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To enhance understanding of themetabolic indicators of type
2 diabetes mellitus (T2DM) disease pathogenesis and progres-
sion, the urinary metabolomes of well characterized rhesus
macaques (normal or spontaneously and naturally diabetic)
were examined.High-resolutionultra-performance liquid chro-
matography coupled with the accurate mass determination of
time-of-flightmass spectrometry was used to analyze spot urine
samples from normal (n � 10) and T2DM (n � 11) male mon-
keys. The machine-learning algorithm random forests classi-
fied urine samples as either from normal or T2DM monkeys.
The metabolites important for developing the classifier were
further examined for their biological significance. Random
forests models had a misclassification error of less than 5%.
Metabolites were identified based on accurate masses (<10
ppm) and confirmed by tandemmass spectrometry of authen-
tic compounds. Urinary compounds significantly increased
(p < 0.05) in the T2DM when compared with the normal
group included glycine betaine (9-fold), citric acid (2.8-fold),
kynurenic acid (1.8-fold), glucose (68-fold), and pipecolic
acid (6.5-fold). When compared with the conventional defi-
nition of T2DM, the metabolites were also useful in defining
the T2DM condition, and the urinary elevations in glycine
betaine and pipecolic acid (as well as proline) indicated de-
fective re-absorption in the kidney proximal tubules by
SLC6A20, a Na�-dependent transporter. The mRNA levels of
SLC6A20 were significantly reduced in the kidneys of mon-
keys with T2DM. These observations were validated in the
db/db mouse model of T2DM. This study provides convinc-
ing evidence of the power of metabolomics for identifying
functional changes at many levels in the omics pipeline.

Type 2 diabetesmellitus (T2DM),4 themost common type of
diabetes, is a significant, costly, and rapidly expanding public
health concern worldwide. T2DM is associated with microvas-
cular (nephropathy, retinopathy, and neuropathy) and macro-
vascular (coronary artery disease and peripheral vascular
disease) pathologies resulting in a complex, multifactorial met-
abolic phenotype. Therefore, understanding the molecular
pathogenesis and progression of T2DM, its associated and var-
ied complications, and its effects on numerous organ systems is
not trivial. The emerging field of small molecule profiling, or
metabolomics, has already provided new perspectives on
T2DM (1–5). As the end products of all cellular processes,
global metabolite profiling may represent the best and largest
net with which to capture changes originating from epig-
enomic, genomic, transcriptomic, and proteomic alterations.
Metabolomics aims to identify and quantify all small mole-

cules as they may be the most accurate indicators of cellular
physiology (6). Moreover, metabolomics is an NIH Roadmap
Initiative and was listed as a research priority in the American
Society ofNephrology Renal Research Report (7).Metabolomic
studies of T2DM have utilized a variety of animal models (e.g.
db/dbmice, streptozotocin-treated mice, Zucker diabetic rats,
even hyperinsulinemic horses), as well as T2DM individuals.
Several analytical platforms, including high-field 1H nuclear
magnetic resonance spectroscopy (NMR), gas chromatography
coupledmass spectrometry (GC-MS), and liquid chromatogra-
phy coupled mass spectrometry (LC-MS) have been employed
in metabolomic investigations (8–13). These approaches were
useful in demonstrating proof-of-concept for metabolomic
analysis as a tool to discriminate normal from T2DM-diseased
samples, yet the mechanistic underpinnings and the tissue of
origin of the reported metabolites remain uncertain.
The rhesus macaque (Macaca mulatta) represents an ideal

animal model for understanding the pathogenesis and compli-
cations of T2DM. As primates, rhesus macaques are more sim-
ilar to humans than rodents, sharing �93% DNA sequence
identity (14). With respect to T2DM in particular, the rhesus
macaque is strikingly similar to humans. Like many groups of
T2DM humans, laboratory-maintained ad libitum fed rhesus

* This work was supported, in whole or in part, by National Institutes of Health
Grants NO1-AG-3-1012 (to B. C. H.), AG-42100 (to B. C. H.), and
HHSN26300800022C and the National Cancer Institute, Intramural
Research Program.

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Tables S1–S3.

1 Supported by Pharmacology Research Associate in Training Fellowships
from the NIGMS, National Institutes of Health.

2 Present address: Dept. of Bioinformatics and Computational Biology, M. D.
Anderson Cancer Center, Houston, TX.

3 To whom correspondence should be addressed. Tel.: 301-496-9067; Fax:
301-496-8419; E-mail: fjgonz@helix.nih.gov.

4 The abbreviations used are: T2DM, type 2 diabetes mellitus; UPLC, ultra-
performance liquid chromatography; QPCR, quantitative PCR; FPG, fasting
plasma glucose; MDS, multidimensional scaling.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 22, pp. 19511–19522, June 3, 2011
Printed in the U.S.A.

JUNE 3, 2011 • VOLUME 286 • NUMBER 22 JOURNAL OF BIOLOGICAL CHEMISTRY 19511

http://www.jbc.org/cgi/content/full/M111.221739/DC1


macaques developT2DMwith a lifetime incidence estimated to
be around 30%. Clinically, T2DM rhesus macaques exhibit the
same phenotype as T2DM humans: hyperglycemia, glycosuria,
polydipsia, polyphagia, excess adiposity, dyslipidemia, insulin
resistance, and impaired glucose tolerance (15–17). They also
show the samemetabolic disturbances (17–23) and develop the
same complications, including nephropathy, retinopathy, neu-
ropathy, and other macrovascular changes (24–30). Given its
well recognized applicability to many human diseases, includ-
ing T2DM, and its recently published genome (31, 32), the rhe-
sus macaque is an exceptional model with which to understand
T2DM pathogenesis and progression at the metabolic and
metabolomic levels.
In the present metabolomic study, urine samples from a

cohort of spontaneously T2DM rhesus macaques were com-
pared with samples from normal counterparts. An analytical
platform having superior resolution and high mass accuracy,
ultra-performance liquid chromatography (UPLC) coupled
electrospray ionization quadrupole time-of-flight mass spec-
trometry (ESI-QTOF-MS), was combined with contemporary
machine learning algorithms to identify urinary metabolites
capable of discriminating normal from T2DM monkeys. The
kidney proximal tubule transporter, SLC6A20 (a Na�-depen-
dent transporter), was implicated in the increased excretion of
the urinary metabolites. Similar results were replicated in the
db/db mouse model of T2DM. The combination of a unique
nonhuman primate colony (rhesus macaque), genetically mod-
ified mice, and the latest in metabolomic technology provides a
new perspective on the multifactorial T2DM phenotype.

EXPERIMENTAL PROCEDURES

Chemicals—Betaine hydrochloride was purchased from MP
Biomedicals, LLC (Aurora, Ohio). N-Methylnipecotic acid was
purchased from Oakwood Products Inc. (West Columbia, SC).
Chlorpropamide, citrate, creatinine, debrisoquine hemisulfate,
glucose, isocitrate, kynurenic acid,�-methyl-L-proline, 4-nitro-
benzoic acid, D- and L-pipecolic acid, D- and L-proline, and theo-
phylline were purchased from Sigma. All reagents and solvents
were HPLC grade.
Monkey Urine Collection—Rhesus monkeys (M. mulatta)

were individually housed and cared for according to the Guide
for the Care andUse of Laboratory Animals (National Research
Council Institute for Laboratory Animal Resources). All animal
protocols were approved by the Institutional Animal Care and
Use Committee at the University of South Florida. Each subject
was placed on the same diet lot (17% protein, 13% fat, and 70%
carbohydrate, 5038, Purina Mills, St. Louis, MO) provided ad
libitum together with ad libitum fresh water. Standard 12-h
light/dark cycles were used. Spot urines (except for the first
urine of the morning) were collected in clean autoclaved steel
pans. Urine samples were discarded if found to be contami-
nated with feces, food, or water. Monkey blood samples used
for clinical chemistry were obtained under light anesthesia
(ketamine hydrochloride, 10 mg/kg body weight) after a con-
sistent 16-h overnight fast.
Mouse Urine Collection—C57Bl/6J and db/db (B6.BKS(D)-

Leprdb/J) male mice 12 weeks of age were obtained from The
Jackson Laboratory. Food (NIH31 standard chow) and water

was provided ad libitum. Standard 12-h light/dark cycles were
used. Mice were placed in metabolic cages to collect 24-h urine
samples (Tecniplast USA, Exton, PA) every month for 3
months.Mice were euthanized at 12 (n� 3), 16 (n� 4), 20 (n�
4), and 24 weeks (n � 4) of age and tissue was harvested and
immediately flash-frozen in liquid nitrogen. The db/db diabetic
phenotype was confirmed in all mice by blood chemistry anal-
ysis. All animal studies were approved by the National Cancer
Institute Animal Care andUse Committee. Urine samples were
diluted with HPLC grade water containing 1 �M chlorprop-
amide as the internal standard. The samples were centrifuged
to remove insoluble debris and the supernatant was transferred
to an autosampler vial.
UPLC-ESI-QTOF-MS of Monkey Urine—Monkey spot

urines were diluted with an equal volume of solvent comprised
of water and acetonitrile (1:1). The samples were centrifuged to
remove insoluble debris and the supernatant was transferred to
an autosampler vial. Five �l was chromatographed on a 50 �
2.1-mm Acquity 1.7-�m C18 column (Waters Corp, Milford,
MA) using an Acquity UPLC system (Waters). To avoid arti-
facts based on sample injection order, the order was random-
ized. The gradient mobile phase consisted of 0.1% formic acid
(A) and acetonitrile containing 0.1% formic acid (B). A typical
10-min sample run consisted of 0.5 min of 100% solvent A fol-
lowed by an incremental increase of solvent B up to 100% for
the remaining 9.5min. The flow rate was set to 0.5ml/min. The
eluent was introduced by electrospray ionization into the mass
spectrometer (Waters QTOF Premier) operating in positive
(ESI�) or negative (ESI�) ionization modes. The capillary and
sampling cone voltages were set to 3,000 and 30 V, respectively.
Source and desolvation temperatures were set to 120 and
350 °C, respectively, and the cone and desolvation gas flows
were set to 50.0 and 650.0 liter/h, respectively. To maintain
mass accuracy, sulfadimethoxine at a concentration of 300
pg/�l in 50% acetonitrile was used as a lockmass and injected at
a rate of 50 �l/min. For MS scanning, data were acquired in
centroid mode from 50 to 850 m/z and for tandem MS the
collision energy was ramped from 5 to 35 V.
Chromatogram Deconvolution—The mass chromatographic

data were aligned using MarkerLynx software (Waters) to gen-
erate a data matrix consisting of peak areas corresponding to a
uniquem/z and retention time. The peak area corresponding to
protonated creatinine (m/z� 114.0671�, retention time� 0.31
min) was used to normalize the peak areas in a sample. This
procedure minimized differences in analyte concentration that
were due to variations in renal physiology. Data from ESI� and
ESI� were combined to generate a data matrix suitable for
downstream analysis. The conventionally noted clinical param-
eters of age, weight, fasting plasma glucose, serum triglycerides,
HbA1c, and plasma insulin were added to some of the analyses
to serve as pre-existing clinically important characterization
and biomarkers of T2DM.
Random Forests Analysis—The random forests machine

learning algorithm (33) was used to classify monkey urine sam-
ples as normal or T2DM. The random forests method uses an
ensemble of simple decision trees, each trained on a boot-
strapped subset of the samples and a random set of variables.
The algorithm provides two particularly useful features: 1)
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internal cross-validation that assesses model accuracy without
a priori specifying independent testing and training sets; and 2)
a permutation analysis that estimates the relative “importance
score” of each variable in the models. Random forests run-to-
run variability can reduce the reproducibility of importance
scores, somore robust importance scores were computed using
a panel of 25 independent random forests models, each with
10,000 trees, trained on the set of all ions (ESI� andESI�). Next,
the importance score rank for each variable in each model was
computed. The ranks were then averaged over the set of mod-
els. Bootstrapping the results from the 25 independent random
forests was used to determine the 95% confidence intervals of
the variable importance ranks.
The minimal number of variables necessary to build an opti-

mal random forests model for classifying each groupwas deter-
mined with a greedy (i.e. locally optimal but potentially globally
suboptimal) approach. The average performance of sets of 25
random forests models were compared, each trained using a
subset of the top ranked variables. The set of 25 random forests
models were trained using the previously determined top 10,
20, 50, 75, 150, 250, 350, 500, 750, or 1000 most important
model variables. The set of models that achieved the best aver-
age classification performance was concluded to contain the
most meaningful set of variables. Bootstrapping of the 25 for-
ests was used to determine the variation in model performance
within each of the sets of 25 models. In the case that more than
one set of top performing variables was non-statistically signif-
icantly better than another set, the best model was the one that
used the fewest variables.
Metabolite Identification and Validation—Elemental com-

positions of ions were determined using Seven Golden Rules
(34) and the Madison Metabolomics Consortium Database
(35). Putative ion identities were validated using tandemMS by
comparison with authentic compounds.
Metabolite Concentration Measurements—Urine samples

were diluted in 10 mM ammonium formate buffer (pH 3.5) and
separated on a Phenomenex Synergi Polar-RP column (Tor-
rance, CA). Samples for measurement of glycine betaine, creat-
inine, and glucose were diluted 1:500 and kynurenic acid sam-
ples were diluted 1:10. LC analysis was carried out using a
high-performance LC system consisting of a PerkinElmer
Series 200 quaternary pump, vacuum degasser, and autosam-
pler (PerkinElmer Life Sciences) with a 100-�l loop interfaced
to an API2000 SCIEX triple quadrupole tandem mass spec-
trometer (Applied Biosystems/MDS Sciex, Foster City, CA).
Ions were monitored by either single ion monitoring or multi-
ple reaction monitoring (MRM) modes. Single ion monitoring
was used to monitor the negatively charged ion, m/z � 214.9,
corresponding to the chloride adduct of glucose with 4-nitro-
benzoic acid used as the internal standard (m/z � 165.9). The
following MRM transitions were monitored in positive mode:
glycine betaine (118.0 3 58.1 m/z), creatinine (114.0 3 86.1
m/z), debrisoquine hemisulfate (176.1 3 134.2 m/z), and
kynurenic acid (190.0 3 144.0 m/z). Citrate and its isomer,
isocitrate, were separated by UPLC and detected by QTOF-MS
by monitoring their sodium adducts in ESI� mode (m/z �
215.0168). Citrate and isocitrate were quantitated using Quan-
Lynx (Waters).

Mouse serum samples were diluted 20-fold in 66% acetoni-
trile containing 200 nM chlorpropamide as an internal standard
and separated on a 50 � 2.1-mm Acquity 1.7-�m C18 column
and introduced via electrospray into a triple quadrupole mass
spectrometer (XEVO TQ-MS). MRM transitions for glycine
betaine, pipecolic acid, and prolinewere as described above and
below. The MRM transition for chlorpropamide was 275.03
189.96 m/z. Results were analyzed and quantitated using Tar-
getLynx (Waters).
Chiral Chromatography—Chiral chromatography for pipe-

colic acid and proline was performed as described (36) to dis-
tinguish the L- from the D-stereoisomer. Briefly, urine samples
were diluted 1:1 in 50% aqueous methanol and spiked with
internal standards N-methylnipecotic acid (for pipecolic acid
measurements) or �-methyl-L-proline (for proline measure-
ments). Samples were chromatographed on an Astec Chirobi-
otic T (Sigma) HPLC column and introduced via electrospray
into an API2000 SCIEX triple quadrupole tandem mass spec-
trometer. The following MRM transitions were monitored in
positive mode: N-methylnipecotic acid (144.1 3 98.2 m/z),
pipecolic acid (130.03 84.1m/z),�-methyl-L-proline (130.13
84.1m/z), and proline (116.23 70.1m/z). �-Methyl-L-proline
was clearly distinguished from pipecolic acid based on differ-
ences in retention time.
RNAAnalysis—RNAwas extracted from representative por-

tions of flash-frozen kidney using TRIzol reagent (Invitrogen).
Quantitative real time reverse transcriptase-PCR (QPCR) was
performedwith cDNA generated from 1�g of total RNAwith a
SuperScript II reverse transcriptase kit (Invitrogen) using ran-
dom hexamers. Primers were designed using Primer 3 software
(37) based on the following NCBI rhesus macaque refer-
ence sequences: SLC6A20 (XM_001114465), SLC36A1
XM_001109989), HNF1a (XM_001089567), COLLECTRIN/
TMEM27 (NM_001194195), and �-ACTIN (NM_001033084).
Mouse primers were designed using qPrimerDepot
(mouseprimerdepot.nci.nih.gov). All primers were further val-
idated using NCBI Primer-BLAST. Primer sequences can be
found under supplemental Table S1. QPCR was carried out
using SYBRGreen PCRmastermix (Applied Biosystems) using
anABI Prism7900HT sequence detection system (Applied Bio-
systems). Values were quantified using the comparative thresh-
old cycle method and samples were normalized to �-actin.
Monkey QPCR products were sequenced to confirm proper
target amplification.
Isolation of Kidney Membrane Vesicles and Western Blotting

Analysis—Flash-frozen necropsied kidneywas homogenized in
1 ml of lysis buffer (5 mM Tris, pH 8.0, 2 mM EDTA, and prote-
ase inhibitors). The homogenatewas centrifuged twice at 500�
g for 15 min at 4 °C. The supernatant was retained each time
and then centrifuged at 36,000 � g (Optima Max Ultracentri-
fuge, BeckmanCoulter) for 15min at 4 °C. The pellet was resus-
pended in 100 �l of resuspension buffer (75 mM Tris, pH 8.0,
12.5 mMMgCl2, 5 mM EDTA, and protease inhibitors). Protein
concentration was determined using the BCA assay (Thermo
Scientific, Waltham, MA). 20 �g of total protein was separated
on a 4–15%Tris-HCl gel and transferred to PVDF.Membranes
were incubated with antibodies against SLC6A20 (Santa Cruz
Biotechnology, Inc.) or used as control for loading ferroportin
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(Alpha Diagnostic International, San Antonio, TX) or actin
(Abcam, Cambridge, MA).
Statistical Analysis—Statistical analysis of differences in ion

concentration was performed using GraphPad Prism (San
Diego, CA). The significance of metabolite concentration dif-
ferences was determined using an unpaired t test or the Mann-
Whitney test (for data of non-normal distribution). Outliers
were detected using Grubb’s test (QuickCalcs, GraphPad Soft-
ware, San Diego, CA). p values less than 0.05 were considered
significant.

RESULTS

Stratification of T2DM Monkeys by Clinical Indices—Mon-
keys were classified into two groups according to the definition
recommended by the American Diabetes Association for
humans, but with slight modifications to account for a lower
upper limit-of-normal fasting plasma glucose (FPG) in rhesus
monkeys (3.6 mmol/liter) compared with that for humans (4.7
mmol/l) (38). Monkeys that had two consecutive FPG values of
7 mmol/liter or above were considered T2DM. Normal mon-
keys had FPG values consistently below 4.4mmol/liter. Normal
monkeys used in the metabolomic studies had the following
average values: age, 14.3� 6.1 years; bodyweight, 12.1� 4.0 kg;
FPG, 3.3� 0.5mmol/liter; serum triglycerides, 0.7� 0.3mmol/
liter; HbA1c, 4.2 � 0.3%; and plasma insulin, 239.4 � 125.5
pmol/liter. In comparison, monkeys with T2DM used in the
metabolomic studies had the following average values: age,
21.1 � 3.9 years (p � 0.01); body weight, 15.8 � 3.0 kg (p �
0.05); FPG, 10.2 � 2.3 mmol/liter (p � 0.001); triglyceride,
9.7 � 7.1 mmol/liter (p � 0.001); HbA1c, 9.7 � 0.9% (p �
0.001); and plasma insulin, 815.1 � 865.4 pmol/liter (p � 0.01).
Normalmonkeys used in the gene expression and biochemistry
studies had the following average values: age, 23.5 � 6.4 years;
body weight, 11.2 � 6.2 kg; FPG, 3.9 � 0.6 mmol/liter; triglyc-
eride, 1.2 � 0.8 mmol/liter; HbA1c, 4.3 � 0.3%; and plasma
insulin, 282� 92.3 pmol/liter.MonkeyswithT2DMused in the
gene expression and biochemistry studies had the following

average values: age, 22.9 � 4.0 (p � 0.05); body weight, 13.8 �
2.4 kg (p � 0.05); FPG, 14.8 � 3.8 (p � 0.01); triglyceride, 7.5 �
8.1 mmol/liter (p � 0.01); HbA1c, 9.7 � 1.4% (p � 0.01); and
plasma insulin, 241.8 � 139.9 pmol/liter (p � 0.05). Individual
values are shown in supplemental Table S2 (monkeys used for
metabolomics studies) and supplemental Table S3 (deceased
monkeys used for gene expression and biochemistry studies).
Random Forests Parameters and Models—Random forests

was used to classify urine as either from normal or T2DM rhe-
susmacaques. A single datamatrix consisting of ESI� and ESI�

urine metabolomics data were generated such that each m/z
and retention time was represented by a unique variable.
Because of the inherent chromatographic noise and spectral
artifacts present in LC-MS-based analyses, multiple random
forests models were employed to identify the minimal set of
variables necessary to build a classifier of normal versus T2DM
monkeys. The top 150 ordered variables generated the most
accurate random forestsmodel, with an average random forests
misclassification error of 5% (Fig. 1A). Non-significant differ-
ences in performance were observed between training models
based on 150 and 250 variables. The five most important vari-
ables (and other notable ones) are described under Table 1.
Random forests-based sample proximity matrices were used

to construct multidimensional scaling (MDS) plots for the nor-
mal (n � 10) and T2DM (n � 11) monkeys using the top 150
metabolomic variables.WhenMDSplots were based on the top
150 metabolomic variables alone, the normal and T2DM sam-
ples were well separated (Fig. 1B) with a classification accuracy
of 95%. Subject D10, although clinically defined as having
T2DM, clustered outside of both the normal and T2DM
monkeys.
Identification of Biochemical Constituents in the Monkey

Urine Metabolome with High Variable Importance Scores—
Ions with the highest variable importance scores were analyzed
to determine their elemental compositions and identities using
SevenGoldenRules (34) and the onlineMadisonMetabolomics

FIGURE 1. MDS plots of normal and T2DM monkeys. A, optimization of the number of features used in the random forests model. Models were trained on 10,
20, 50, 75, 150, 250, 350, 500, 750, or 1000 variables. 150 of the top variables were determined to be the most informative (indicated by arrow). Errors bars
represent 1 S.D. B, an MDS plot derived from the random forests proximity matrix using the top 150 variables. Normal (n � 10) and T2DM (n � 11) monkeys were
classified with an accuracy of 95%. Monkey D10, whereas clinically defined as type 2 diabetic, was misclassified as normal.
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ConsortiumDatabase (35). The ions 190.0510� and 130.0873�

ranked as first and second in the variable importance score list,
respectively (Table 1). Chemical formula calculations on those
ions showed that they corresponded to kynurenic acid
(C10H7NO3) and pipecolic acid (C6H11NO2), respectively.
Ions 140.0691� and 215.0351� were found to correspond to
the sodium adduct of glycine betaine (C5H11NO2Na�) and
the chloride adduct of glucose (C6H12O6Cl�), respectively.
Analysis of the other top ranking ions identified 118.0858� as
glycine betaine (C5H11NO2) and 156.0434� as the potassium
adduct of glycine betaine. Another notable ion included the
sodium adduct of citrate (215.0166�). The errors inmassmeas-
urement ranged from 0.9 to 13.5 ppm (mean � 6.2).
For glycine betaine, kynurenic acid, and pipecolic acid, tan-

dem MS fragmentation patterns and retention times obtained
from the urine samples were compared with those obtained
from authentic compounds to identify each ion unequivocally.
TandemMS of authentic glycine betaine generated the follow-
ingm/z fragments (values in parentheses indicate relative per-
cent): 118.0833� (100), 59.0713� (6), and 58.0648� (19). Tan-
dem MS of putative glycine betaine in urine generated the
following m/z fragment ions (relative abundance): 118.0827�

(100), 59.0732� (3), and 58.0642� (11). Similarly, kynurenic
acid was confirmed by comparison of the tandemMS fragmen-
tation patterns of the authentic compound (m/z fragment ions:
190.0531� (36), 144.0504� (100), 116.0566� (14), and 89.0521�

(8)) and putative urinary kynurenic acid (m/z fragment ions:
190.0500� (33), 144.0486� (100), 116.0562� (18), and 89.0428�

(10)). Pipecolic acid was confirmed by comparison of the tan-
dem MS fragmentation patterns of the authentic compound
(m/z fragment ions: 130.0835� (86) and 84.0778� (100)) and
putative urinary pipecolic acid (m/z fragment ions: 130.0848�

(67) and 84.0766� (100)). For validation by tandemMS, citrate
and isocitrate were best observed in ESI� mode because the
sodium adduct cannot generate detectable fragment ions in
ESI� mode (data not shown). Isocitrate was found to elute
before citrate. Citrate was confirmed by comparison of the tan-
dem MS fragmentation patterns of the authentic compound
(m/z fragment ions: 191.0206� (30), 173.0074� (5), 111.0067�

(100), 87.0070� (35), and 85.0287� (30)) and putative urinary
citric acid (191.0210� (30), 173.0112� (3), 111.0179� (100),
87.0183� (52), and 85.0411� (27)). Isocitrate was eliminated
from further analyses because the retention time of citrate

closely matched that of the candidate urinary biomarker iden-
tified by random forests. Glucose detection was increased in
sensitivity by monitoring its chloride adduct (215.0315�) and
its identity was validated by comparison with an authentic glu-
cose standard (data not shown).
Quantitation of Urinary Metabolites in Urine Samples from

Normal and T2DM Rhesus Macaques—For the ions identified
in Table 1, concentration measurements were estimated
against calibration curves and expressed as a ratio with creati-
nine to eliminate variability associated with the collection of
spot urines. Glycine betaine (Fig. 2A), kynurenic acid (Fig. 2D),
L-pipecolic acid (Fig. 2E), and L-proline (Fig. 2F) concentrations
weremeasured by LC-tandemMSoperating inMRMmode. To
distinguish the D- and L-isomers of both pipecolic acid and pro-
line, chiral chromatography was used (Fig. 3, A and B). Com-
parison of mixtures of the DL-stereoisomers, the L-stereoiso-
mer, and urine samples fromT2DMmonkeys suggested that, in
the diabetic condition, the L-stereoisomer predominates.
Although not a highly ranked biomarker identified by random
forests, L-proline was profiled as it, along with glycine betaine
and L-pipecolic acid, is re-absorbed in the kidney proximal
tubules by similar transporters. For each biomarker, one nor-
mal (C07) and one T2DM (T11) monkey were removed as out-
liers (as identified by Grubb’s test for outliers) having values
beyond mean � 2 S.D. T2DM urines had a 9-fold increase
above normal in the glycine betaine concentration (mean �
S.D.; 48� 17 to 438� 88�mol/mmol of creatinine; p� 0.001).
Kynurenic acid levels were increased in T2DM (0.52 � 0.07 to
0.95 � 0.14) monkeys and found to be significantly different
(p � 0.05) from normal levels. L-Pipecolic acid concentrations
were elevated above normal in T2DMs (0.22 � 0.13 to 1.42 �
0.42; p � 0.01). L-Proline was also found to be elevated in
T2DMs compared with normal (0.62� 0.17 to 4.15� 1.04; p�
0.01).
Urinary glucose wasmeasured by LC-MS (in single ionmon-

itoring mode) monitoring the negative ion, 215.0�, corre-
sponding to its chloride adduct (Fig. 2C). Urine glucose in
T2DMs was elevated nearly 70-fold compared with normal
(45 � 10 to 3070 � 165 �mol/mmol of creatinine; p � 0.001).
Urinary citric acid was measured using the UPLC to separate it
from its isomer, isocitrate (Fig. 2B). Citric acid levels in the
T2DMs were elevated 2-fold compared with normal (1060 �
395 to 2956 � 634 �mol/mmol of creatinine; p � 0.05).

TABLE 1
Summary of biomarker candidates identified by random forests analysis

Identity m/z Retention time Empirical formula Mass error Mean rank (95% CI)

min ppm
Top biomarker candidates (and adducts)
Kynurenic acid 190.0510� 2.78 C10H7NO3 3.2 2.0 (1.56–2.52)
Pipecolic acid 130.0873� 0.37 C6H11NO2 3.8 2.3 (1.96–2.72)
Glycine betainea
a 140.0691� 0.32 C5H11NO2Na 2.9 2.4 (2.04–2.64)
b 118.0858� 0.36 C5H11NO2 8.5 5.6 (5.24–6.08)
c 156.0434� 0.31 C5H11NO2K 4.5 7.2 (6.48–7.84)

Glucose
d 215.0351� 0.34 C6H12O6Cl 13.5 3.3 (2.88–3.64)

Other notable biomarker candidates
Citric acid
a 215.0166� 0.65 C6H8O7Na 0.9 42.8 (36.68–48.8)

a Where a � 	Na�
 adduct; b � 	H�
 protonated molecular ion; c � 	K�
 adduct, and d � 	Cl�
 adduct.
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RNA Analysis and Biochemistry from Kidneys of Normal and
T2DM Monkeys—Because it was not practical to biopsy all
monkeys in themetabolomic cohort, portions of representative
flash-frozen necropsied kidneys (wedges) were taken from
deceased monkeys (supplemental Table S3) and used for gene
expression andWestern blotting analysis. Because theNa�-de-
pendent SLC6A20 transporter in the kidney proximal tubules is
known to be important for the re-absorption of imino and
N-methylated amino acids such as glycine betaine, L-proline,
and L-pipecolic acid (39–41), the mRNA and protein levels of
SLC6A20 were measured. QPCR analysis demonstrated a sta-
tistically significant (p � 0.05) 4.5-fold decrease in SLC6A20
gene expression (Fig. 4A). Therewas no significant difference in
the expression of mRNAs encoding SLC36A1, HNF1�, or
COLLECTRIN/TMEM27 (Fig. 4A). Western blotting of the
membrane fraction (Fig. 4B) appeared reduced but therewas no
significant difference, based ondensitometry (Fig. 4C), between
SLC6A20 protein levels in normal and T2DMmonkey kidneys.
Quantitation of Urinary Biomarkers in Urine Samples from

Wild-type and db/dbMice—To understand better their associ-
ation with T2DM and the SLC6A20 transporter, glycine beta-
ine, L-pipecolic acid, and L-proline urinary levels were quanti-
tated in an additional, yet distinct, model of T2DM, the db/db
mouse. Urine samples were collected from age-matched, male
wild-type and db/dbmice at 12-, 16-, 20-, and 24-weeks of age
and glycine betaine, L-pipecolic acid, L-proline, and glucose
were quantitated (Fig. 5). To account for the large diuresis dif-
ferences between the wild-type and db/db mice (not shown)
and additional factors influencing urinary creatinine excretion
in this mouse model (10), results are expressed as micromoles
or millimoles per 24 h. Over the three-month sampling period,
increased excretion of glycine betaine (Fig. 5A), pipecolic acid
(Fig. 5B), proline (Fig. 5C), and glucose (Fig. 5D) was observed.

Pipecolic acid (except at 20-weeks) and glucose urinary excre-
tion in db/dbmice was significantly different from wild-type at
all time points. However, differences in glycine betaine excre-
tion reached statistical significance at 16 (p � 0.01) and 20
weeks (p� 0.05), whereas differences in proline excretion were
significant at 12 (p � 0.05), 16 (p � 0.01), and 20 weeks (p �
0.05) of age.
Gene Expression andWestern Blotting Analysis from Kidneys

of Wild-type and db/db Mice—Unlike in monkeys (and
humans), the SLC6A20 transporter exists as a gene duplication
in mice. Therefore, expression of both the homologues
Slc6a20a and Slc6a20bwas assessed in the kidneys of wild-type
and db/db mice at 12, 16, 20, and 24 weeks of age. Slc6a20a
expression was significantly reduced at 20 weeks (p � 0.05) of
age in the db/dbmouse (Fig. 6). However, Slc6a20b expression
was significantly (p � 0.01) reduced at 16, 20, and 24 weeks of
age. Expression of mRNAs encoded by the kidney transporter,
Slc36a1, and the gene (Collectrin/Tmem27) encoding the dock-
ing protein, collectrin, were unchanged. Because Hnf1�/� was
shown to be important for regulating the expression of various
genes in the kidney (42–48), the expression ofmRNA encoding
Hnf1� andHnf1�was assessed.Hnf1�mRNAwas significantly
reduced at 20 and 24 weeks of age, whereas Hnf1� mRNA was
significantly reduced at 24 weeks of age. To determine whether
these changes were due to a general decline in kidney gene
expression, the gene expression of Slc5a2, a sodium/glucose
co-transporter, was examined and found to be significantly up-
regulated in the db/dbmouse at 24 weeks of age.
Western blotting analysis revealed significant reduction of

Slc6a20 protein levels in kidney membrane fractions of wild-
type and db/dbmice (Fig. 7A). Although only reaching statisti-
cal significance at 16 and 20 weeks, there was a general decline
(50% or greater) in Slc6a20 protein levels at all time points (Fig.

FIGURE 2. Urine concentration measurements were determined using a standard curve derived from authentic compounds. A, glycine betaine; B, citric
acid; C, glucose; D, kynurenic acid; E, L-pipecolic acid; and F, L-proline. L-Pipecolic acid and L-proline were distinguished from their D-isomer by chiral chroma-
tography. Data are plotted after normalizing by creatinine from normal (n � 9) and T2DM (n � 10) urine samples and are expressed as micromoles per millimole
of creatinine. Statistical significance when comparing with the normal monkeys was determined by a Mann-Whitney test for non-normal data. Monkeys C07
(normal) and T11 (T2DM) were excluded as outliers by a Grubb test.
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7B). The antibody used in this experiment did not differentiate
between levels of Slc6a20a and Slc6a20b proteins. Interestingly,
even at the 24-week time point, there was no significant change
in kidney histology (Fig. 7C, top panels), yet the liver, as
expected, was significantly steatotic (Fig. 7C, bottom panels).
Quantitation of Serum Biomarkers in Wild-type and db/db

Mice—To better understand if the increased urinary excretion
of metabolites such as glycine betaine, pipecolic acid, and pro-
line results in decreased circulating levels in the blood, the
metabolites were quantitated in the serum. There was no con-
sistent pattern of serum glycine betaine levels over the 4-week
study (Fig. 8). Serum glycine betaine levels in the db/dbmouse
were significantly depleted (p � 0.05) at 12 weeks but signifi-
cantly elevated (p � 0.01) at 20 weeks of age (Fig. 8A). Serum
pipecolic acid levels in the db/db mouse were significantly
depleted at 20 (p � 0.05) and 24 weeks (p � 0.05) of age (Fig.

8B). Serum proline levels (Fig. 8C), however, were significantly
elevated in the db/dbmouse at 16 (p � 0.05), 20 (p � 0.01), and
24 weeks (p � 0.05) of age.

DISCUSSION

In this study, urine from a well characterized cohort of nor-
mal and T2DM rhesus macaques was profiled using a UPLC-
ESI-QTOF-MS-based metabolomic approach. A random for-
ests-based algorithm was used to classify normal and T2DM
monkeys on the basis of urine metabolomic measurements
alone. Fourmolecules, glycine betaine, glucose, kynurenic acid,
and pipecolic acid, were identified and quantified. In the mon-
key, the kidney proximal renal tubule transporter, SLC6A20,
was expressed at significantly lower levels (p � 0.01) in mon-
keys with T2DM and correlated with reduced SLC6A20 pro-
tein. These observations were confirmed in the db/db mouse

FIGURE 3. Chiral chromatography was used to distinguish the D- and L-stereoisomers of pipecolic acid (A) and proline (B). The top panel in both A and B
demonstrates separation and detection of a 50 �M solution containing mixtures of DL-pipecolic acid or DL-proline, respectively. The middle panel in both A and
B demonstrates separation and detection of the L-stereoisomer only. The bottom panel in both A and B demonstrates detection of only the L-stereoisomer in a
representative diabetic monkey urine sample.
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model (reduced Slc6a20a/Slc6a20b gene expression, reduced
Slc6a20 protein, and increased urinary excretion of glycine
betaine, proline, pipecolic acid, and glucose) thus suggesting
that a decline in SLC6A20 function may be an important and
perhaps prognostic indicator of overall kidney health and
function.
A likely scenario by which to explain the increased excretion

of pipecolic acid and glycine betaine is defective or reduced
activity of transporters located in the kidney proximal tubules.
The solute carrier family 6 (SLC6) is important for the reab-
sorption of small hydrophilic compounds, coupled with Na�

and Cl� ions, such as glycine betaine and L-pipecolic acid (41).

SLC6A20 (XT3, SIT1, Xtrp3) was demonstrated to transport
these molecules in addition to L-proline (39–41). Therefore, it
was hypothesized that the increased excretion of these urinary
constituents was due to reduced levels of SLC6A20 in the kid-
ney of monkeys with T2DM. Indeed, both mRNA andWestern
blotting analysis results from T2DM monkeys and the db/db
mouse support this hypothesis but raise several important
questions. First, is this observation nonspecific due to kidney
damage associated with diabetic nephropathy? Because no
change was observed in the mRNA encoding COLLECTRIN/
TMEM27 (a protein necessary for docking SLC6A20 at the
luminalmembrane) or SLC36A1 (an amino acid transporter) in
the T2DM monkeys and mice, it is unlikely that the observed
SLC6A20 attenuation is due to a general decline in the kidney
proximal tubule architecture secondary to complications asso-
ciated with T2DM. Furthermore, the Na(�)/glucose co-trans-
porter, SLC5A2/SGLT, was found to be induced in the db/db
mouse kidney as previously reported (49). Second, is the
reduced expression of SLC6A20 contributing to the pathogen-
esis of T2DM and its associated complications, or is its reduced
expression an indication of changes in upstream signaling path-
ways responsible for regulation of the SLC6A20 gene?The pres-
ent results in the db/db mouse model indicate that Hnf1�
and/or Hnf1� are important for regulating Slc6a20a/b gene
expression. Indeed, recent studies have shown that Hnf1 is an
important regulator of Slc6a20 in the mouse (50, 51). However,
what remains is to determine which homologue contributes to
the observed phenotype, particularly because others have
shown that Slc6a20b is non-functional when expressed in
Xenopus laevis oocytes (52). Future studies using genetically
modified mice are essential to determine which homologue is
most critical for reabsorption of metabolites in the kidney
proximal tubules in vivo. Additionally, whereas not directly
addressed in the study byMishra et al. (54), a search of GEO Pro-
files (53) revealed that Slc6a20b gene expression was reduced

FIGURE 4. The Na�-dependent transporter SLC6A20 gene expression is reduced in kidneys from normal and T2DM monkeys. A, QPCR analysis of mRNAs
encoded by SLC6A20 (4.5-fold reduction), SLC36A1 (no significant change), HNF1A (no significant change), and COLLECTRIN/TMEM27 (no significant change) in
normal and T2DM monkeys. B, protein expression of SLC6A20 and FERROPORTIN from kidney membrane fractions isolated from normal and monkeys with
T2DM. C, densitometry of the Western blots shown in B. Arbitrary units were calculated by dividing SLC6A20 densitometry values by those for ferroportin. ns,
not significant. The r stands for “rhesus.”

FIGURE 5. Wild-type and db/db urinary measurements of glycine betaine
(A), pipecolic acid (B), proline (C), and glucose (D) at 12 (n � 3), 16 (n � 4),
20 (n � 4), and 24 weeks (n � 4) of age. Values are expressed as micromoles
or millimoles per 24 h. Significance was determined using an unpaired t test.
ns, not significant.
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nearly 7-fold in the kidneys of 16-week-old diabetic db/db mice
compared with age-matched controls. That observation, along
with data presented herein, strongly suggests that the decline in
SLC6A20 gene expression is tightly associated with T2DM.

Other published studies looking at urinary glycine betaine
levels in T2DM have associated elevated excretion of this
metabolite with proximal tubular dysfunction (55). Interest-
ingly, elevated excretion was not simply due to hyperglyce-
mia (56) or renal disease (57). Furthermore, there was no

apparent correlation with blood levels of glycine betaine (55,
57, 58). In the present study, serum glycine betaine levels
also showed no correlation with urinary levels in the db/db
mouse. However, pipecolic acid levels in the db/db mouse
were depleted compared with wild-type mice suggesting that
increases in this urinary metabolite might more accurately
reflect the status of SLC6A20. Although the potential of
these metabolites as early indicators of renal disease and/or
dysfunction is speculative, it warrants further studies.

FIGURE 6. QPCR analysis of the kidney proximal kidney transporters and nuclear receptors in kidneys from wild-type and db/db mice at 12 (n � 3), 16
(n � 4), 20 (n � 4), and 24 weeks (n � 4) of age. On average (using all time points), there was a 40% reduction in Slc6a20b gene expression in kidneys obtained
from db/db mice. Hnf1a mRNA expression was significantly reduced in the db/db mouse at 20 and 24 weeks of age and Hnf1b mRNA was significantly reduced
at 24 weeks. Slc65a2 mRNA was significantly up-regulated at 24 weeks of age in the db/db mouse. Significance was determined using an unpaired t test. *, p �
0.05, **, p � 0.01.

FIGURE 7. Wild-type and db/db protein expression of (A) SLC6A20 and ACTIN in kidney membrane fractions isolated at 12-, 16-, 20-, and 24-weeks of
age. B, densitometry of the Westerns blots shown in A. Arbitrary units were calculated by dividing SL6A20 densitometry values by those for ACTIN. ns, not
significant. On average (using all time points), there was a 70% reduction in protein levels of SLC6A20 in kidney membrane fractions obtained from db/db mice.
The m stands for “mouse.”
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Alternatively, increased excretion of pipecolic acid may
reflect other physiologic changes. Pipecolic acid has not previ-
ously been identified as a urinary biomarker of T2DM but has
been associated with a high-fat diet and liver stress in rats (59).
Elevated serum pipecolic acid, or hyperpipecolic acidemia, is
most commonly associatedwith peroxisomal defect syndromes
(Zellweger and its infantile form, Refsum) and has been
reported in some non-peroxisomal diseases (60–62). The per-
oxisomal disorders are associated with, among many other
symptoms, hepatomegaly, neuropathy, renal complications,
and both eye and craniofacial abnormalities (63). Genetically,
Zellweger and Refsum syndromes, along with many other per-
oxisomal biogenesis disorders, are thought to result from
defects in the PEXgene family (63, 64). In relation toT2DM, the
observed hyperpipecolic acidemia may simply reflect peroxi-
somal stress associated with excessive serum triglycerides and
may be an early sign of liver damage. A recent metabolomic
study observed several nicotinamide metabolites to be elevated
in the urine of both T2DM rodents and T2DM humans. Inter-
estingly, these metabolites were also reported to be biomarkers
for peroxisome proliferator-activated receptor� activation (10,
65, 66). Given the clear role of peroxisome proliferator-acti-
vated receptor � and its family members in fatty acid metabo-
lism, pipecolic acid and nicotinamide metabolites as diagnostic
biomarkers for T2DM in human patients should be evaluated.
Increased excretion of glycine betaine in T2DM was

reported for both rodents and humans (13, 55, 56). Glycine
betaine is primarily diet-derived but can be synthesized from
choline in the liver and kidney as well as by gut microbiota
(10, 55, 56, 67, 68). Although the precise reason for its eleva-
tion in concentration is uncertain, it might also be an indi-
cator of the compensatory increase of organic osmolytes of
the body, particularly in the proximal tubules of the kidney,
in response to high blood glucose concentrations (55, 56,
69–71). Therefore, glycine betaine may serve as an early
indicator of diabetic nephropathy and reduced SLC6A20
function, for which only a few, relatively poor markers cur-
rently exist (7).
Kynurenic acid, a tryptophanmetabolite, has been associated

with the development of dense nuclear cataracts as well as
nephropathy, both complications of T2DM (72). Interestingly,
elevated kynurenic acid in the urine is thought to be a conse-
quence of reduced plasma vitamin B6 (73). It was recently
reported that a mouse model (KK-Ay/Ta) with spontaneous
T2DM showed significant improvements in several biochemi-
cal parameters as well as improved kidney function when fed a

diet supplemented with pyridoxamine (a catalytically active
amine form of vitamin B6) (74). The proposed mechanism is
based on inhibition of advanced glycation end products by pyr-
idoxamine (75).
Increased urinary concentrations of glucose in T2DM ani-

mals was not unexpected given the high fasting plasma glucose
measurements. Surprisingly, however, urine glucose was not
themost important variable that distinguished between T2DM
and normal individuals in the random forests analysis. This
observation, alongwith the other urinarymetabolites identified
in this study, exemplify the multifactorial phenotype of T2DM
and despite decades of research, additional comprehensive
comparative analyses of normal and T2DM urinary metabo-
lomes is indicated.

CONCLUSION

A novel perspective of the T2DM metabolic phenotype was
developed by profiling the urinary metabolomes of rhesus
macaques from a unique colony consisting of normal and
T2DM cohorts. A combination of UPLC-ESI-QTOF-MS and
random forests biomarker-mining approaches revealed several
urinary constituents whose concentrations were elevated to a
statistically significant extent. One compound in particular,
L-pipecolic acid, has not previously been reported in the diabe-
tes literature, but, intriguingly, it has been linked to peroxisome
proliferator-activated receptor �, peroxisomal function, and
peroxisomal disease. Furthermore, this approach has identified
a unique target, the proximal tubule transporter SLC6A20, thus
providing potential biomarkers associated with diabetic
nephropathy. The complex metabolomic phenotype of T2DM
described here provides a non-glycocentric view of this disease
that may furnish an information base for future studies that
monitor the pathogenesis and progression of T2DM in human
populations.
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