 RStudio, Inc.). 
A false discovery rate (FDR) approach was used to control 
for multiple testing (Boca and Leek 2018). We calculated 
the FDR by the method of Benjamini and Hochberg (1995). 
A q-value cut-off of < 0.05 was used to define statistically 
significant associations (Benjamini and Hochberg 1995).

3 � Results

The demographic and health characteristics in 616 adults 
with and without CKD are shown in Table 1. The preva-
lence of CKD was 12.0%. Those with CKD were more 
likely to be smokers (P = 0.04). There were no signifi-
cant differences in age, race, sex, MMSE score, BMI, 

hemoglobin A1c, total cholesterol, HDL cholesterol, LDL 
cholesterol, triglycerides, hypertension, myocardial infarc-
tion, peripheral artery disease, cancer, anemia, depression, 
chronic obstructive pulmonary disease, angina, or stroke 
between those with and without CKD.

The unadjusted cross-sectional relationships between 
plasma metabolites and CKD are shown in Table  S1 
(Online Resource 1). Those with CKD had higher concen-
trations of 152 metabolites (6 ACs, trigonelline, TMAO, 
13 amino acids and biogenic amines, taurodeoxycholic 
acid, hexoses, 4 ceramides, 7 cholesteryl esters, 4 diglyc-
erides, dihexosylceramide (Hex2Cer) d18:1/16:0, hexosyl-
ceramide (HexCer) d18:1/18:0, dehydroepiandrosterone 
sulfate, 3-indolepropionic acid, lysophosphatidylcholine
s.a.C20:3, 30 PCs, 3 SMs, 74 TGs, trihexosylceramide 
(Hex3Cer) d18:1/26:1, and choline) and lower concentra-
tions of TG 17:2/36:2, serine/glycine ratio, and ornithine/
citrulline ratio than those without CKD at P < 0.05. A 

Table 1   Demographic and 
other characteristics in 616 
adults with and without chronic 
kidney disease in the Baltimore 
Longitudinal Study of Aging

Student’s t-test, chi-squared or Fisher’s exact test
*Mean (SD) or n (%)

Characteristic* Chronic kidney 
disease (n = 74)

No chronic kidney 
disease (n = 542)

P-value

Age, years 69.5 (8.1) 69.8 (10.8) 0.77
Race, %
 White 50 (67.6) 371 (68.5) 0.74
 Black 18 (24.3) 140 (25.8)
 Other 6 (8.1) 31 (5.7)

Sex, female, % 37 (50.0) 272 (50.2) 0.99
Smoking status, %
 Never 35 (47.9) 340 (62.7) 0.04
 Former 36 (49.3) 191 (35.2)
 Current 2 (2.7) 11 (2.0)

Mini-Mental State Examination score 28.7 (1.3) 28.7 (1.3) 0.89
Body Mass Index, kg/m2 26.9 (4.7) 26.8 (4.1) 0.91
Hemoglobin A1c, % 5.8 (0.6) 5.8 (0.6) 0.77
Cholesterol, mg/dL 196.2 (36.4) 190.1 (37.6) 0.19
HDL cholesterol, mg/dL 62.4 (20.5) 60.4 (16.0) 0.33
LDL cholesterol, mg/dL 113.8 (32.3) 109.9 (33.8) 0.36
Triglyceride, mg/dL 99.8 (44.9) 98.9 (48.6) 0.89
Hypertension, % 36 (48.6) 227 (42.0) 0.32
Myocardial infarction, % 2 (2.6) 15 (2.6) 0.99
Cerebrovascular accident, % 3 (5.1) 23 (5.5) 0.99
Peripheral artery disease, % 3 (4.2) 38 (7.4) 0.46
Diabetes mellitus, % 12 (17.6) 54 (11.3) 0.16
Cancer, % 20 (27.0) 157 (29.0) 0.79
Anemia, % 10 (13.5) 62 (11.4) 0.70
Depression, % 1 (1.4) 29 (5.4) 0.24
Chronic obstructive pulmonary disease, % 10 (13.5) 48 (8.9) 0.21
Angina, % 5 (6.8) 23 (4.2) 0.37
Stroke, % 5 (6.8) 21 (3.9) 0.23
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FDR was not applied for these unadjusted comparisons in 
Table S1 (Online Resource 1).

Multivariate logistic regression models were used to 
examine the relationship between plasma metabolites and 
CKD in Table S2 (Online Resource 2). After adjusting 
for age, race, and sex in model 1, there were 70 metabo-
lites that were associated with increased odds of CKD at a 
q-value < 0.05. After adjusting for age, race, sex, and smok-
ing status in model 2, 42 metabolites (4 ACs, trigonelline, 
TMAO, 8 amino acids and biogenic amines, taurodeoxy-
cholic acid, CE 22:6, DG 16:1/18:2, hex2Cer d18:1/16:0, 
3-indolepropionic acid, 11 PCs, 2 SMs, 9 TGs, and cho-
line) were associated with increased odds of CKD at a 
q-value < 0.05. After adjusting form age, race, sex, smoking 
status, and storage time in model 3, 22 metabolites (carni-
tine, acetylcarnitine, propionylcarnitine, butyrylcarnitine, 
trigonelline, TMAO, 1-methylhistidine, citrulline, homoar-
ginine, homocysteine, sarcosine, symmetric dimethylar-
ginine, aspartate, phenylalanine, taurodeoxycholic acid, 
3-indolepropionic acid, PC.aa.C40:2, PC.aa.C40:3, PC.ae.
C40:6, TG20:4/36:3, TG20:4/36:4, and choline) were asso-
ciated with increased odds of CKD at a q-value < 0.05. The 
serine/glycine ratio and ornithine/citrulline ratio were asso-
ciated with decreased odds of CKD in model 2 and 3. A vol-
cano plot showing the relationship of odds ratios for plasma 
metabolites with CKD is shown in Fig. 1.

Bivariate linear regression models of the relation-
ship between plasma metabolites and eGFR are shown in 
Table S3 (Online Resource 3). There were 188 metabolites 
(6 ACs, trigonelline, TMAO, 29 amino acids and biogenic 
amines, taurodeoxycholic acid, hexoses, aconitic acid, 6 
ceramides, 6 CEs, 6 diglycerides, hex2Cer d18:1/16:0, 

eicosatrienoic acid, 2 HexCer, 2 indoles and derivatives, 4 
LPCs, 31 PCs, 2 SMs, 83 TGs, 4 Hex3Cer, and choline) and 
the putrescine/ornithine and arginine/ornithine ratios were 
negatively associated with eGFR (P < 0.05). Glutamine, 
proline, hippuric acid, cortisol, and the serine/glycine, orni-
thine/citrulline, and proline/citrulline ratios were positively 
associated with eGFR (P < 0.05). A FDR approach was 
not applied for the unadjusted models in Table S3 (Online 
Resource 3).

The relationship between plasma metabolites and eGFR 
was examined in multivariable linear regression models 
shown in Table S4 (Online Resource 4). One hundred and 
twenty metabolites and the GABR, putrescine/ornithine, 
arginine/ADMA, serine/glycine, arginine/ornithine, orni-
thine/citrulline, and proline/citrulline ratios were signifi-
cantly associated with eGFR, after adjusting for age, race, 
and sex in model 1. After adjusting for age, race, sex, and 
smoking status in model 2 and using a FDR approach with 
q-value < 0.05, 110 plasma metabolites were associated with 
eGFR. Six ACs, trigonelline, TMAO, 20 amino acids and 
biogenic amines, taurodeoxycholic acid, hexoses, 3 CEs, 3 
diglycerides, hex2Cer d18:1/16:0, DHEA sulfate, 3-indole-
propionic acid, 10 PCs, 3 SMs, 56 TGs, and choline, and 
the putrescine/ornithine, arginine/ADMA, and arginine/
ornithine ratios were negatively associated with eGFR. Hip-
puric acid and GABR, serine/glycine, ornithine/citrulline, 
and proline/citrulline ratios were positively associated with 
eGFR. After adjusting for age, race, sex, smoking status, and 
storage time in model 3, 51 metabolites (6 ACs, trigonelline, 
TMAO, 18 amino acids and biogenic amines, taurodeoxy-
cholic acid, hexoses, CE (22:6), DHEA sulfate, 3-indole-
propionic acid, 2 PCs, 17 TGs, choline) and the putrescine/

Fig. 1   Volcano plot showing 
OR of CKD in multivariable 
models, adjusted for age, race, 
sex, smoking status, and storage 
time. Vertical line indicates 
q-value cutoff of < 0.05
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ornithine ratio were negatively associated with eGFR using 
a FDR approach with q-value < 0.05. Hippuric acid, serine/
glycine, ornithine/citrulline, and proline/citrulline ratios 
were positively associated with eGFR. A volcano plot show-
ing the relationship the betas for plasma metabolites with 
eGFR is shown in Fig. 2.

The unadjusted cross-sectional relationships between 
plasma metabolites with age are shown in Table S5 (Online 
Resource 5). One hundred and one plasma metabolites and 
the GABR were negatively associated with age. Twelve 
plasma metabolites and the serine/glycine, arginine/SDMA, 
ornithine/citrulline, and proline/citrulline ratios were posi-
tively associated with age.

4 � Discussion

The present study shows that 22 plasma metabolites were 
significantly associated with prevalent CKD in community-
dwelling adults after adjusting for potential confounders 
and dealing with multiple comparisons. Fifty-one plasma 
metabolites were negatively associated with eGFR, and one 
metabolite, hippuric acid, was positively correlated with 
eGFR. The metabolites associated with CKD and eGFR 
suggest that several pathways, such as the urea cycle, the 
arginine-nitric oxide pathway, the polyamine pathway, and 
short chain acylcarnitine metabolism are altered in adults 
with CKD and impaired renal function, as discussed below. 
Metabolite biomarkers of CKD may be also markers of glo-
merular filtration. In addition, some metabolites suggest that 
there may be differences in dietary intake and in the gut 
microbiome between adults with and without CKD.

In the present study, plasma citrulline was elevated in 
adults with CKD. Citrulline is an intermediates in the urea 

cycle in which ammonia is converted to urea for excretion. 
Elevated citrulline is a marker for several urea cycle disor-
ders and one of several diagnostic amino acid biomarkers 
for hyperammonemia which also include ornithine, arginine, 
and lysine (Garg and Smith 2017). The present study found 
that citrulline and lysine were negatively associated with 
eGFR. Citrulline is an intermediates in the urea cycle in 
which ammonia is converted to urea for excretion. Elevated 
plasma citrulline has been associated with CKD (Benito 
et al. 2018; Li et al. 2018; Nkuipou-Kenfack et al. 2014). 
A negative association of citrulline with eGFR has been 
described previously (Goek et al. 2013).

Citrulline and arginine are precursors in the biological 
synthesis pathway of nitric oxide (NO) in which NO syn-
thase catalyzes the conversion of arginine to citrulline and 
NO. Citrulline is converted to arginine in the kidneys and 
is involved in arginine/NO balance. CKD has been associ-
ated with decreased NO production (Baylis 2008; Reddy 
et al. 2015). The decrease could result from a decrease in 
NO synthesis or reduced bioavailability of NO (Reddy et al. 
2015). ADMA and SDMA are endogenous amino acids that 
can inhibit NO synthase (Reddy et al. 2015). Plasma SDMA 
was higher in adults with CKD, and both SDMA and ADMA 
were inversely correlated with eGFR in the present study. 
These findings are consistent with previous studies showing 
elevated SDMA in CKD (Schepers et al. 2011) and higher 
ADMA in adults with lower eGFR (Nkuipou-Kenfack et al. 
2014). These data suggest that there is lower NO synthesis 
in adults with CKD, consistent with previous studies. How-
ever, the GABR, which has been proposed to approximate 
NO synthetic capacity in vivo (Moaddel et al. 2018), was not 
associated with either CKD or eGFR in the present study.

Arginine is also required for polyamine synthesis, where 
it is converted to ornithine by arginase, the initial enzyme 

Fig. 2   Volcano plot showing 
betas associated with eGFR in 
multivariable models, adjusted 
for age, race, sex, smoking 
status, and storage time. Verti-
cal line indicates q-value cutoff 
of < 0.05
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in the polyamine biosynthetic pathway (Morris 2016). 
Ornithine is subsequently converted to putrescine via orni-
thine decarboxylase (ODC). Previous studies have shown 
that putrescine was elevated in patients with CKD (Hocher 
and Adamski 2017). While in our study, putrescine was not 
significantly different in adults with CKD. The putrescine/
ornithine ratio, which reflects ODC activity, was negatively 
associated with eGFR. Previous studies have implicated 
the arginine-ornithine-polyamine pathway in enlargement 
of the diabetic kidney (Thomson et al. 2001), and shown 
increased ornithine/citrulline and proline/citrulline ratios 
from increased arginase activity in patients with type 2 dia-
betes (Kövamees et al. 2016). In the present study, the orni-
thine/citrulline ratio was lower in CKD compared with con-
trols, and the ornithine/citrulline and proline/citrulline ratios 
were positively associated with eGFR, suggesting decreased 
arginase activity and impaired polyamine synthesis.

The serine/glycine ratio was lower in adults with CKD 
compared to those without CKD, and the serine/glycine ratio 
was positively associated with eGFR. A previous study also 
reported a positive association of serine with eGFR (Laidlaw 
et al. 1994). Impaired conversion of glycine to serine via 
serine hydroxymethyltransferase SHMT, a key enzyme in 
the folate mediated one-carbon metabolism, in the kidney 
could account for lower plasma serine in adults with low 
eGFR (Laidlaw et al. 1994; Nonaka et al. 2019). Glycine 
may also derive from the choline which can be generated 
from the metabolism of phosphatidylcholine and is con-
verted to betaine and then to glycine (Wu 2013). Sarcosine 
is an intermediate in the generation of glycine from choline. 
Higher plasma choline and sarcosine concentrations were 
found in adults with CKD, and plasma choline and sarcosine 
were negatively associated with eGFR. While betaine was 
not significantly associated with CKD or eGFR, the con-
current increase of phosphatidylcholines and choline with 
decreasing eGFR could potentially contribute to, in part, the 
increased circulating concentrations of glycine. Betaine can 
be converted to dimethylglycine via betaine-homocysteine 
methyltransferase, which transfers a methyl group from 
betaine to produce methionine and dimethylglycine from 
homocysteine through the methionine cycle (Long and Nie 
2016).

Homocysteine was higher in adults with CKD, and both 
plasma homocysteine and methionine were negatively 
associated with eGFR. Higher plasma homocysteine was 
described in a cross-sectional study of over 17,000 adults in 
Israel (Cohen et al. 2019). In addition, a population-based 
cohort study of 1477 Japanese community-dwelling indi-
viduals suggested that moderately elevated serum homo-
cysteine concentrations are a significant risk factor for the 
development of CKD in the general population (Ninomiya 
et al. 2004).

Plasma TMAO was elevated in adults with CKD in the 
present study, consistent with a previous study (Kim et al. 
2016). Both choline and carnitine, precursors for the forma-
tion of trimethylamine (TMA), were higher in adults with 
CKD. TMAO is produced when dietary choline is converted 
to TMA by the gut microbiome and then oxidized to TMAO 
in the liver via flavin-containing monooxygenase isoform 3 
(Kim et al. 2016). The higher levels of TMAO may reflect 
the gut microbiome-mediated synthesis of TMA or the clear-
ance of TMAO by transporters expressed in the intestine, 
liver and kidney (Kim et al. 2016).

Three short-chain acylcarnitines (acetylcarnitine, C2; 
proprionylcarnitine, C3; butyrylcarnitine, C4) were signifi-
cantly higher in adults with CKD compared to those without 
CKD. These findings are consistent with a relationship of 
serum acylcarnitines with eGFR described in the general 
population described by Goek et al. (2013). Short-chain 
acylcarnitines, such as proprionylcarnitine, can be generated 
from catabolism of branched chain amino acids (BCAA) but 
not fatty acid β-oxidation (Aguer et al. 2015). Acylcarnitines 
are proinflammatory (Rutkowsky et al. 2014) and have been 
shown to increase reactive oxygen species and induce insulin 
resistance in skeletal muscle (Aguer et al. 2015). Acylcar-
nitines are freely filtered by the glomerulus and only 25% 
are reabsorbed (Fouque et al 2006); a lower eGFR could 
potentially contribute to increased circulating acylcarnitines.

Trigonelline was elevated in adults with CKD. Trigonel-
line, a pyridine alkaloid, is found in high concentrations in 
coffee, legumes, and some vegetables, and has been used as 
an epidemiological marker of coffee intake (Midttun et al. 
2018). In contrast, a recent meta-analysis of 25,849 sub-
jects showed that higher coffee intake was associated with a 
reduced risk of incident CKD (Srithongkul and Ungprasert 
2020).

Plasma 1-methylhistidine was elevated in adults with 
CKD compared to those without CKD. Anserine, a dipep-
tide of 1-methylhistidine and β-alanine, is found in muscles 
of many vertebrates. Plasma 1-methylhistidine is a marker 
of meat consumption and results from the metabolism of 
the anserine (Dragsted 2010; Hagen et al. 2020; Zhou et al. 
2010). Circulating 1-methylhistidine has been correlated 
with dietary meat intake (Mitry et al. 2019). The finding of 
elevated 1-methylhistidine in adults with CKD is consistent 
with epidemiological studies showing that a dietary pattern 
characterized by a high consumption of red and processed 
meats is associated with greater risk of CKD (Ajjarapu et al. 
2019). Plasma 3-methylhistidine, a modified amino acid 
that is formed by post-translational methylation of histidine 
residues of actin and myosin, was elevated in adults with 
low eGFR in the present study (Long et al. 1975; Sheffield-
Moore et al. 2014; Wang et al. 2012). Urinary excretion 
of 3-methylhistidine has been used to determine the rate 
of skeletal muscle protein degradation (Long et al. 1975; 
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Sheffield-Moore et al. 2014). CKD has a negative effect on 
muscle mass and endurance (Watanabe et al. 2019). The 
finding from the present study is consistent with a previ-
ous report of elevated serum 3-methylhistidine in patients 
with CKD (Zhang et al. 2016). The present study showed 
that plasma 3-indolepropionic acid, an aromatic amino acid 
which is produced by the gut microbiota, was elevated in 
CKD. These findings are contrary to a previous study in 
which lower serum 3-indolepropionic acid concentrations 
were described in adults with CKD compared with normal 
controls (Sun et al. 2019). Circulating 3-indolepropionic 
acid has been associated with dietary fiber intake (Tuo-
mainen et al. 2018).

The present study identified only one plasma metabolite, 
hippuric acid, had a significant positive association with 
eGFR. Hippuric acid, the glycine conjugate of benzoic acid, 
is generated from dietary polyphenols and the gut microbi-
ome (Lees et al. 2013). Elevated circulating hippuric acid 
was associated with greater microbiome diversity, higher 
intakes of fruit and whole grains, and reduced odds of hav-
ing metabolic syndrome in the TwinsUK Study and an inde-
pendent validation cohort (Pallister et al. 2017).

CKD is associated with dyslipidemia, including elevated 
TG levels, decreased HDL cholesterol, and variable levels 
of LDL cholesterol (Dincer et al. 2019). In the present study 
involving relatively healthy adults, there were no significant 
differences in total TG, HDL cholesterol, or LDL cholesterol 
between adults with and without CKD. However, those with 
CKD had elevated concentrations of many TG species at 
P < 0.05 but Q > 0.05. Decreased eGFR was associated with 
significantly elevated TG species at a FDR of < 0.05, notably 
those containing oleic acid (18:0), linoleic acid (18:2), and 
eicosatraenoic acid (20:4). The mass spectrometry platform 
used in the study cannot distinguish the remaining two fatty 
acid chains of the TG; most of the two chains in sum con-
tained a total of 2–6 double bonds. Plasma TG are primar-
ily synthesized in the liver from DG through diacylglycerol 
acyltransferase in the Kennedy pathway. There were 3 that 
were elevated in adults with CKD compared to those with-
out CKD. The platform used in the study cannot distinguish 
between isomeric and isobaric species of PC and SM, how-
ever, it is notable that all species were unsaturated and con-
tained 3–4 double bonds.

The strengths of this study include a well characterized 
group of participants from an established aging study that 
had highly standardized procedures for data collection and 
laboratory assessments, use of a targeted metabolomics 
platform, and a robust statistical approach that accounted 
for multiple comparisons to reduce the risk of false-positive 
results. The participants in the BLSA are more educated and 
healthier than the general population, thus, the results of 
the study cannot necessarily be extrapolated to the general 
population and other settings. There were no subjects with 

stage 4 or 5 CKD, thus this study could not characterize 
metabolites associated with more severe disease. The study 
has a cross-sectional design; thus, any direction of causality 
cannot necessarily be inferred between plasma metabolites 
and renal function. Longitudinal studies are needed in the 
future to determine whether the metabolites identified in 
the present study are predictive of decline in eGFR and the 
development of CKD.

5 � Conclusions

We demonstrated that 22 plasma metabolites are associated 
with CKD and 52 plasma metabolites are associated with 
eGFR in community dwelling adults. The pattern of plasma 
metabolites study suggests alterations in the urea cycle, the 
arginine-nitric oxide pathway, the polyamine pathway, and 
short chain acylcarnitine metabolism in adults with CKD. 
Further studies are needed to determine whether alterations 
in these pathways predict the development or progression 
of CKD in adults.
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