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Aqueous Humor Analysis Identifies Higher
Branched Chain Amino Acid Metabolism as a
Marker for Human Leukocyte Antigen-B27
Acute Anterior Uveitis and Disease Activity
FLEURIEKE H. VERHAGEN, EDWIN C.A. STIGTER, MIA L. PRAS-RAVES, BOUDEWIJN M.T. BURGERING,
SASKIA M. IMHOF, TIMOTHY R.D.J. RADSTAKE, JOKE H. DE BOER, AND JONAS J.W. KUIPER
� PURPOSE: Human leukocyte antigen-B27 (HLA-
B27)–positive acute anterior uveitis (AAU) has a higher
recurrence rate and shows more anterior chamber cell
infiltration compared with HLA-B27–negative patients,
suggesting distinct etiologies of these clinically overlap-
ping conditions. To advance our understanding of the
biology of AAU, we characterized the metabolic profile
of aqueous humor (AqH) of patients with HLA-B27–
associated AAU (B27-AAU) and noninfectious idio-
pathic AAU (idiopathic AAU).
� DESIGN: Experimental laboratory study.
� METHODS: AqH samples from 2 independent cohorts
totaling 30 patients with B27-AAU, 16 patients with
idiopathic AAU, and 20 patients with cataracts under-
went 2 individual rounds of direct infusion mass spec-
trometry. Features predicted by direct infusion mass
spectrometry that facilitated maximum separation be-
tween the disease groups in regression models were vali-
dated by liquid chromatography/tandem mass
spectrometry–based quantification with appropriate stan-
dards.
� RESULTS: Partial least square-discriminant analysis
revealed metabolite profiles that were able to separate pa-
tients with B27-AAU from those with iodiopathic AAU.
Pathway enrichment analysis, based on metabolites on
which separation of the groups in the partial least
square-discriminant analysis model was based, demon-
strated the involvement of branched-chain amino acid
biosynthesis, ascorbate and aldarate metabolism, the
tricarboxylic acid cycle, and glycolysis-diverting path-
ways (eg, serine biosynthesis) across all investigated co-
upplemental Material available at AJO.com.
r publication Oct 1, 2018.
Ophthalmo-Immunology Unit (F.H.V., T.R.D.J.R., J.H.d.B.,
epartment of Ophthalmology (F.H.V., S.M.I., J.H.d.B.,
boratory of Translational Immunology (F.H.V., T.R.D.J.R.,
epartment Molecular Cancer Research (E.C.A.S., M.L.P-R.,
.R.D.J.R., J.H.d.B.), Section of Metabolic Diseases, and the
of Rheumatology and Clinical Immunology (T.R.D.J.R.),
edical Center Utrecht, Utrecht, the Netherlands.

to: Fleurieke H. Verhagen, Department of Ophthalmology,
edical Center Utrecht, Room B03.2.30, Heidelberglaan
X Utrecht, The Netherlands; e-mail: F.H.Verhagen@
nl

36.00
g/10.1016/j.ajo.2018.10.004

© 2018 ELSEVIER INC. A
horts. Notably, the metabolite ketoleucine was elevated
in B27-AAU across all 3 runs and moderately—but
robustly—correlated with anterior chamber cell count
(correlation coefficient range 0.41–0.81).
� CONCLUSIONS: These results illustrate metabolic het-
erogeneity between HLA-B27–positive and HLA-B27–
negative AAU, including an increase of branched-chain
amino acid biosynthesis, that reflects disease activity in
AAU. (Am J Ophthalmol 2019;198:97–110. �
2018 Elsevier Inc. All rights reserved.)

A
CUTE ANTERIOR UVEITIS (AAU) IS THE MOST COM-

mon form of uveitis. The presence or absence of
the major histocompatibility complex class I allele

human leukocyte antigen-B27 (HLA-B27) in patients with
AAU is essential to classify patients intoHLA-B27–positive
(10%–88% of AAU, depending on geographic location and
secondary or tertiary setting) or HLA-B27–negative idio-
pathic AAU.1–3 HLA-B27–associated AAU (B27-AAU)
andHLA-B27–negative idiopathicAAUsharemost clinical
features, including a relatively favorable visual prognosis.4

However, patients with B27-AAU generally have a younger
age of onset, a more recurrent disease course, and generally
have more marked anterior chamber cell infiltration.5,6 In
addition, B27-AAU is often accompanied by systemic rheu-
matic diseases, primarily ankylosing spondylitis (AS).7 The
genetic association with HLA-B27 and distinct disease evo-
lution collectively hints toward a unique underlying biology
for B27-AAU over idiopathic AAU. Yet to date, investiga-
tions of aqueous humor in B27-AAU and idiopathic AAU
have mostly revealed shared molecular characteristics.8,9

Metabolomics refers to the detection and quantification
of a broad range of small metabolic products (ie, metabo-
lites) using mass spectrometry or nuclear magnetic reso-
nance spectroscopy to map the complex biochemistry and
cellular physiology of biological samples. This rapidly
emerging field is commonly used to detect disease-specific
metabolic signatures to better understand pathophysiology
or to aid in diagnosis and reveal prognostic biomarkers.10

Related studies in noninfectious uveitis have already
revealed changes in the metabolic composition of vitreous
humor and plasma of various uveitis types.11,12
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TABLE 1. Study cohorts

B27-AAU Idiopathic AAU P Value CAT

Discovery cohort (DIMS1)

N 15 8 12

Male gender, % 60 13 .07a 25%

Mean age, y (SD) 44.6 (15.5) 55.0 (11.6) .13b 69.6 (7.9)

Medication, n (%)

Topical steroids 13 (87) 6 (75) .59a

Periocular steroids <3 months 4 (27) 1 (13) .62a

Systemic steroids 3 (20) 2 (25) 1.00a

DMARDS or biologicals 1 (7) 1 (13) 1.00a

Anterior chamber cell count, n (%)

0 2 (13) 4 (50) NA

0.5þ 3 (20) 1 (13) NA

1þ 3 (20) 1 (13) NA

2þ 5 (33) 1 (13) NA

3þ 2 (13) 0 NA

4þ 0 0 NA

Hypopyon 0 1 (13) NA

Mean storage time, months (range) 58 (20–114) 29 (19–43) .004c 19 (16–22)

Replication cohort (DIMS2)

N 15 8 8

Male gender, % 67 50 .66a 50

Mean age, y (SD) 40.5 (13.0) 48.8 (18.0) .22b 60.2 (8.9)

Medication, n (%)

Topical steroids 13 (87) 5 (63) .30a

Periocular steroids <3 months 4 (27) 1 (13) .62a

Systemic steroids 1 (7) 2 (25) .27a

DMARDS or biologicals 2 (13) 0 .53a

Anterior chamber cell count, n (%)d

0 2 (14) 3 (38) NA

0.5þ 5 (36) 1 (13) NA

1þ 2 (14) 1 (13) NA

2þ 2 (14) 3 (38) NA

3þ 2 (14) 0 NA

4þ 1 (7) 0 NA

Hypopyon 0 0 NA

Mean storage time, months (range) 64 (12–116) 26 (18–37) .001c 22 (19–24)

Discovery cohort (LC-MS/MS)

N 9 5 5

Male gender, % 67 0 .03a 0

Mean age, y (SD) 35.2 (11.6) 55.7 (14.7) .01b 60.7 (7.7)

Medication, n (%)

Topical steroids 8 (89) 4 (80) 1.00a

Periocular steroids <3 months 2 (22) 1 (20) 1.00a

Systemic steroids 1 (11) 1 (20) 1.00a

DMARDS or biologicals 1 (11) 0 1.00a

Anterior chamber cell count, n (%)

0 0 2 (40) NA

0.5þ 2 (22) 1 (20) NA

1þ 2 (22) 1 (20) NA

2þ 4 (44) 1 (20) NA

Continued on next page
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TABLE 1. Study cohorts (Continued )

B27-AAU Idiopathic AAU P Value CAT

3þ 1 (11) 0 NA

4þ 0 0 NA

Hypopyon 0 0 NA

Mean storage time, months (range) 84 (43–137) 54 (42–67) .053c 42 (40–43)

B27-AAU ¼ human leukocyte antigent-B27–associated acute anterior uveitis; CAT ¼ cataract; DIMS ¼ direct infusion mass spectrometry;

DMARDS ¼ disease-modifying antirheumatic drugs; LC-MS/MS ¼ liquid chromatography/tandem mass spectrometry; NA ¼ not applicable;

SD ¼ standard deviation.
aFisher exact test.
bt test.
cMann-Whitney U test.
dAnterior chamber cell count was unavailable from 1 patient in the B27-AAU group.
To shed more light on the role of HLA-B27 in disease,
we investigated metabolic profiles of B27-AAU and idio-
pathic AAU patients as close to the site of inflammation
as possible: the aqueous humor (AqH). To aid in the iden-
tification of metabolites, we combined 2 rounds of untar-
geted metabolomics via direct infusion mass spectrometry
(DIMS) to comprehensively map the metabolic patterns
of AqH. Using unsupervised and supervised exploratory
data mining, we prioritized a set of features for validation
by (semi-) targeted liquid chromatography/tandem mass
spectrometry (LC-MS/MS).13,14
METHODS

� PATIENTS AND PATIENT MATERIAL: This cross-
sectional case-control study was approved by the Medical
Ethical Committee of the University Medical Center
Utrecht. All patients signed informed consent. The demo-
graphic characteristics of the cohorts are shown in Table 1.
In total, 70 samples were analyzed using DIMS technology
(see below) in 2 independent cohorts. AqH samples from 30
patients with B27-AAU, 18 patients with idiopathic AAU,
and 22 patients with cataracts (CATs) were collected be-
tween 2006 and 2014 and randomly assigned to either a dis-
covery (n ¼ 39) or replication cohort (n ¼ 31). Idiopathic
AAU was defined as HLA-B27–negative (determined by
HLA typing) noninfectious AAU without clinical evi-
dence for an uveitis-associated systemic condition (eg,
rheumatic conditions). All uveitis patients underwent a
full ophthalmologic examination by an experienced
ophthalmologist as well as routine laboratory screening
and radiography of the lungs. Laboratory screening
included erythrocyte sedimentation rate and screening for
various infectious agents in serum, including syphilis,
Lyme disease, and an interferon-gamma release assay tuber-
culosis test. In all patients with idiopathic AAU the AqH
was tested for herpes simplex virus and varicella zoster virus
VOL. 198 INTRAOCULAR METABOLOMICS O
by polymerase chain reaction study andGoldmann-Witmer
coefficients. Specimens used for analysis were either the re-
mainders from samples taken for diagnostic purpose to rule
out an infectious cause or were obtained during ocular sur-
gery for disease complications (eg, CAT or glaucoma sur-
gery; B27-AAU n ¼ 3, IAU n ¼ 1). AqH from patients
with CAT with no history of ocular inflammatory disease
was obtained during CAT surgery. All AqH samples
(620-75 mL) were stored at –808C directly after sampling.
� DIMSANALYSIS: Adiagram of the workflow used to estab-
lishmetabolic profiles is shown in Figure 1. Per sample, a vol-
ume of 20 mL was mixed with 20 mL 0.6% formic acid in
Milli-Q ultrapure water (Merck, Darmstadt, Germany) and
93.3 mL Amino Acid and Carnitine/Acylcarnitine Tuning
Standards (set NSK-AB) according to manufacturer’s
instructions (Cambridge Isotope Laboratories, Tewksbury,
MA, USA). After filtration over a 0.2-mm cutoff filter
plate, the sample was analyzed by DIMS using an Advion
TriVersa NanoMate (Ithaca, NY, USA) with 5-mm ID
chip-based infusion and a Q-Exactive Plus mass spectrom-
eter (Thermo Scientific, Bremen, Germany). Mass spec-
trometry data were acquired in the scan range of 70-600 m/
z. The system was operated at a resolution of 140,000 in
both positive and negative mode (1.5 min each at 1.6 kV).
To achieve high mass accuracy, mass calibration was
performed before each experiment and internal lock masses
were used. The mean intensity of 3 technical replicates was
used for downstream computational analysis. For down-
stream analysis we only considered the negative electrospray
ionization mode of the acquired dataset, because the ocular
fluid samples were stored in polyethylene glycol containing
Eppendorf tubes, which suppressed signals for other metabo-
lites in the positive mode. Raw data files were converted to
mzXML format using MSConvert and processed using an
in-house–developed untargeted metabolomics pipeline as
described previously as well as the Human Metabolome
Database (accurate mass, isotopic pattern).15
99F ACUTE ANTERIOR UVEITIS
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� LC-MS/MS ANALYSIS: To validate the metabolites of in-
terest identified by DIMS, we performed LC-MS/MS in
triplicate (technical replicates) on AqH samples with suf-
ficient volume left after DIMS (n ¼ 19). To prepare the
samples for LC-MS analysis, we let 100-mL internal stan-
dards mixture in methanol evaporate to dryness in an
Eppendorf vial, after which we added 50 mL of (cold) sam-
ple to the residue together with 10 mL 4 M ice cold
perchloric acid. After vortex mixing, the mixture was put
on ice for 5 minutes and the vial was centrifuged at
13,000 g at 48C and 48 mL was accurately transferred to a
new vial. A volume of 2 mL 2 M potassium hydroxide
was added to neutralize the sample and precipitate the
excess of perchloric acid. After keeping on ice for 5 minutes
after vortex mixing, the sample was centrifuged at 13,000 g
for 5 minutes at 48C. The supernatant was transferred to a
clean glass vial for LC-MS analysis. Analysis was performed
using a Phenomenex Luna Omega PS C18 column (2.1 3
100 mm, 1.6 mm) positioned in an Acella ultra-high-
performance liquid chromatography system operated at
308 and a flow rate of 150 mL per minute�1. Upon sample
injection, a period of 3-minute 100% solution A
(6.5 mM ammoniumbicarbonate pH8) was followed by a
2.5-minute linear gradient to 10% B (95% methanol plus
5% 6.5 mM ammoniumbicarbonate pH8). After this, the
concentration B was linearly increased to 98% in 4.4 mi-
nutes and kept there for 4 minutes. Finally, the column
was reconditioned at 100% A for 4 minutes before the
next injection. An LTQ-Orbitrap XL was used for MS
detection. Mass calibration was performed before analysis.
The system was operated in data-dependent analysis MS/
MS mode at a resolution of 30,000 in negative mode at a
potential of 3.5 kV and a capillary temperature of 3008C.
Peak identifications were performed in a search against
the Human Metabolome Database (accurate mass and iso-
topic pattern) and a custom database (retention time, m/z,
and fragmentation pattern).

� DATAPROCESSINGANDSTATISTICALANALYSIS: High-
quality peaks and putative metabolites that were detected
in the majority of samples (the relative standard deviations
of peak intensities and retention time were evaluated) were
loaded into the Metaboanalyst 3.0 server. To improve data
quality, samples with a high percentage of missing values
were identified and removed; data from the DIMS analyses
were filtered by interquartile range of intensity and were
FIGURE 1. Flow diagram of methods used to identify meaningful
associated acute anterior uveitis (B27-AAU) and idiopathic AAU
a reference but were not taken into consideration for partial least squ
(AqH) from patients and control subjects (top panel) was analyzed w
cohorts (second panel). Relevant identified metabolites were validate
MS). Metabolic profiles were analyzed by PLS-DA for all 3 runs (DI
variable influence in the projection (VIP) score of>1.0 in this mod
run (Metabolanalyst 3.0) (bottom panel). Pathways that were signifi
significantly involved in AAU.
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considered if they were detected in >70% of all samples.
Data normalization was achieved by quantile normalization
and autoscaling of the dataset (plus log-transformation of
the LC-MS/MS data to achieve normal distribution). We
used exploratory data analysis, including principal compo-
nent analysis, partial least square-discriminant analysis
(PLS-DA), and hierarchical clustering with Euclidean dis-
tance and the Ward clustering method.16,17 Based upon
principal component analysis, we excluded 4 samples
from the discovery cohort with strongly deviating
coefficients for the first 2 components (idiopathic AAU
n¼ 2, CAT n¼ 2) (Supplemental Figure 1; Supplemental
Material available at AJO.com). The observation that
these 4 outliers show a relatively similar distance from the
other samples on Principal Component 1 (PC1) suggests
technical error over clinical variation. Therefore, these 4
samples were not considered for additional analysis.
A variable importance in projection (VIP) score was ob-

tained from the PLS-DA analysis for each metabolite. A
variable with a VIP score >1 can be considered important
in driving the projection used to summarize the PLS-DA
model in which the groups are optimally separated.
The predicted metabolites with a VIP score >1 were fed

into the integrated pathway analysis module of the Metab-
oAnalyst server 3.0. Metabolic pathways were considered
affected if metabolites functioning in their enzymatic reac-
tions were found in altered abundance (replicated at P <
.05) across all 3 individual runs (DIMS1 plus DIMS2 plus
LCMS). A Mann-Whitney U test (SPSS software version
21; SPSS, Inc., Chicago, IL, USA) was used to determine
group differences between idiopathic AAU and B27-
AAU and the direction of effect of individual metabolites
derived from the pathway analysis.
Individual metabolites were tested for correlation with

age or uveitis activity (anterior chamber cell count ac-
cording to the standardization of uveitis nomenclature
recommendations18) using the Spearman r test. Metabo-
lite abundance between male and female patients was
tested using a Mann-Whitney U test. Metabolites were
influenced by age, sex, or uveitis activity if a significant
effect in the same direction was found in all 3 runs. In
addition, Z score transformed data of all 3 runs were
accumulated (Z ¼ variable–meangroup/standard devia-
tiongroup) for combined analysis. CAT samples were
used for reference only and were not taken into consid-
eration for statistical testing.
metabolic differences between human leukocyte antigent-B27–
. Patients with noninflammatory cataracts (CAT) were used as
are-discriminant analysis (PLS-DA) modeling. Aqueous humor
ith direct infusion mass spectrometry (DIMS) in 2 independent
d by liquid chromatography/tandemmass spectrometry (LC-MS/
MS1, DIMs-2, and LC-MS/MS; third panel). Metabolites with a
el were then entered into pathway enrichment analysis for each
cantly indicated and replicated in all runs were considered to be
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FIGURE 2. The metabolic composition of aqueous humor in patients with human leukocyte antigent-B27–associated acute anterior
uveitis (B27-AAU) is distinct from idiopathic AAU. Top panel: Partial least square-discriminant analysis (PLS-DA) of the intra-
ocular metabolome separates B27-AAU (red) from idiopathic AAU (blue) in all 3 runs, indicating metabolic heterogeneity between
these AAU entities. Filled dots represent leftover samples from diagnostic anterior chamber (AC) tap, while open circles represent
samples taken during intraocular surgery. The explained variance of each component is shown in brackets. Ellipses display 95% con-
fidence intervals for the samples of the group. Accuracy values from internal cross-validation are given in the right corner of the
graphs: R2[ fraction of y-variation modeled in the component (goodness of fit), Q2[ overall cross-validated R2 for the component
(predictive ability). Bottom left: Replicated metabolic pathways in colors that were different between B27-AAU and idiopathic AAU
in aqueous humor. Pathways are based on metabolites that had a variable influence in the projection score of >1.0 in the PLS-DA
(Table 3). For each metabolite, the mean peak intensity for direct infusion mass spectrometry (DIMS) and retention time for liquid
chromatography/tandem mass spectrometry (LC-MS/MS) are shown for patients with B27-AAU, idiopathic AAU, and cataracts
(CAT, green) as a reference. Bottom right: Metabolites in the tricarboxylic acid (TCA) cycle that are significantly decreased or
increased in the aqueous humor of patients with B27-AAU compared with patients with idiopathic AAU in ‡1 run. Blue: Decreased
in patients with B27-AAU versus patients with idiopathic AAU. Red: Increased in patients with B27-AAU versus patients with
idiopathic AAU.
RESULTS

� B27-AAU AND IDIOPATHIC AAU SHOW DIFFERENCES IN
METABOLIC AQH PROFILES: Metabolic profiling was
performed in 3 rounds using different cohorts of patients
(Figure 1). The demographic characteristics of each cohort
are shown in Table 1. Age and sex were similar between the
groups in DIMS1 and DIMS2 analyzed by DIMS but not for
the LC-MS/MS cohort (Table 1). Themean storage time of
102 AMERICAN JOURNAL OF
the AqH samples of the B27-AAU was longer compared
with samples from the idiopathic AAU group. The treat-
ment regimens did not vary between the 2 uveitis groups.
In both cohorts there were some patients with a (related)
systemic disease in the B27-AAU group: in the first cohort
(DIMS1) there were 2 of 15 (13%) patients with AS and 1
patient with psoriasis in the B27-AAU group. In DIMS2
there were 4 of 15 (27%) patients with AS in the B27-
AAU group. These patients harbored a relatively similar
FEBRUARY 2019OPHTHALMOLOGY



TABLE 2. The 20 ReplicatedMetabolites Identified Across All 3Mass Spectrometry Runs in the AqueousHumor of PatientsWith Acute
Anterior Uveitis

Putative metabolite and/or N P Value VIP Ratioa N P Value VIP Ratioa N P Value VIP Ratioa

DIMS1 DIMS2 LC-MS/MS

Ascorbic acid 23 .12 1.60b 0.44 23 .004b 1.82b 0.15 12 .04b 1.46b 0.39

Butyric acid (butanoic acid) 23 .08 0.92 1.52 23 .48 0.89 0.48 9 .12 1.13b 0.65

Citric acid Isocitric acid 23 1.00 0.26 1.27 23 .05b 0.96 0.67 14 .10 1.45b 0.79

Fumaric acid Maleic acid 23 .25 0.55 0.67 23 .03b 1.26b 0.55 9 .04b 0.56 0.42

Glutamine 23 .65 0.85 1.06 23 .02b 0.71 0.74 14 .13 0.96 5.85

Hexanoic acid (caproic acid) 23 .002b 2.09b 2.32 23 .25 0.86 0.38 11 .19 0.61 0.79

Hippuric acid 23 .65 0.84 0.94 23 .65 0.91 1.05 13 .56 0.50 1.72

Indole 23 .001b 1.74b 1.61 23 .95 1.24b 0.96 14 .84 0.64 0.58

Ketoleucine

(4-methyl-2-oxopentanoate)

3-methyl-2-oxopentanoate 23 .09 1.30b 1.23 23 .22 1.23b 1.11 14 .006b 1.54b 4.66

Leucine Isoleucine 23 .09 1.34b 1.54 — — — — 14 .02b 1.23b 5.39

Phenylalanine 23 .11 0.33 0.60 23 1.00 1.11b 1.02 14 .95 0.51 0.95

Phenylpyruvic acid 23 .12 0.40 1.08 23 .40 0.85 0.96 14 .32 0.87 1.33

Pivalic acid (Iso-) valeric acid 23 .006b 0.95 1.55 23 .25 0.80 0.41 13 .24 0.99 0.56

Pyruvic acid 23 .05 1.12b 3.15 23 .20 1.30b 1.37 14 .16 1.54b 0.70

Succinic acid

(butanedioic acid)

Methylmalonic acid 23 .004b 1.31b 0.41 23 .12 0.95 0.79 10 .73 0.61 0.59

Threonic acid Erythronic acid 23 .05 1.26b 0.49 23 .16 0.83 0.67 14 .55 0.79 0.86

Tryptophan 23 .18 0.71 0.91 23 .27 0.42 0.67 14 .84 1.14b 0.98

Tyrosine 23 .37 1.42b 0.83 23 .44 0.32 0.95 14 .39 0.74 1.76

Uric acid 23 .01b 1.04b 2.11 23 .85 1.35b 1.12 14 .05 1.66b 1.49

DIMS ¼ direct infusion mass spectrometry; LC-MS/MS ¼ liquid chromatography/tandem mass spectrometry; PLS-DA ¼ partial least

square-discriminant analysis; VIP ¼ variable importance in projection.

Note: From the PLS-DA analysis the VIP score was obtained for eachmetabolite. A variable with a VIP score>1 can be considered important

in driving the projection used to summarize the PLS-DA model in which the groups are optimally separated.
aRatio of patients with B27-AAU/patients with idiopathic AAU.
bSignificant P values (<.05, Mann Whitney U test between patients with B27-AAU and patients with idiopathic AAU) or VIP scores >1.0.
AqHmetabolic profile compared with the other B27-AAU
patients (Supplemental Figure 2; Supplemental Material
available at AJO.com).

We performed 2 rounds of metabolic profiling of AqH of
B27-AAU, idiopathic AAU, and CAT patients using
DIMS, which resulted in the identification of 147metabolic
compounds in the discovery cohort and 127 in the replica-
tion cohort (Supplemental Table 1; Supplemental Material
available at AJO.com). Direct comparison of the metabolic
profiles by principal component analysis revealed no consis-
tent separate clusters for any of the groups that most likely
can be attributed to the relatively large within-group vari-
ation (compared with between-group variation)
(Supplemental Figure 2; Supplemental Material available
at AJO.com). To reveal more sophisticated differences be-
tween the 2 disease groups, we exploited supervised dimen-
sionality reduction by discriminant analysis via PLS-DA.
PLS-DA generated excellent separation by low-
dimensional projection of the disease groups with sufficient
predictive accuracy for both DIMS runs as determined by
internal cross validation of the projected models
VOL. 198 INTRAOCULAR METABOLOMICS O
(Figure 2, top). The metabolites considered to drive these
differences (VIP score >1.0 of the PLS-DA) were mostly
short-chain fatty acids and branched-chain amino acids
(BCAAs). Therefore, we subjected samples with sufficient
volume left after DIMS to LC-MS/MS with standard com-
pounds for (semi-)targeted validation directed at small fatty
acids and organic acids. LC-MS/MS analysis yielded 29me-
tabolites that were detected in >70% of all patients
(Supplemental Table 1; Supplemental Material available
at AJO.com). In total, 18 annotated metabolites were
considered detected in all 3 runs (DIMS1, DIMS2, and
LC-MS/MS), and leucine in 2 of 3 runs (LC-MS/MS and
the first DIMS) (Table 2).We compared the intensity levels
of DIMS and LC-MS/MS for each of these 19 metabolites
measured in the same samples, which demonstrated a posi-
tive correlation between DIMS and LC-MS/MS intensities
for 6 metabolites (Supplemental Figure 3; Supplemental
Material available at AJO.com). Finally, of these 6 robustly
identified metabolites, 2 also showed a VIP score>1.0 in all
3 runs: ketoleucine and uric acid. Ascorbic acid and pyruvic
acid also had a VIP score >1.0 in all 3 runs (Table 2), but
103F ACUTE ANTERIOR UVEITIS
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TABLE 3. Pathway Enrichment Analysis Based on Metabolites Identified by Partial Least Square-Discriminant Analysis for Each Mass
Spectrometry Run

Mass Spectrometry Run Pathway Name Hits P Value Impact Details

Phenylalanine, tyrosine, and tryptophan

biosynthesisa
6/27 <.001 0.04 Indoleglycerol phosphate, indole, L-tyrosine,

6-deoxy-5-ketofructose 1-phosphate,

L-aspartate-semialdehyde,

4-hydroxyphenylpyruvic acid

DIMS-1 Valine, leucine, and isoleucine biosynthesisb 4/27 <.001 0.07 Pyruvic acid, L-leucine, L-valine, ketoleucine

Arginine and proline metabolisma 6/77 .002 0.33 Ornithine, L-proline, hydroxyproline, creatine,

urea-1-carboxylate, pyruvic acid

Phenylalanine metabolisma 4/45 <.01 0.05 Phenylacetic acid, pyruvic acid, succinic acid,

L-tyrosine

Ascorbate and aldarate metabolismb 4/45 <.01 0.14 Ascorbid acid, pyruvic acid, threonic acid,

xylulose 5-phosphate

Lysine degradation 4/47 <.01 0.09 Trimethyl-L-lysine, glutaric acid, oxoadipic

acid, carnitine

Aminoacyl-tRNA biosynthesis 5/75 <.01 0.00 L-cysteine, L-valine, L-leucine, L-tyrosine,

L-proline

Glycine, serine, and threonine metabolismb 4/48 <.01 0.07 L-aspartate-semialdehyde, creatine,

L-cysteine, pyruvic acid

Tyrosine metabolism 5/76 <.01 0.09 L-thyrosine, 4-hydroxyphenylpyruvic acid,

vanillylmandelic acid, pyruvic acid, succinic

acid

Pantothenate and coenzyme A biosynthesisa 3/27 .01 0.00 L-cysteine, L-valine, pyruvic acid

Cysteine and methionine metabolism 4/56 .01 0.17 L-cysteine, L-cystine, pyruvic acid,

L-aspartate-semialdehyde

Pentose phosphate pathway 3/32 .02 0.11 Gluconic acid, xylulose 5-phosphate, pyruvic

acid

Propanoate metabolism 3/35 .02 0.00 Succinic acid, L-lactic acid, L-valine

Glutathione metabolism 3/38 .03 0.01 L-cysteine, ornithine, ascorbic acid

Valine, leucine, and isoleucine degradationa 3/40 .03 0.06 L-leucine, L-valine, ketoleucine

Citrate cycle (TCA cycle)b 2/20 .04 0.10 Succinic acid, pyruvic acid

Taurine and hypotaurine metabolism 2/20 .04 0.02 Pyruvic acid, L-cysteine

DIMS-2 Citrate cycle (TCA cycle)b 5/20 <.001 0.29 Oxoglutaric acid, L-malic acid, aconitic acid,

pyruvic acid, fumaric acid

Phenylalanine, tyrosine, and tryptophan

biosynthesisa
5/27 <.001 0.26 Shikimic acid, indole, L-phenylalalnine,

3-dehydroquinate, 2-aminobenzoic acid

Alanine, aspartate, and glutamate metabolism 4/24 <.001 0.00 N-acetyl-L-aspartic acid, pyruvic acid,

oxoglutaric acid, fumaric acid

Pantothenate and coenzyme A biosynthesis 4/27 <.001 0.25 Pantothenic acid, alpha-ketoisovaleric acid,

pyruvic acid, uracil

Butanoate metabolisma 4/40 <.01 0.13 4-hydroxybutyric acid, pyruvic acid,

oxoglutaric acid, fumaric acid

Glyoxylate and dicarboxylate metabolisma 4/50 <.01 0.03 Aconitic acid, oxoglutaric acid, L-malic acid,

pyruvic acid

Valine, leucine, and isoleucine biosynthesisb 3/27 .01 0.14 Pyruvic acid, alpha-ketoisovaleric acid,

ketoleucine

b-Alanine metabolism 3/28 .01 0.01 Malonic acid, pantothenic acid, uracil

Vitamin B6 metabolism 3/32 .02 0.12 Oxoglutaric acid, pyridoxal, pyruvic acid

Nitrogen metabolism 3/39 .03 0.00 L-phenylalalnine, 2-aminobenzoic acid, glycine

Nicotinate and nicotinamide metabolism 3/44 .04 0.00 Pyruvic acid, porpionic acid, fumaric acid

Phenylalanine metabolisma 3/45 .04 0.12 L-phenylalalnine, pyruvic acid, fumaric acid

Ascorbate and aldarate metabolismb 3/45 .04 0.13 Ascorbic acid, pyrvic acid, oxoglutaric acid

Arginine and proline metabolisma 4/77 .04 0.13 Proline, creatine, fumaric acid, pyruvic acid

Tryptophan metabolism 4/79 .04 0.19 Indole, aminobenzoic acid,

3-hydroxyanthranilic acid, indoleacetic acid

Continued on next page
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TABLE 3. Pathway Enrichment Analysis Based on Metabolites Identified by Partial Least Square-Discriminant Analysis for Each Mass

Spectrometry Run (Continued )

Mass Spectrometry Run Pathway Name Hits P Value Impact Details

Glycine, serine, and threonine metabolismb 3/48 <.05 0.19 Glycine, creatine, pyruvic acid

LC-MS/MS Valine, leucine, and isoleucine biosynthesisb 3/27 <.001 0.06 Pyruvic acid, L-leucine, ketoleucine

Butanoate metabolisma 3/40 <.001 0.09 Pyruvic acid, butyric acid, diacetyl

Citrate cycle (TCA cycle)b 2/20 .004 0.15 Citric acid, pyruvic acid

Valine, leucine, and isoleucine degradationa 2/40 .02 0.06 L-leucine, ketoleucine

Ascorbate and aldarate metabolismb 2/45 .02 0.13 Ascorbate, pyruvic acid

Glycine, serine, and threonine metabolismb 2/48 .02 0.00 Pyruvic acid, L-tryptophan

Glyoxylate and dicarboxylate metabolisma 2/50 .02 0.00 Citric acid, pyruvic acid

DIMS ¼ direct infusion mass spectrometry, LC-MS/MS ¼ liquid chromatography/tandem mass spectrometry, TCA ¼ tricarboxylic acid.

Note: Metabolites identified by partial least square-discriminant analysis with a variable importance in projection score >1.0 were analyzed

by the Integrated Pathway AnalysisModule of theMetaboAnalyst server 3.0 that resulted in the pathways shown in Table 3. The hits indicate the

number of metabolites identified for each metabolic pathway (the number of metabolites found in this study/the number of metabolites known

to be involved in the pathway). The impact score is a combination of the centrality of the metabolites within a certain pathway and pathway

enrichment results and ranges from 0-1. The putative metabolites from DIMS or LC-MS/MS analyses that represent the ‘‘hits’’ for the pathway

they are in are listed in the Details column.
aPathway present in 2 of 3 analyses.
bPathway present in all 3 analyses.
these (putative) metabolites did not correlate between
DIMS and LC-MS/MS (r ¼ 0.15, P ¼ .58 and
r ¼ �0.10, P ¼ .69, respectively).

� AQH FROM B27-AAU PATIENTS CHARACTERIZED BY
HIGHER VALINE/LEUCINE BIOSYNTHESIS, LOWERED
ASCORBATE METABOLISM, AND CHANGES IN ENERGY
METABOLISM: Next, we considered all metabolites with a
VIP score >1.0 from each individual run (n ¼ 53 for
DIMS1, n ¼ 52 for DIMS2, and n ¼ 12 for LC-MS/MS)
and subjected them to metabolic pathway analysis, with
the aim to identify involvedmetabolic pathways consistently
detected across all 3 runs. We detected 4 pathways in all co-
horts; the BCAA or valine, leucine, and isoleucine biosyn-
thesis (Kyoto Encyclopedia of Genes and Genomes
[KEGG] ko00290, increased in B27-AAU), the ascorbate
and aldarate metabolism pathway (KEGG ko00053,
decreased in B27-AAU), the citric acid cycle (also known
as the tricarboxylic acid [TCA] cycle or Krebs cycle,
KEGG ko00020), and the glycine, serine, and threonine
metabolism pathway (KEGG ko00260) (Table 3). The rela-
tive abundance of the key metabolites of these pathways
identified in B27-AAU and idiopathic AAU are shown in
Figure 2 (bottom).

� DISCOVERY, REPLICATION, AND VALIDATION OF KETO-
LEUCINE AS A POTENTIAL MOLECULAR MARKER FOR DIS-
EASE ACTIVITY IN ANTERIOR UVEITIS: We tested the
individual metabolites that were replicated (ascorbic acid
and ketoleucine) for an association with disease activity
(anterior chamber cell count), age, sex, treatment, and
storage time. We observed no correlation between any of
VOL. 198 INTRAOCULAR METABOLOMICS O
these characteristics and ascorbic acid or ketoleucine (see
Supplemental Figure 4 for details on ketoleucine and stor-
age time; Supplemental Material available at AJO.com)
besides disease activity: a negative correlation with disease
activity was evident for ascorbic acid, for data obtained by
DIMS1 (r ¼ �0.46, P ¼ .03), with evidence for a similar
trend in the other 2 runs (r ¼ �0.35, P ¼ .11 and
r ¼ �0.32, P ¼ .31 for DIMS2 and LC-MS/MS, respec-
tively). Ketoleucine correlated positively (r ¼ 0.41–0.81)
with anterior chamber cell count—a hallmark sign of dis-
ease activity in AAU—in all 3 runs (Figure 3). This was
most striking for the standard compound controlled LC-
MS/MS (r¼ 0.81, P< .001) and mainly driven by patients
with B27-AAU (Figure 3, right).
DISCUSSION

USING MULTIPLE DETECTION PLATFORMS AND INDEPEN-

dent patient cohorts, we aimed to characterize the meta-
bolic profile of AqH of patients with B27-AAU and
(noninfectious) idiopathic AAU and observed that these
clinically analogous conditions are accompanied by unique
differences in metabolic profiles. These changes included
metabolites present in BCAA metabolism, ascorbate and
aldarate metabolism, the TCA cycle, and serine biosyn-
thesis. Previous metabolic profiling of plasma of patients
with AAU showed mainly involvement of amino acid, car-
bohydrate, and lipid metabolism, and in part reflect our
observations in AqH.11
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FIGURE 3. Ketoleucine correlates with anterior chamber cell count in acute anterior uveitis (AAU). The peak intensity of ketoleu-
cine for direct infusion mass spectrometry 1 (DIMS1), direct infusion mass spectrometry 2 (DIMS2), and liquid chromatography/
tandem mass spectrometry (LC-MS/MS) or the normalized (Z) score of all 3 runs combined is indicated on the y axis. On the x
axis is the anterior chamber cell count shown according to the standardization of uveitis nomenclature recommendations (scale 0-
4D). A score of 5 represents hypopyon. Dots represent original data (peak intensities), diamonds represent normalized (Z score)
data. Red: Patients with human leukocyte antigent-B27–associated acute anterior uveitis (B27-AAU). Blue: Patients with idiopathic
AAU.
In our study, several metabolites from the BCAA biosyn-
thesis pathway were increased in B27-AAU, indicating a
role for the BCAA biosynthesis pathway in B27-AAU over
idiopathic AAU. Among the intermediates of this pathway,
ketoleucine (a deaminated derivate of leucine) scored a VIP
>1.0 in PLS-DA analysis of all 3 MS runs and showed good
correlation between DIMS and LC-MS intensities. Ketoleu-
cine (also known as 4-methyl-2-oxopentanoate, a-ketoiso-
caproic acid, or 2-ketoisocaproate) is interconverted from
leucine by BCAA transaminase (BCAT1) and BCAT2 as
the first step in BCAA catabolism.19 Interestingly, selective
blocking of the BCAT1 activity in macrophages—a cell
type considered central to initiating endotoxin-induced
uveitis in rodents20,21—results in a dramatic attenuation of
disease activity in inflammatory mouse models
(eg, collagen-induced arthritis) by redirecting the inflamma-
tory macrophage transcriptome to a regulatory phenotype
(so-called M2 cells).22

About half of patients with B27-AAU will eventually
develop AS, a rheumatic condition that shares a risk factor
for disease development in HLA-B27 and is intimately
linked to (subclinical) intestinal inflammation and gut
microbiome dysbiosis.23,24 BCAA levels are also changed
in the plasma/serum of patients with AS.25,26 Importantly,
there are indications that the microbiome might be
dependent on the HLA haplotype27; more specifically,
HLA-B27 transgenic rats showed gut dysbiosis.28 Interest-
ingly, the gut microbiome contributes to altered levels of
BCAAs29 and fecal matter of patients with ASs show
changes in the BCAAs valine, leucine, and ketoleucine
that correlate with erythrocyte sedimentation rate—a clin-
ical sign of inflammation.30 It should be noted that the alter-
ations in BCAA levels found in gut or serum of patients with
AS were not observed in patients with rheumatoid arthritis
106 AMERICAN JOURNAL OF
and are in line with our observations that BCAA meta-
bolism may be specifically affected in HLA-B27–linked pa-
thology. Although ketoleucine is also known for its
neurotoxic properties, the size of our cohorts and retrospec-
tive nature did not allow for satisfactory testing of optic
nerve involvement. We did, however, observe 2 patients
with B27-AAU (1 in each cohort) with optic disc swelling
at the time of sampling.
Ketoleucine can be released from the cell but is commonly

reaminated into leucine. Leucine has been shown to be a
potent activator of the proinflammatory mammalian target
of rapamycin signaling pathway, and inhibiting mammalian
target of rapamycin is shown to be effective in treating
noninfectious uveitis.31–34 Alternatively, ketoleucine can
be decarboxylated into downstream intermediates (eg,
acetyl-CoA) that fuel other metabolic pathways, such as
the TCA cycle. The involvement of the TCA cycle was
evident from increase in malic, citric, and aconitic acids in
B27-AAU compared with idiopathic AAU, while subse-
quent intermediates derived from aconitic acid (2-
ketogultaric acid, succinic acid, and fumaric acid) were lower
in B27-AAU compared with idiopathic AAU, forming a
‘‘break’’ between aconitic acid and 2-ketoglutaric acid
(Figure 2).Curiously, a similar fragmentation of theTCAcy-
cle is a hallmark of the metabolic shift from resting (M0) to
proinflammatory (M1) macrophages.35,36 The local cell
subset(s) driving this ‘‘TCA-signature’’ of B27-AAUprovide
an exciting field of upcoming research.
Ascorbate and aldarate metabolism was decreased in

B27-AAU compared with idiopathic AAU. Ascorbate (or
ascorbic acid, also known as vitaminC) protects from inflam-
matory damage and attenuates inflammation as an antioxi-
dant as well as through the inhibition of nuclear factor-kB
signaling.37,38 Intraocular ascorbate levels are known to
FEBRUARY 2019OPHTHALMOLOGY



decrease in the endotoxin-induced uveitis models of AAU
described above.39

Collectively, these findings point toward more inflamma-
tory activity in B27-AAU compared with idiopathic AAU,
which raises the question whether the metabolic differences
detected reflect distinct pathology or merely differences in
disease activity (or the resulting increased amount of infil-
trating cells in the anterior chamber) between the 2 condi-
tions. Indeed, we did observe a positive correlation
between ketoleucine and anterior chamber cell count (and
perhaps an inverse relation between ascorbate and anterior
chamber cell count exists as well). However, the correlation
between ketoleucine and disease activity was predominantly
observed in B27-AAU and—considering the BCAA link
with AS—differences in this BCAA derivate may well be
related to HLA-B27 pathology and disease activity.
Although treatment may influence metabolism (and disease
activity), the treatment regimens did not differ betweenB27-
AAUand idiopathicAAU (Table 1), therefore, we consider
the effect of therapy on the study results to be minimal.

Themetabolites identified in this study aremost likely the
product of surrounding tissue or (apoptotic) infiltrating cells.
Because apoptotic cells and cell debris (ie, hypopyon) are
features of AAU, we deliberately did not spin down the
AqH samples before storage to capture the full metabolic
spectrum within the anterior chamber. Future studies are
needed to identify the source and cell type responsible for
the observed metabolic differences. However, apoptotic
cell death can be regulated by engagement of the cell death
surface receptor Fas by Fas ligand (FasL). As FasL is elevated
in AqH of AAU and most of the cellular infiltrate in human
AAU is Fas-positive, a proapoptotic (or necrotic) environ-
ment for infiltrated cells in AqH is facilitated.40 HLA-B27
AAU may show a typical polymorphonuclear cell pattern
on optical coherence tomography of the anterior chamber.41

Also, lipopolysaccharide-induced anterior ocular inflamma-
tion is accompanied by a strong influx of granulocytes that
express the apoptosis mediator caspase-3.42 Considering
this, we expect substantial ‘‘leakage’’ of cellular metabolic
products from infiltrating and surrounding tissues during
inflammation of the anterior chamber. In support of this is
the correlation of ketoleucine with anterior chamber cell
count. However, because this correlation seemed limited
to HLA-B27 AAU, it is tempting to speculate that either
a different cellular composition or metabolic programming
may lead to the higher ketoleucine levels in B27-AAU.

Regardless, the activity of the inflammation in the ante-
rior segment significantly guides clinical decision making
in patients with AAU. Objective quantification of this pro-
cess has therefore been a key research goal for years in
ophthalmology. To overcome interobserver variability of
manual counting of infiltrating cells (anterior chamber cell
counting) by ophthalmologists, anterior segment optical
coherence tomography and laser flare photometry have
been developed as more objective imaging methods to assess
disease activity.43,44 We provide the rationale that
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evaluation of metabolic markers could complement
monitoring disease activity in patients with B27-AAU.
Emerging metabolomics studies of eye disease demon-

strate its clinical potential. For example, metabolomics sig-
natures have been shown to predict diabetic retinopathy45

or the formation of CAT.46 Also, the distinct metabolic
makeup across stages of age-related macular degeneration47

suggests rewiring of ocular metabolism, and reprogramming
these metabolic pathways has been suggested as a way to
rescue retinal degeneration.48 Metabolomics can also be
used to find early biomarkers for ocular diseases, such as glau-
coma, or for in-depth evaluation of pharmacokinetics in
AqH.49,50 Our results in AAU pave the way for
metabolomics studies in the clinical management of
uveitis. For example, we envision that elucidating the
Raman signatures of BCAAs, such as ketoleucine, may
catalyze the development of noninvasive monitoring of
these metabolites in the anterior chamber using Raman
spectroscopy.51 This will provide more objective assessment
of the underlying disease profile, perhaps at the level of the
individual patient, to aid in clinical management of patients
with AAU. For example, the metabolic composition of the
AqHmay in the future reclassify patients into distinct treat-
ment groups to improve risk assessment and prognosis.
Uric acid levels were consistently higher in patients with

B27-AAU. Although we did not observe a correlation be-
tween uric acid levels and anterior chamber cell count, its
role in inflammation requires further attention. Uric acid
can act as a danger signal by activation of the nucleotide-
binding oligomerization domain–like receptor P3 inflam-
masome52 in macrophages and CD11c-positive dendritic
cells.53 Interestingly, CD11c-positive dendritic cells have
recently been found to be enriched in the AqH of patients
with noninfectious AAU.54 However, because uric acid
may also function as an anti-inflammatory antioxidant,
future studies are needed to establish the role of uric acid
in the pathogenesis of B27-AAU.52,55

The outcomes of this study need to be considered in light of
the following limitations.Metabolomicsmayprovide a power-
ful tool to interrogate themetabolicmachinery underlying eye
disease, but the use of untargeted MS requires the careful
design of strategies that maximize signal-to-noise ratio, mini-
mize unambiguous annotation, and ensure robustness of the
identified peaks.56–58 DIMS is able to perform MS
acquisition without previous chromatographic separation,
which results in fast measurements on low sample volumes,
making it a useful tool for untargeted, hypothesis-generating
approaches.59,60 However, metabolites with a similar mass
share peaks, which may lead to ambiguous annotation of
DIMS spectra (like 4-methyl-2-oxopentanoate [ie, ketoleu-
cine] and 3-methyl-2-oxopentanoate).14 To overcome this
challenge, we followed a top-down untargeted design to
prioritize spectra of peaks for detailed and standard
controlled technical and biological replication, here standard
controlled LC-MS/MS for short-chain fatty acids. This
analysis confirmed the increased intensity of 4-methyl-
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2-oxopentanoate (ie, ketoleucine, over 3-methyl-2-
oxopentanoate) in B27-AAU. However, other overlapping
peaks might have hampered detection of correlation between
DIMS and LC-MS/MS data for several metabolites.

In addition, the identified pathways are based on PLS-DA
models of themetabolic profiles. PLS-DA is a standardmulti-
variate classification algorithm that is widely usedwithin the
metabolomics field because of its sufficient handling of
collinearity and noise while at the same time conveniently
summarizing the classification potential of individualmetab-
olites into aVIP score that aids in prioritizingmetabolites for
further analysis. However, regression models including PLS-
DA are prone to overfitting.61 To minimize the technical
and statistical limitations of PLS-DA models, we followed
a study design based on independent detection platforms
and independent patient cohorts.62 The need for such strin-
gent criteria is clearly demonstrated by the number of vali-
dated metabolites across all 3 runs—an approach that is
not commonly exploited in ocular fluid studies.

Finally, the patient cohorts were not matched in sex,
age, treatment, sample storage time, or uveitis activity
because ocular fluid collection is restricted to AqH taps
for diagnostic purposes or surgery. This resulted in different
108 AMERICAN JOURNAL OF
storage times of the samples between the 2 uveitis groups.
However, most metabolites are stable at �808C, including
ascorbic acid and leucine.63,64 Also, we observed no
correlation between ketoleucine and storage time
(Supplemental Figure 4; Supplemental Material available
at AJO.com). We also did not observe an association be-
tween age or sex and ascorbic acid and ketoleucine. Treat-
ment regimens were not very different between the 2
uveitis groups (Table 1); we believe that the effect of ther-
apy in this study was minimal. However, additional factors
affecting metabolic status, such as diet or smoking, were not
taken into account. We believe, however, that the inde-
pendent biological replication, using 2 patient cohorts,
has substantially decreased bias from such unaccounted fac-
tors.
In summary, our results show that patients with B27-

AAU have a distinct metabolic profile in their AqH
compared with patients with idiopathic AAU. This meta-
bolic profile is characterized by changes in BCAA synthe-
sis, ascorbate metabolism, and the TCA cycle, in
particular the elevated metabolic compound ketoleucine,
which correlated with disease activity in patients with
B27-AAU.
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