Article

Associations of Plasma Amino Acid and Acylcarnitine
Profiles with Incident Reduced Glomerular Filtration Rate

Feijie Wang, Liang Sun, Qi Sun, Liming Liang, Xianfu Gao, Rongxia Li, An Pan, Huaixing Li, Yueyi Deng, Frank B. Hu,
Jiarui Wu, Rong Zeng, and Xu Lin

Abstract

Background and objectives Metabolomics is instrumental in identifying novel biomarkers of kidney function to aid in
the prevention and management of CKD. However, data linking the metabolome to incident eGFR are sparse,
particularly in Asian populations with different genetic backgrounds and environmental exposures. Therefore, we
aimed to investigate the associations of amino acid and acylcarnitine profiles with change in eGFR in a Chinese cohort.

Design, setting, participants, & measurements This study included 1765 community-living Chinese adults aged 50—
70 years with baseline eGFR=60ml/min per 1.73 m?. Atbaseline, 22 amino acids and 34 acylcarnitines in plasma were
quantified by gas or liquid chromatography coupled with mass spectrometry. Annual rate of change in eGFR was
calculated, and incident eGFR decline was defined as eGFR<60 ml/min per 1.73 m? by the end of 6 years of follow-up.

Results The mean (SD) unadjusted annual change in eGFR was 2.2+2.0 ml/min per 1.73 m? and the incidence of
reduced eGFR was 16%. After Bonferroni correction, 13 of 56 metabolites were significantly associated with annual
eGFR change. After multivariable adjustment of baseline covariates, including baseline eGFR, seven of the 13
metabolites, including cysteine, long-chain acylcarnitines (C14:10H, C18, C18:2, and C20:4), and other acylcar-
nitines (C3DC and C10), were significantly associated with incident reduced eGFR (relative risks ranged from 1.16 to
1.25 per SD increment of metabolites; P<<3.8E-03 after Bonferroni correction of multiple testing of the 13 metabolites).
Moreover, principal component analysis identified two factors, consisting of cysteine and long-chain acylcarnitines,

respectively, that were associated with incident reduced eGFR.

Conclusions Elevated plasma levels of cysteine and a panel of acylcarnitines were associated with a higher
incidence of reduced eGFR in Chinese adults, independent of baseline eGFR and other conventional risk factors.
Clin | Am Soc Nephrol 13: 560-568, 2018. doi: https://doi.org/10.2215/CJN.07650717

Introduction
As a major public health challenge, CKD affects about
8%—-16% of the world population and contributes to
tremendous disease and socioeconomic burdens (1,2).
The prevalence of CKD is expected to accelerate over the
next few decades, particularly in countries undergoing
rapid nutrition and lifestyle transitions, such as China,
which has the largest population living with diabetes
and hypertension in the world (3,4). Although CKD is
preventable through early detection and intervention (5),
the commonly used creatinine-based eGFR is not sen-
sitive to detect incipient kidney dysfunction, and circu-
lating concentrations of creatinine may be influenced
by factors that are unrelated to kidney function (6,7).
Therefore, it is necessary to identify novel biomarkers for
early detection of the onset and progression of CKD.
With recent advances in metabolomics technology,
it is now feasible to identify novel markers to predict
eGFR change and therefore gain a deeper under-
standing of CKD pathophysiology (8). However, to
date, data linking the metabolome to incident CKD are
sparse (9-12). Moreover, most studies have investi-
gated individuals of European or African descent,
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rather than Asians, who have different genetic back-
grounds and environmental exposures and therefore
different baseline risks of developing CKD.

To fill these knowledge gaps, we used a targeted and
quantitative metabolomics approach to profile plasma
levels of amino acids and multiple acylcarnitines in a
well characterized Chinese cohort, and examined pro-
spective associations between these metabolites and
change in eGFR.

Materials and Methods
Study Population

The Nutrition and Health of Aging Population in
China study is a prospective cohort study designed to
investigate environmental and genetic factors of meta-
bolic diseases (13). Briefly, the study was initiated in
2005 among 3289 residents living in Beijing or Shanghai,
aged 50-70 years. After 6 years, 2529 participants
completed the follow-up visit, and 760 persons were
considered lost to follow-up due to loss of contact
(n=554) or refusal to participate (2=206). Information on
baseline and follow-up surveys is described elsewhere
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(13,14). In this analysis, we excluded participants without
creatinine data at follow-up (1=261) or baseline metabolite
data (1=459). When examining associations between metab-
olites and incident reduced eGFR, we further excluded 44
participants who had eGFR<60 ml/min per 1.73 m? at
baseline. The study protocol was approved by the Institu-
tional Review Board of the Institute for Nutritional Sciences,
Chinese Academy of Sciences. All participants provided
written, informed consent.

Data Collection

Information on demographic, health status, dietary, and
lifestyle factors was collected at baseline by trained staff
using a standard questionnaire (13). Educational attain-
ment (0-6, 7-9, or >10 years), current smoking (yes or no),
current drinking (yes or no), antihypertensive medication
use (yes or no), lipid-lowering medication use (yes or no),
physical activity (low, moderate, or high), cardiovascular
disease (yes or no), hypertension (yes or no), and type 2
diabetes (yes or no) were previously defined (13). All
participants underwent a physical examination by trained
staff. Body weight, height, waist circumference, and BP
were measured following a standardized protocol (13).
Body mass index (BMI) was calculated as weight in
kilograms divided by the square of height in meters.

At the time of baseline and follow-up surveys, fasting
venous blood samples were collected after overnight
fasting. Baseline plasma glucose, total cholesterol, HDL
cholesterol, LDL cholesterol, triglycerides, y-glutamyl-
transferase, uric acid, and C-reactive protein were mea-
sured as previously described (13). Plasma creatinine levels
at baseline and follow-up survey were measured by an
alkaline picrate method (Roche Diagnostics, Mannheim,
Germany) on an automatic analyzer (Hitachi 7080, Tokyo,
Japan), with intra- and interassay coefficients of varia-
tion<3%, and then calibrated traceable to isotope dilution
mass spectrometry standards (15).

Targeted Metabolomics

Plasma acylcarnitines were profiled using liquid chroma-
tography—tandem mass spectrometry, as previously de-
scribed (16). Briefly, chromatographic separation and mass
spectrometric analysis of acylcarnitines were performed on
an Agilent 1260 HPLC system and 6410B QQQ mass spec-
trometer (Agilent Technologies Inc., CA), respectively. Plasma
amino acids were detected by gas chromatography-mass
spectrometry on an Agilent 7890A gas chromatography
system and 5975C inert MSD system (Agilent Technologies
Inc., CA), with good linearity within a wide range, lower limit
of quantitation, and better precision (Supplemental Methods,
Supplemental Table 1). The validity of both metabolomic
platforms has been previously described (16,17).

Outcome Ascertainment

eGFR was calculated using the Modification of Diet in
Renal Disease (MDRD) study equation for Chinese individ-
uals: eGFR (ml/min per 1.73 m?)=175Xcreatinine (mg/dl)~1234
(Jaffe’s kinetic method) Xage0-179X0.79 (if female),
which was derived from native Chinese individuals and
showed stronger correlation with measured GFR com-
pared with other equations (18,19). The primary outcome
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was annual eGFR change, defined as the difference in eGFR
between baseline and follow-up visits divided by the time
between visits in years. Moreover, incident reduced eGFR was
defined as the onset of eGFR<(60 ml/min per 1.73 m? during
follow-up (20). In sensitivity analyses, a more stringent
outcome, incident reduced eGFR plus annual eGFR
decline>3%, was examined to reduce misclassification near
the eGFR threshold (21). Additionally, eGFR was calculated
using another definition, the Chronic Kidney Disease Epide-
miology Collaboration (CKD-EPI) equation (19,22).

Statistical Analyses

t tests or Wilcoxon’s Signed Rank tests were used for
continuous variables, and chi-squared tests were used for
categoric variables, for the comparison of baseline characteristics
between participants with and without incident reduced eGFR.
Spearman partial correlation coefficients (r;) were calculated to
examine relationships among metabolites, as well as between
the metabolites and covariates, after adjustment for age, sex,
region, and residence. R package heatmap.2 was used to
construct colored blocks representing correlation levels.

The cross-sectional associations of individual metabolites
(scaled to SD of 1) with baseline eGFR were calculated using
multivariable linear regression. Model 1 was adjusted for age,
sex, region, and residence; model 2 was further adjusted for
educational attainment, current smoking, current drinking,
physical activity, BMI, lipid-lowering medication use, HDL,
LDL, cardiovascular disease, hypertension, or type 2 diabetes.
Longitudinal associations of metabolites with annual eGFR
change were also assessed using multivariable linear regres-
sion, with additional adjustment for baseline eGFR. After
Bonferroni correction, metabolites were considered significant
at P<0.05/56=8.9E-04 corrected for multiple testing of the 56
metabolites in the fully adjusted model. Metabolites that were
significantly associated with annual eGFR change were then
analyzed with incident reduced eGFR using the log-Poisson
model (23,24), with «=3.8E—03 after Bonforroni correction for
multiple testing of 13 metabolites associated with annual
eGFR change.

In secondary analyses, we performed a principal com-
ponent analysis. The number of retained factors was
determined by the scree plot. Varimax rotation was used
to produce interpretable factors. Metabolites with a factor
load =0.5 were reported as composing factors. Factor
scores for each participant were calculated by summing the
standardized values of metabolites weighted by their factor
loadings. We then applied the abovementioned methods to
examine associations of the factors with change in eGFR.

For metabolites significantly associated with incident re-
duced eGEFR, analyses were stratified by age, sex, region,
BMI, hypertension, type 2 diabetes, and eGFR at baseline.
Potential interactions were examined by likelihood ratio test.

All analyses were conducted using R (version 3.1.1;
www.r-project.org). A two-sided P value <0.05 was con-
sidered statistically significant, unless specified otherwise.

Results
Baseline Characteristics

During 6 years of follow-up, the incidence of reduced eGFR
was 16% (274 of 1765). The mean (SD) annual eGFR change
was —2.2*2.0ml/min per 1.73 m>. Compared with noncases,
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Table 1. Baseline characteristics of 1765 participants in the Nutrition and Health of Aging Population in China study
Incident Reduced eGFR
Characteristic All (n=1765)
No (n=1491) Yes (n=274)

Age, yr? 58+6 58+6 61*6
Male 745 (42) 631 (42) 114 (42)
Beijing resident 721 (41) 608 (41) 113 (41)
Urban resident 725 (41) 614 (41) 111 (41)
Education level, yr*

0-6 828 (47) 686 (46) 142 (52)

7-9 604 (34) 528 (35) 76 (28)

=10 333 (19) 277 (19) 56 (20)
Current smoker 484 (27) 406 (27) 78 (28)
Current drinker 436 (25) 378 (25) 58 (21)
Physical activity level

Low 119 (7) 106 (7) 13 (5)

Medium 699 (40) 586 (39) 113 (41)

High 947 (54) 799 (54) 148 (54)
Cardiovascular disease®™ 171 (10) 133 (9) 38 (14)
Type 2 diabetes® 166 (9) 144 (10) 22 (8)
Hypertension™® 915 (52) 751 (50) 164 (60)
Antihypertensive medication use® 451 (26) 365 (24) 86 (31)
Lipid-lowering medication use 101 (6) 83 (6) 18 (7)
Systolic BP, mmHg® 13922 13822 144+23
Diastolic BP, mmHg" 80+11 80+11 81+11
BMI, kg/m* 244+3.5 24.4+3.5 244+35
Fasting glucose, mg/dl 10227 103=28 101+24
Total cholesterol, mg/dl 180+37 180+36 180+40
HDL-cholesterol, mg/dl 50+13 50+13 50*+13
LDL-cholesterol, mg/dl 124+36.7 124+36 123+39
Triacylglycerol, mg/dl 94 (66-143) 94 (65-143) 94 (68-151)
Gamma-glutamyltransferase, IU/L 23 (17-35) 23 (17-35) 23 (17-36)
C-reactive protein, mg/L 0.62 (0.32-1.36) 0.61 (0.32-1.38) 0.70 (0.32-1.32)
Uric acid, mg/dI* 2.8 (2.3-3.3) 2.7 (2.3-3.3) 2.9 (2.3-3.5)
eGFR, ml/min per 1.73 m2* 87+13 89+12 7812
eGFR change, ml/min per 1.73 m? per year® —22+2.0 —-2.0*+1.8 —-3.7+2.1
Data are presented as mean=SD or median (interquartile range) for continuous variables, and count (percentage) for categoric variables.
Percentages may not add up to 100% because of rounding. There were no missing values. BMI, body mass index.
?P<0.05 for comparison between incident reduced eGFR group and noncase group.
PCardiovascular disease was defined as having self-reported coronary heart disease or stroke.
“Type 2 diabetes was defined as fasting plasma glucose concentration >7.0 mmol/L, taking antidiabetic medications, or self-reported
physician-diagnosed diabetes.
YHypertension was defined as systolic BP >140 mmHg, diastolic BP >90 mmHg, use of antihypertensive medications, or self-reported
physician-diagnosed hypertension.

participants with incident reduced eGFR were older, had
lower educational attainment and higher uric acid levels, and
were more likely to have hypertension and cardiovascular
disease (P<<0.05). The cases also had lower eGFR levels and
higher loss of eGFR during follow-up (Table 1).

Of 56 metabolites measured, 22 were amino acids and 34
acylcarnitines (Supplemental Table 2). Strong correlations
(rs>0.7) were observed within the same classes of metab-
olites, such as branched-chain amino acids and medium-
and long-chain acylcarnitines (Supplemental Figure 1).
Weak-to-modest correlations (r;<<0.5) were observed be-
tween metabolites and covariates (Supplemental Figure 2).

Associations between Metabolites and eGFR at Baseline
After adjusting for age, sex, region, and residence, 16
metabolites were significantly associated with baseline
eGFR. The associations remained significant for 15 metab-
olites—eight amino acids (Figure 1A) and seven acylcarni-
tines (Figure 2A)—when further controlling for lifestyle,
anthropometrics, and medical history (model 2). The eight

amino acids were glutamic acid, valine, tyrosine, trypto-
phan, glutamine, serine, lysine, and alanine, with effect
sizes per SD ranging from 1.25 to 2.04 ml/min per 1.73 m*
(all P<<8.9E-04). The seven acylcarnitines were C3DC, C4,
C50H, C5:1, C6DC, C7DC, and C120H, with effect sizes
per SD ranging from —1.10 to —2.56 ml/min per 1.73 m?
(all P<<8.9E-04; Supplemental Table 3).

Associations between Metabolites and Change in eGFR
Longitudinal associations with annual eGFR change
were detected among 12 metabolites after multivariable
adjustment in model 2. When additionally controlling
for baseline eGFR, the positive associations of amino
acids were attenuated toward the null, whereas the
inverse associations of several amino acids and short-
and medium-chain acylcarnitines were strengthened
and became significant (Figures 1B and 2B). After
Bonferroni correction, 13 metabolites were significantly
associated with annual eGFR change, including three
amino acids (cysteine, glutamine, and phenylalanine)
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Figure 1. | Associations of plasma amino acids and their ratios with baseline eGFR (eight amino acids significantly associated) and annual change in eGFR
(threesignificantly associated) in the Nutrition and Health of Aging Population in Chinastudy. (A) Difference in eGFR per SD increment in metabolite (ml/min
per 1.73 m?). (B) Difference in change in eGFR per SD increment in metabolite (ml/min per 1.73 m? per year). Effect sizes (8) (left y axis), with corresponding
Pvalues (right y axis), for the amino acids arranged by ascending 8 (model 3) for annual eGFR change along the x axis are shown. The dotted horizontal line
shows the cutoff for P=8.9E-04 after Bonferroni correction for multiple testing of the 56 metabolites. Model 2 was adjusted for age, sex, region, residence,
educational attainment, physical activity, current smoking, current drinking, body mass index, lipid-lowering medication use, HDL, LDL, cardiovascular
disease, hypertension, and type 2 diabetes. Model 3 was further adjusted for baseline eGFR only for outcome of annual eGFR change.

and ten acylcarnitines (C3DC, C50H, C8, C10, C14:10H, reduction (effect sizes per SD ranged from —0.15 to —0.25
Cl6:2, C18, C18:2, C20, and C20:4). Higher levels of all of ml/min per 1.73 m?, all P<8.9E-04; Table 2). Effect sizes for
these metabolites were associated with larger annual eGFR  all metabolites are shown in Supplemental Table 4.
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Figure 2. | Associations of plasmaacylcarnitines (acylCNs) with baseline eGFR (seven acylCNsssignificantly associated) and annual changeineGFR (10
significantly associated) in the Nutrition and Health of Aging Population in China study. (A) Difference in eGFR per SD increment in metabolite (ml/min
per1.73 m?). (B) Differencein changeineGFR per SD incrementin metabolite (ml/minper 1.73 m? peryear). Effectsizes (B) (left yaxis), with corresponding
Pvalues (right y axis), for the acylCNs arranged by ascending acy! chain length along the x axis are shown. The dotted horizontal line shows the cutoff for
P=8.9E-04 after Bonferroni correction for multiple testing of the 56 metabolites. Short-, medium-, and long-chain acyICN categories were calculated as Z
scores of log-transformed acylCNs of carbon chains <6, 7-12, and =14, respectively. Model 2 was adjusted for age, sex, region, residence, educational
attainment, physical activity, current smoking, current drinking, body mass index, lipid-lowering medication use, HDL, LDL, cardiovascular disease,
hypertension, and type 2 diabetes. Model 3 was further adjusted for baseline eGFR only for outcome of annual eGFR change.

Regarding incident reduced eGFR, seven of these 13 tines (C14:10H, C18, C18:2 and C20:4), showed positive
metabolites, including cysteine, short- and medium-chain  associations, with relative risks (RRs) ranging from 1.17 to
acylcarnitines (C3DC and C10), and long-chain acylcarni-  1.25 (all P<3.8E-03) per SD increment of metabolites (Table
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Table 2. Associations of plasma metabolites with change in eGFR in the Nutrition and Health of Aging Population in China study

Change in eGFR (ml/min per 1.73 m? per year) Incident Reduced eGFR
Metabolite

B (95% Confidence Interval) P Value Relative Risk (95% Confidence Interval) P Value
Cysteine —0.25 (=0.33 to —0.17) 2.7E—09 1.25 (1.13 to 1.39) 3.5E-05°
C3DC —0.19 (—0.27 to —0.11) 5.8E—06 1.18 (1.06 to 1.32) 2.6E—03?
Cc10 —0.17 (—0.25 to —0.10) 1.6E—05 1.20 (1.07 to 1.33) 1.1E—-03%
C20 —0.18 (—0.26 to —0.09) 3.8E-05 1.12 (1.01 to 1.24) 3.3E-02
C14:10H —0.17 (—0.25 to —0.09) 4.5E—-05 1.17 (1.06 to 1.29) 1.9E-03"
C18 —0.17 (—0.26 to —0.09) 5.6E—05 1.17 (1.06 to 1.30) 2.0E—03°
C18:2 —0.17 (=0.25 to —0.09) 1.0E—04 1.18 (1.07 to 1.30) 6.0E—04°
C16:2 —0.16 (—0.24 to —0.07) 2.0E—-04 1.16 (1.05 to 1.28) 4.1E-03
Phenylalanine —0.16 (—0.24 to —0.07) 2.0E—04 1.16 (1.05 to 1.29) 4.0E—-03
Glutamine —0.15 (—0.23 to —0.07) 3.0E-04 1.14 (1.02 to 1.27) 1.6E—02
C8 —0.14 (—0.22 to —0.06) 4.0E-04 1.15 (1.03 to 1.27) 1.1E-02
C20:4 —0.15 (=0.23 to —0.07) 4.0E—04 1.19 (1.08 to 1.31) 4.0E—04°
C50H —0.15 (—0.23 to —0.06) 4.0E-04 1.10 (1.01 to 1.21) 3.7E-02

tabolites associated with annual eGFR change.

Data areannual change in eGFR or relative risk per SD increase in metabolite concentration, after adjustment for age, sex, region (Beijing /
Shanghai), residence (urban/rural), education, current smoking, current drinking, physical activity, body mass index, lipid-lowering
medication use, HDL, LDL, cardiovascular disease, hypertension, type 2 diabetes, and eGFR at baseline. Only metabolites associated
with annual eGFR change after Bonferroni correction for multiple testing of the 56 metabolites (P<<8.9E—04) are shown.

“Significant association with incident reduced eGFR with P<<3.8E—03 after Bonferroni correction for multiple testing of the 13 me-

2). In sensitivity analyses, when eGFR was calculated using
the CKD-EPI equation or eGFR decline >3% per year were
further considered to define reduced eGFR, the results
remained similar (Supplemental Table 5). When C-reactive
protein was included as a covariate, the associations were
not materially changed (data not shown).

In addition, principal components analysis identified six
factors according to the scree plot (Supplemental Figure 3).
Consistent with the results for individual metabolites,
factor 1 (composed mainly of long-chain acylcarnitines)
and factor 6 (composed of cysteine and threonine) were
positively associated with incident reduced eGFR (all
P<0.05; Table 3).

In stratified analysis, the association of cysteine was
more pronounced in participants with baseline eGFR>90
ml/min per 1.73 m? (RR per SD, 2.71; 95% confidence
interval [95% CI], 1.96 to 3.75), compared with the rest of
participants with baseline eGFR 60-90 ml/min per 1.73 m?
(RR per SD, 1.14; 95% CI, 1.02 to 1.27) (Pinteraction<<0.001).
Moreover, the positive associations of C3DC and C10 with
incident reduced eGFR were observed only among over-
weight/obese individuals, but not in normal-weight par-
ticipants (both Pinteraction<<0.05). Additionally, there was no
significant interaction between region (Beijing/Shanghai)
and the metabolites (all Pinteraction>0.4) (Supplemental
Table 6).

Discussion

Using targeted metabolomic approaches, we found that
plasma levels of cysteine and a panel of acylcarnitines,
especially long-chain species, were significantly associated
with change in eGFR in a Chinese cohort, independent of
established risk factors including baseline eGFR.

Previously, most circulating short- and medium-chain
acylcarnitines and amino acids, including tryptophan,
ornithine, citrulline, and homocysteine, as well as ratios

such as tyrosine-to-phenylalanine and serine-to-glycine,
were reported to change with the progression of CKD or to
correlate with eGFR in cross-sectional studies (25-28).
Consistently, significant associations of the majority of
these metabolites with eGFR were also indicated in our
study. To date, only four longitudinal studies have in-
vestigated the link between metabolomic markers and
change in eGFR in populations of European or African
ancestry, with mixed findings (9-12). The null associations
of cysteine and acylcarnitines with change in eGFR in these
studies might be ascribed to ethnic diversities in genetic
predisposition, diet, and lifestyle. In addition, only one
study examined cysteine using a semiquantitative non-
targeted method (9); however, three of these studies had a
relatively narrow coverage of acylcarnitines (from <10 to
20) (9-11). In contrast, our study measured 34 acylcarnitines
using a method involving chromatographic separation. This
wider coverage of acylcarnitines apparently allowed us to
discover more novel acylcarnitines and their associations.
Besides the independent association with incident reduced
eGFR, our earlier study previously demonstrated for the first
time that a panel of acylcarnitines was associated with risk of
incident type 2 diabetes in the same population (16).

Of all of the metabolites, plasma cysteine levels showed
the strongest association with incident reduced eGFR, after
multivariable adjustment including baseline eGFR. Cyste-
ine and its oxidized form cystine are the most abundant
small-molecular-weight thiol/disulfide couple in plasma,
and their imbalance may amplify oxidative stress which
is closely related to CKD risk (29,30). Previously, higher
plasma levels of total cysteine, including free cystine,
cysteine, and their protein-bound forms, were showed in
patients with declined kidney function before receiving
hemodialysis (31,32). Our study further suggested different
associations of cysteine and cystine with CKD risk. In vitro
studies have revealed detrimental effects of cysteine on
various cell types, probably through generating reactive
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Table 3. Principal components analysis of plasma metabolites and change in eGFR in the Nutrition and Health of Aging Population in
China study
Change in eGFR Incident Reduced
(ml/min per 1.73 m? per year) eGFR
Factor Description Components Eigenvalue B (95% » Relative Risk »
Confidence Value (95% Confidence Value
Interval) Interval)
1 Long-chain C18:2, C18, C140H, 11.39 —0.13 (—0.21 to —0.05) 0.002 1.14 (1.03 to 1.27) 0.01
acylcarnitines C20:4,C20,C18:1,
C16:2, C14:10H,
C16:1, C18OH
2 Medium-chain C12, C12:1, C14, 8.11 —0.09 (—0.17 to —0.01) 0.02 1.09 (0.98 to 1.21) 0.12
acylcarnitines C120H, Cs, C10,
C16, C6, C3DC,
C2,C60H, C10DC
3 Branched-chain  Leucine, valine, 5.95 —0.10 (—0.20 to 0.00) 0.05 1.13 (0.99 to 1.28) 0.06
and aromatic isoleucine, alanine,
amino acids tyrosine,
phenylalanine,
tryptophan,
glutamic acid,
proline,
methionine, lysine
4 Short-chain C0,C3,C4,C5,C50H 3.02 —0.05 (—0.14 to 0.03) 0.22 1.00 (0.89 to 1.12) 0.97
acylcarnitines
5 Miscellaneous Serine, glutamine, 2.02 —0.11 (-0.20 to —0.02) ~ 0.01 1.03 (0.91 to 1.16) 0.67
glycine, ornithine,
histidine
6 Miscellaneous Cysteine, threonine 1.94 —0.23 (—-0.31 to —0.15) <0.001 1.32(1.18 to 1.47)  <0.001

Six factors were retained according to the scree plot and varimax rotation performed to produce interpretable factors. Metabolites with a factor
load =0.5 were reported as composing a factor. Data are annual change in eGFR or relative risk per SD increase in factor scores, after

adjustment for age, sex, region (Beijing/Shanghai), residence (urban/rural), education, current smoking, current drinking, physical activity,
body mass index, lipid-lowering medication use, HDL, LDL, cardiovascular disease, hypertension, type 2 diabetes, and eGFR at baseline.

oxygen species or forming an adduct with nitric oxide (33—
35). Thus, the cytotoxic properties of cysteine may impair
endothelial function and induce kidney dysfunction (36).
Another interesting finding of our study was that the asso-
ciation of cysteine with incident reduced eGFR was more
pronounced in participants with normal kidney function
(eGFR>90 ml/min per 1.73 m?) than those with mildly
impaired kidney function (eGFR 60-90 ml/min per 1.73 m?)
(20). The kidney has a compensatory ability to maintain
GFR, and the creatinine-based eGFR may not be sensitive
enough to indicate incipient kidney dysfunction (6). Col-
lectively, cysteine might be a potential marker of incident
kidney dysfunction, especially during the early-stages.

Our study also highlighted long-chain acylcarnitines as
another important group of metabolites that might play a role
in kidney dysfunction. Long-chain acylcarnitines transport
cytosolic long-chain fatty acids across the inner mitochondrial
membrane for B-oxidation (37). Accumulation of long-chain
acylcarnitines, the initial metabolites of B-oxidation, might
reflect mitochondrial dysfunction induced by lipotoxicity,
which could drive the progression of kidney impairment
(38,39). In fact, dramatic mitochondrial damage in multiple
kidney cell types was found in mice fed a high-fat diet,
possibly due to suppressing AMP kinase activity and sub-
sequently hindering fatty acid oxidation (FAO) in the kidney
(40,41). Nevertheless, future studies are needed to elucidate
the role of long-chain acylcarnitines in the pathogenesis of
kidney disease.

Interestingly, unlike long-chain acylcarnitines, the associa-
tions of medium- and short-chain species C10 (decanoylcar-
nitine) and C3DC (malonylcarnitine) with incident reduced
eGFR became significant only after baseline eGFR was
adjusted, implying that baseline eGFR might confound
their associations. Indeed, medium- but not long-chain
acylcarnitines were shown to decrease from kidney arterial to
venous levels in individuals undergoing catheterization,
suggesting that reduced eGFR could influence kidney uptake
or elimination of these metabolites (42). The positive associ-
ations of C3DC and C10 with incident kidney dysfunc-
tion might be attributed to their effects on dysregulating
FAO and mitochondrial stress, which subsequently
impairs kidney function (43,44). It was also interesting
that the associations of C3DC and C10 with future CKD
risk were pronounced only in overweight/obese indi-
viduals. It is possible that obesity might increase FAO
flux and induce incomplete FAO and accumulated acylcar-
nitines. Consequently, higher malonyl-CoA (indicated by
C3DC) and C10 might inhibit CPT1 and FAO and coun-
teract obesity-related mitochondrial overload (38). None-
theless, whether C10 and C3DC are useful markers for
CKD prevention and management needs to be addressed
in future studies.

To our knowledge, this is the first relatively large-scale
population-based cohort study investigating associations
of amino acid and acylcarnitine profiles in relation to
change in eGFR in Asians. Another strength of this study is
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that a multitude of covariates (including demographic
factors, lifestyle, medication use, and medical history) were
carefully controlled. Finally, a sensitive, targeted, quanti-
tative metabolomics method was used to measure a broad
spectrum of acylcarnitines, providing a unique opportunity
to explore novel markers. There were also some limitations
to our study. First, our findings warrant replication in an
independent population. On the other hand, our study
comprised two subpopulations from Beijing and Shanghai,
with differences in diet, lifestyle, prevalence of obesity,
hypertension, and diabetes (45,46), and the associations
persisted in both subpopulations. Second, comparing all
eligible participants, those lost to follow-up were more
likely to be urban residents, and have higher levels of
educational attainment, family income, and plasma tri-
glycerides (14). Of note, the rate of loss to follow-up (23%)
in this study was comparable with other studies (47). Third,
we did not have direct measurement of kidney function,
which is generally not feasible in large population studies.
Instead, we used the modified MDRD study equation for
Chinese individuals along with other definitions and
obtained consistent results (18-21). Fourth, we could not
evaluate the effect of proteinuria on associations of interest,
because data for proteinuria were not available in our
cohort. However, adjustment for proteinuria in a Japanese
cohort study did not abolish the association between
homocysteine and incident reduced eGFR (48). Homocys-
teine is a molecule sharing similar biologic properties with
cysteine, implying that the associations between cysteine
and incident reduced eGFR in our study might also be
independent of proteinuria. Fifth, although plasma amino
acid levels may be affected by diet and other modifiable
factors, available evidence suggests that their levels are
reproducible over 1-2 years (r,>0.4) (49). Sixth, cardiovas-
cular disease assessment may have been subject to mis-
classification because it was exclusively on the basis of
self-report. Finally, our study was conducted in a middle-
aged and elderly Chinese population, and the results may
not be generalizable to other ethnicities or younger pop-
ulations. Moreover, the generalizability may be further
limited by the fact that the rate of eGFR loss in our study
was relatively faster than the apparently healthy population
in Israel (—2.2 versus —1 ml/min per 1.73 m? per year),
which might be attributable to the high prevalence of CKD
risk factors like type 2 diabetes and hypertension in our
population at baseline (50).

In conclusion, our study showed that elevated plasma
cysteine and a panel of acylcarnitines, especially long-chain
acylcarnitines, were prospectively associated with change
in eGFR, independent of baseline eGFR and other estab-
lished and potential CKD risk factors in a Chinese pop-
ulation. More studies are merited to confirm our findings
and also to elucidate relevant mechanisms.
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