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ABSTRACT

Introduction: Lipidomics analysis or lipid profiling is a system-based analysis of all lipids in a sample to provide a comprehensive understanding of lipids within a
biological system. In the last few years, lipidomics has made it possible to better understand the metabolic processes associated with several rare disorders and proved
to be a powerful tool for their clinical investigation. Fabry disease is a rare X-linked lysosomal storage disorder (LSD) caused by a deficiency in a-galactosidase A
(a-GAL A). This deficiency results in the progressive accumulation of glycosphingolipids, mostly globotriaosylceramide (Gbg), globotriaosylsphingosine (lyso-Gbs), as
well as galabiosylceramide (Gaz) and their isoforms/analogs in the vascular endothelium, nerves, cardiomyocytes, renal glomerular podocytes, and biological fluids.
Objectives: The primary objective of this study was to evaluate lipidomic signatures in renal biopsies to help understand variations in Fabry disease markers that could
be used in future diagnostic tests.

Methods: Lipidomic analysis was performed by ultra-high pressure liquid chromatography-high-resolution mass spectrometry (UHPLC-HRMS) on kidney biopsies that
were left over after clinical pathology analysis to diagnose Fabry disease.

Results: We employed UHPLC-HRMS lipidomics analysis on the renal biopsy of a patient suspicious for Fabry disease. Our result confirmed a-GAL A enzyme activity
declined in this patient since a Ga2-related lipid biomarker was substantially higher in the patient’s renal tissue biopsy compared with two controls. This suggests this
patient has a type of LSD that could be non-classical Fabry disease.

Conclusion: This study shows that lipidomics analysis is a valuable tool for rare disorder diagnosis, which can be conducted on leftover tissue samples without
disrupting normal patient care.

Introduction

Lysosomal storage disorders (LSDs) are a heterogeneous group of
about 50 inherited disorders in humans that result in an accumulation of
undegraded substrates originating from a disturbed catabolic pathway
that generally occurs in lysosomes [1-3]. One of these disorders is Fabry
disease (OMIM 301500), which is a multisystemic X-linked LSD caused
by glactosidase alpha (GLA) gene mutations leading to decreased, or
absence of, a-galactosidase A (a-GAL A, EC 3.2.1.22) activity, resulting
in the accumulation of glycosphingolipids, predominantly globo-
triaosylceramide (Gbs), in biological fluids and multiple organs and

tissues, such as the walls of small blood vessels, unmyelinated nerves,
heart, and kidney [4-6]. Although Fabry disease is an X-linked disease
that occurs earlier in males and is clinically more severe in affected
males, many heterozygous females are affected as well [7]. The spec-
trum of disease in heterozygous female patients is broad and ranges from
asymptomatic to mild or severe [8]. Fabry patients may survive into
adulthood, but the life-long progression of this disease results in patients
suffering from permanent and intense pain. Signs and symptoms of
Fabry disease can overlap with other common conditions, such as renal,
cerebral, and cardiovascular disease; consequently, diagnosis can be
complicated and challenging, and patients are often misdiagnosed or

Abbreviations: a-GAL A, a-Galactosidase A; IPA, 2-Propanol; CAN, Acetonitrile; CDH, Cerebrodihexoside; Chcls, Chloroform; Cnvs, Copy Number Variants; ERT,
Enzyme Replacement Therapy; EIC, Extracted Ion Chromatogram; Ga,, Galabiosylceramide; GLA, Glactosidase Alpha; Gbs, Globotriaosylceramide; Lyso-Gbs, Glo-
botriaosylsphingosine; LC/MS, Liquid Chromatography-Mass Spectrometry; LSD, Lysosomal Storage Disorder; Meoh, Methanol; ND, Not Detected; OCT, Optimal
Cutting Temperature; SRM, Selected Reaction Monitoring; SECIM, Southeast Center for Integrated Metabolomics; MS/MS, Tandem Mass Spectrometry; UHPLC-
HRMS, Ultra-High Pressure Liquid Chromatography-High-Resolution Mass Spectrometry.

* Corresponding author.
E-mail address: tgarrett@ufl.edu (T.J. Garrett).

https://doi.org/10.1016/j.jmsacl.2021.11.004
Received 10 May 2021; Received in revised form 17 November 2021; Accepted 20 November 2021

Available online 26 November 2021
2667-145X/© 2021 THE AUTHORS. Publishing services by ELSEVIER B.V. on behalf of MSACL. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:tgarrett@ufl.edu
www.sciencedirect.com/science/journal/2667145X
https://www.sciencedirect.com/journal/journal-of-mass-spectrometry-and-advances-in-the-clinical-lab
https://www.sciencedirect.com/journal/journal-of-mass-spectrometry-and-advances-in-the-clinical-lab
https://doi.org/10.1016/j.jmsacl.2021.11.004
https://doi.org/10.1016/j.jmsacl.2021.11.004
https://doi.org/10.1016/j.jmsacl.2021.11.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmsacl.2021.11.004&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

H.S. Yazd et al.

belatedly diagnosed [9]. Treatment to prevent and/or cure Fabry dis-
ease has not been realized. Still, enzyme replacement therapy (ERT)
delays Fabry’s progression by intravenously injecting recombinant
a-GAL A into the bloodstream to reduce excess lipid deposits [10-12].
ERT therapy has been beneficial for improving patients’ quality of life,
slowing disease progression, and stabilizing renal function and cardiac
size [13]. Besides ERT, pharmacological chaperone therapy, which uses
oral small molecules to boost endogenous enzyme activity and Gbg
degradation, has been used to slow the progression of Fabry’s disease
[14].

Gbg has been identified as a Fabry disease biomarker that can be used
to diagnose, screen, and monitor Fabry patients. Recently, the deacy-
lated form of Gbgs, globotriaosylsphingosine (lyso-Gbs), has also been
considered as another potential diagnostic biomarker for Fabry disease
[15-17]. Due to the complexity of diagnosing patients with residual
a-GAL A enzyme activity, numerous attempts have been made to
discover more potent Fabry biomarkers. New studies have revealed
various isoforms and analogues of Gbs and lyso-Gbs that can also be
used as Fabry biomarkers. As described by Auray-Blais et al., a multi-
variate statistical analysis performed on a subset of male urinary sam-
ples revealed seven novel Fabry lysoGbs analogue biomarkers, all
having modified sphingosine moieties (—CyHg4, — CoHg + O, — Hy, — Hy
+ 0O, + O, + H209,+ H303) [18]. These seven biomarkers were present in
all of the Fabry cohort study participants, but not in the control group. In
another study performed by Manwaring et al., five new potential Gbs-
related biomarkers in untreated male Fabry disease patients were
evaluated and identified using a mass spectrometric metabolomics
approach [19]. Three of these novel biomarkers corresponded to Gbs,
which has an extra double bond on the sphingosine base with C16:0,
C18:0, and C22:1 fatty acyl chains. The next two biomarkers corre-
sponded to a mixture of two structural isomers, the first with a d16:1
sphingosine base and a C16:0 fatty acyl chain and the second with a
d18:1 sphingosine base and a C14:0 fatty acyl chain [19]. Besides Gbs
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and lyso-Gbg and their isoforms/analogues that can be potential Fabry
biomarkers, Galabiosylceramide (Gay), also known as digalactosylcer-
amide or cerebrodihexoside (CDH), which is a component of cellular
membranes, was also found to have a very high concentration in bio-
logical fluids of Fabry patients. As described by Boutin et al., a metab-
olomic approach was used to identify and study Gay-related isoforms/
analogs of Fabry disease biomarkers. These biomarkers were signifi-
cantly higher in urine samples collected from untreated Fabry males
than healthy controls and can, therefore, be considered as additional
potential biomarkers of Fabry disease [20].

Currently, measuring o-GAL A enzyme activity in plasma and genetic
testing are the most common Fabry disease screening methods in clinical
labs [21-24]. The heterogeneity between patients, even those having
the same Fabry mutation, has been a considerable issue for Fabry pa-
tients’ diagnosis, especially for patients with some residual enzyme ac-
tivity and patients with unknown mutations [25]. In these cases,
analyzing Gbs, lyso-Gbs, andGa, and their isoforms and analogues can
significantly improve Fabry patient diagnosis and screening. Further,
demonstrating an elevated level of Gbs and other related biomarkers in a
disease relevant organ like the kidney is a more specific approach to
determining whether a-GAL A enzyme deficiency is clinically significant
[26]. Fig. 1 shows the metabolic and catabolic pathway of a-GAL A
enzyme activity, describing why decreased activity or absence of this
enzyme can lead to accumulation of Gbg, lyso-Gbs, and Gas.

The study of the cellular, tissue or plasma lipidome using methods
and principles of analytical chemistry is known as lipidomics [27-29].
Lipidomics provides a powerful tool for the advancement of lipid bio-
markers to study disease states. Primarily, this approach enables
studying cellular metabolism by quantifying the differences of individ-
ual lipid classes, subclasses, and molecular species that indicate meta-
bolic variations [30]. Liquid chromatography-mass spectrometry (LC/
MS), which integrates excellent separation efficiency, high sensitivity,
and specificity, is the most essential and mainstream method for
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Fig. 1. Metabolic and catabolic pathway of a-GAL A enzyme activity. As described in this figure, a-GAL A is able to break down a bonds in Glycosphingolipid species,
therefore, decreased level or absence of this enzyme can lead to the accumulation of Gbs, lyso-Gbs, and Ga,.
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lipidomics research [31,32]. Lipidomics has already proven useful for
clinical diagnosis of rare diseases and has allowed a deeper under-
standing of patients’ associated lipidomic processes while proving to be
a powerful tool for the clinical investigation of rare diseases [33-35]. In
the same way, LC/MS-based lipidomics analysis is rapidly becoming the
preferred technique to profile novel biomarkers in Fabry’s disease
[17,36,37]. In this study, by employing ultra-high pressure liquid
chromatography-high-resolution mass spectrometry (UHPLC-HRMS),
we analyzed the lipidomic profile of a female patient with features of
Fabry disease using her leftover renal tissue biopsy with results
compared to two control samples. This patient showed a normal level of
a-GAL A enzyme activity. Sequence analysis of the entire GLA gene using
whole genome sequencing revealed no reportable sequence or copy
number variants (CNVs). To better diagnose this patient, we presented
targeted profiling of all Fabry lipid biomarkers mentioned previously,
including Gbs, lyso-Gbs, Gay, and their isoforms and analogues that can
be considered as Fabry biomarkers.

Materials and methods
Chemicals and reagents

LC-MS grade water with 0.1% formic acid, acetonitrile (ACN), 2-
propanol (IPA), and all other analytical-grade solvents, including
ammonium acetate, methanol (MeOH), ammonium formate, and chlo-
roform (CHCl3) were purchased from Thermo Fisher Scientific (Wal-
tham, MA). SPLASH® LipidoMix® Internal Standard Mix and all lipid
injection standards were purchased from Avanti Polar Lipids, Inc.
(Alabaster, AL).

Patient information and biopsy details

The patient was a 57-year old female presenting with proteinuria.
She had a history of breast cancer (1991 and 2012 treated with radiation
and chemotherapy). Genetic testing revealed no mutations in the
BRCA1, BRCA2 or p53 genes. Symptoms included tinnitus, hypohid-
rosis, abdominal pain episodes and a peripheral neuropathy, which was
thought to be secondary to chemotherapy. There was no family history
of renal disease or any known genetic disease. Medications included
aspirin, atorvastatin, gabapentin, levothyroxine, metformin and val-
sartan. The patient had a history of diabetes. Proteinuria, documented
since 2013, was believed secondary to diabetes. However, the patient’s
proteinuria (elevated microalbumin/creatinine of 2501, a ratio of
microalbumin (mcg/L) to creatinine (mg/L) less than 30 is considered
normal; a ratio of 30 to 300 denotes microalbuminuria, and values over
300 are macroalbuminuria [38,39]) seemed more severe than that
associated with her diabetes (the HbAlc value is 7). A renal biopsy
revealed minimal interstitial fibrosis and tubular atrophy (<10%), no
significant acute tubulointerstitial changes, focal mild arterial hyalinosis
and normocellular glomeruli with podocytes displaying foamy cyto-
plasm. Immunofluorescence showed tubular cytoplasmic protein drop-
lets staining for albumin, but no glomerular staining for
immunoglobulin or complement components. Electron microscopy
revealed abundant lamellated lipid inclusions (myeloid bodies) in the
cytoplasm of podocytes (Fig. 2). No electron dense deposits or tubu-
loreticular inclusions were identified. There was no known exposure of
the patient to hydroxychlorogine, chloroquine, amiodarone, genta-
micin, or silicone; agents that have been associated with similar podo-
cyte lamellated inclusions [40-42]. The diagnosis was ultrastructural
findings consistent with lysosomal storage disease, favoring Fabry dis-
ease. The a-GAL A enzyme levels were within normal limits at 6.03
umol/L/hr (normal > 1.10 pmol/L/hr). Lyso-Gb3 was 1.59 ng/mL,
which was outside the reference range (normal < 1.11 ng/mL [6,43]).
Analysis of the entire GLA gene using whole genome sequencing did not
identify any reportable sequence or copy number variants.

The University of Florida IRB has issued the following case report

73

Journal of Mass Spectrometry and Advances in the Clinical Lab 22 (2021) 71-78

Fig. 2. Electron micrograph showing numerous myeloid bodies within podo-
cyte cytoplasm.

guidance: A case report for IRB purposes is a retrospective analysis of
one, two or three clinical cases. A case report is a medical activity and
does not have to be reviewed by the UF IRB. If no HIPPA identifiers are
in the data/manuscript, authors do not need to obtain a signed privacy
authorization from the patient.

Sample preparation

Frozen renal tissue biopsy samples from the patient and two controls,
in which there was no diagnostic abnormality, were received as leftover
specimens after the renal biopsy evaluations and diagnosis. Two control
kidney specimens from similar age patients with no diagnostic abnor-
mality were also used. The samples were received embedded in Optimal
Cutting Temperature (OCT) compound as part of routine renal biopsy
handling (Fig. 3). The OCT compound (Sakura Finetek USA, Inc, Tor-
rance, CA) is routinely used to provide a solid matrix to encapsulate
tissues for consistent frozen sectioning in a cryostat. The biopsy spec-
imen is routinely placed in a mold with OCT, frozen and situated in a
cryostat at —20C for sectioning. Removal of the frozen tissue from OCT
was necessary for UHPLC-HRMS lipidomic analyses. First, as much of
the OCT as possible was cut away using scalpel and forceps. Next, the
remaining OCT was allowed to thaw at room temperature for about 10
min, the melted OCT was blotted away, and the tissue biopsies were
transferred to microcentrifuge tubes and kept on ice and out of UV light
at all steps wherever possible to preserve sample quality. Once the tissue
biopsies were weighed, 50 pL of cold 5 mM ammonium acetate in water
was added to each sample, and the whole tissue was homogenized with a
probe sonicator that was set on level 8 (Fisher Scientific, Model 100).
IPA, water, and methanol sequentially were used to wash the probe
sonicator between samples. The samples were then incubated on ice for
30 min. A revised version of the Folch extraction method was used to
extract lipids from the tissue biopsies [44]. First, the samples were
centrifuged at 20,000 x g for 10 min at 4 °C to pellet the tissue debris;
the supernatants were transferred into a clean glass centrifuge tube with
a screw cap. Next, 5 pL of SPLASH® LipidoMix® Internal Standard Mix
(containing a set of 14 stable isotope internal standards) was added to
the samples followed by vortex mixing. All the vortex-mixing steps in
this study were less than 30 s. Afterward, a total of 200 pL of ice-cold
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I Renal tissue biopsy sample (1.8 m
embedded in OCT

Fig. 3. Photo of a patient renal tissue biopsy sample embedded in OCT,
showing that lipidomics analysis can be conducted on the leftover sample
without disruption of normal patient care.

methanol and 400 pL of ice-cold chloroform were added to each sample.
The samples were incubated at 4 °C for 20 min with vortex mixing every
5 min. Then, 100 pL of LC-MS grade water was added, the samples were
vortex mixed and again incubated at 4 °C for 10 min with vortex mixing
every 5 min. Next, the aqueous and organic layers were separated by
centrifuging at a speed of 3260 x g at 4 °C for 10 min, and 400 pL of the
organic layer (bottom layer) containing the lipid content of the samples
was transferred using a glass pipette to a new glass centrifuge tube and
cooled on ice. The aqueous layer (top layer) was re-extracted by adding
200 pL of ice-cold 2/1 (v/v) chloroform/methanol, followed by vortex
mixing and incubating on ice for 10 min. The samples were centrifuged
at 3260 x gand 4 °C for 10 min, followed by the removal of another 200
pL sample from the second organic layer, which was combined with the
first organic layer. Finally, lipid extracts were dried under nitrogen gas
at 30 °C using an Organomation Associates MultiVap (Berlin, MA, USA)
and then reconstituted in 50 pL of IPA and vortex mixed. Afterwards, the
samples were centrifuged at 3260 x g at 4 °C for 10 min. The entire
reconstituted sample was transferred to a labeled glass LC vial with a
fused insert and 2 pL of Lipidomics injection standard (1000 ppm of:
lysophosphatidylcholine 19:0 (LPC(19:0)), phosphatidylcholine 19:0/
19:0 (PC(19:0/19:0)), phosphatidylglycerol 17:0/17:0 (PG(17:0/17:0)),
phosphatidylethanolamine 17:0/17:0) (PE(17:0/17:0)), phosphati-
dylserine 17:0/17:0 (PS(17:0/17:0)), and triacylglycerol 17:0/17:0/
17:0 (TG(17:0/17:0/17:0))) was spiked into the samples, and vortex
mixed to ensure homogeneity and make sure there were no air bubbles.
Additionally, extraction blanks (a 25 pL water sample that experienced
identical extraction steps as the samples, in order to assess variation of
the extraction procedures) and reconstitution blanks were prepared for
quality control purposes.

Data acquisition method

An AQUITY UPLC® BEH C18 column (1.7 pm x 2.1 mm x 50 mm)
with corresponding VanGuard pre-column (Waters Corporation, Mil-
ford, MA, USA) kept at 50 °C was employed for chromatographic sep-
aration. A multi-solvent mixture of 90:8:2 IPA:ACN:water with 0.1%
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formic acid and 10 mM ammonium formate was used as mobile phase D
and mobile phase C was 60:40 ACN:water with 0.1% formic acid and 10
mM ammonium formate. A stepwise gradient elution was performed as
follows: 0-1 min 20% D, 1-3 min 20-30% D, 3-4 min 30-45% D, 4-6
min 45-60% D, 6-8 min 60-65% D, 8-10 min 65-65% D, 10-15 min
65-90% D, 15-17 min 90-98% D, 17-18 min 98-98% D, followed by
5.00 min column flush and re-equilibration. The entire runtime with
equilibration was 23.00 min with a 0.5 mL/min flow rate and the in-
jection volume was 3 pL for positive polarity and 5 pL for negative
polarity.

The analyses were conducted on a Q Exactive™ Orbitrap™ Mass
Spectrometer with heated electrospray ionization coupled with a Dionex
Ultimate 3000 UHPLC system (Thermo Fisher Scientific) in both positive
and negative ion modes using the following settings: spray voltage =
3500V, aux gas = 5 (+mode) and 15 (- mode), sheath gas = 30 (+mode)
and 25 (- mode), capillary temperature = 300 °C, sweep gas = 1
(+mode) and 0 (- mode), and S-lens RF level = 35). All samples were
kept at 8 °C in the autosampler during the analysis. Mass spectra were
acquired in full scan mode with 70,000 mass resolution from 200 to
2200 m/z. Triplicate full scan injections were conducted on every
sample. The presence of Fabry disease biomarkers in the samples were
screened using the exact mass, and later using tandem mass spectrom-
etry (MS/MS) fragmentation analysis (35,000 mass resolution, 1.5 amu
isolation, 20 collision energy) of all Fabry disease biomarkers found in
the samples to provide secondary confirmation of identity.

Data processing

To monitor data quality and verify the reproducibility of the analysis,
the performance of spiked injection and internal standards in all samples
was validated and qualified as showing a relative standard deviation of
less than 10%. Xcalibur v.4.1 software (Thermo Fisher Scientific) was
used for data acquisition and peak integration analysis. All data were
normalized using the lowest tissue biopsy weight (1.8 mg).

Results and discussion

To screen the patient’s biopsy for Fabry disease, first, the most
important biomarker, Gbs[(d18:1)(C16:0)], was analyzed using UHPLC-
HRMS. Besides Gb3[(d18:1)(C16:0)], five new potential Gb3-related
isoforms/analogues biomarkers were also checked (Gbs[(d18:2)
(C16:0)], Gb3[(d18:2)(C22:1)], Gbs[(d18:2)(C18:0)], Gbs[(d16:0)
(C16:0)1, Gb3[(d18:1)(C14:0)]). As shown in Table 1, the Gbs related
biomarkers were not detected in the patient sample or the control
samples. As is apparent from this result, the enzyme activity of a-GAL A
in this patient is sufficient to break down globotriaosylceramides lipids.

To better evaluate the patient for possible Fabry disease, we further
investigated the possibility of lyso-Gbs-related biomarker presence in
the tissue biopsy. In addition to lyso-Gb3(d18:1), seven other potential
lyso-Gbs-related isoforms/analogues biomarkers, which were previ-
ously confirmed having higher concentration in Fabry patients, were
also checked [16]. Based on the results demonstrated in Table 2, none of
lyso-Gbs-related potential biomarkers were identified in the patient

Table 1

Mean peak area of Gbs-Related Biomarker in patient renal sample injections
compared to control sample injections (n = 3) in positive ionization mode (nd =
“not detected”).

Gbs Related Biomarker Expected Mass Patient  Control- Control-
(m/2) 1 2
Gb3[(d18:1)(C16:0)] 1024.6784 nd nd nd
Gbs[(d18:2)(C16:0)] 1022.6701 nd nd nd
Gbs3[(d18:2)(C22:1)] 1104.7417 nd nd nd
Gb3[(d18:2)(C18:0)] 1051.7092 nd nd nd
Gb3[(d18:1)(C14:0)] + 996.6636 nd nd nd

Gb3[(d16:1)(C16:0)]
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Table 2

Mean peak area of lyso-Gbs-related biomarker in patient sample injections
compared to control sample injections (n = 3) in positive mode (nd = “not
detected™).

Lyso-Gbs Related Expected Mass Patient  Control- Control-
Biomarker (m/2) 1 2
lyso-Gbs 786.4487 nd nd nd
lyso-Gbs (—CaHa) 758.4174 nd nd nd
lyso-Gbsz (—CyH4 + O) 774.4123 nd nd nd
lyso-Gbs (—Hz) 784.4331 nd nd nd
yso-Gbs (—Hj + O) 800.4280 nd nd nd
lyso-Gbs (+0) 802.4436 nd nd nd
lyso-Gbs (Hz03) 820.4542 nd nd nd
lyso-Gbs (H203) 836.4491 nd nd nd

sample; therefore, the globotriaosylsphingosine lipids levels were not
elevated in the kidney tissue.

Finally, to obtain further information regarding Fabry disease bio-
markers in this patient, all Gas-related isoforms/analogs were then
evaluated. Surprisingly, as depicted in Table 3 and Fig. 4, the Gay-
related lipid biomarker level was substantially higher in the patient’s
renal tissue biopsy than in the two control samples. This additional
investigation was possible because we analyzed the samples using an
untargeted lipidomics approach and, thus, we were able to use the mass
accuracy of the instrument to dig deeper into the lipids detected. These
results confirm that this patient had some residual a-GAL A enzyme that
had broken down Gbjs and lyso-Gbg lipids, but was not sufficient to
degrade all Gay lipids. The results validate that this patient appears to
have a type of LSD, and since there was an observed disruption in a-GAL
A enzyme activity in the patient’s renal biopsy, it could be non-classical
Fabry disease. The representative extracted ion chromatograms (EICs)
for Gay[(d18:1)(C16:0)] in positive mode with associated mass spectra
are shown in Fig. 5A and B to better present the intensity difference in
the patient sample compared to control samples. Fig. 5C shows the
corresponding MS/MS spectrum of Gay[(d18:1)(C16:0)] that was ob-
tained from the patient sample injection along with proposed structures
of produced product ions. All product ions validate the presence of
Gay[(d18:1)(C16:0)].

In this case study, we were aided by the ability to compare a sus-
pected patient to two controls. However, in a clinical diagnostic setting,
control subjects will likely not be available for comparison against a
suspected Fabry patient. Thus, we must evaluate how a patient’s diag-
nosis could be made from a single sample injection. In such cases, the use
of ratiometric metabolomics could help with the diagnosis. Ratiometric
metabolomics has been used in clinical labs for screening of various
disorders, including screening newborns for phenylketonuria based on

Table 3
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the phenylalanine-to-tyrosine ratio in dried blood spots or in a research
setting to test the immune system with the kynurenine-to-tryptophan
ratio [45,46]. This method has enabled the diagnosis phenylketonuria
much earlier (as young as age < 24 h) and reliance on the assay with a
reduced false-positive rate [47]. In the case of Fabry disease, we eval-
uated the ratio of Gay[(d18:1)(C16:0)] to its corresponding ceramide
(ceramide[(d18:1)(C16:0)], expected mass = 538.5199 m/z, measured
mass = 538.5189 m/z, mass accuracy = -1.86 ppm) to better demon-
strate the increased level of Gay[(d18:1)(C16:0)] in the patient. Again,
because we used HRMS for analysis, we were able to dig back into the
already obtained data to evaluate the diagnostic potential of this ratio.
As shown in Fig. 6, with the increasing level of Ga[(d18:1)(C16:0)] in
the patient, the corresponding ceramide[(d18:1)(C16:0)] level
decreased and, as a result, the Gay[(d18:1)(C16:0)]/Ceramide[(d18:1)
(C16:0)] ratio increased more than 20 times in the patient sample
compared to the two control samples. This result demonstrates that
ratiometric metabolomics could be used to improve the diagnosis of rare
diseases, but more patient samples will be needed to develop appro-
priate diagnostic reference ranges. We also assert that ratiometric
metabolomics can be expanded to global metabolomic studies in which
coverage of the metabolome or lipidome includes precursors and
products of enzymatic reactions to generate broad ratiometric maps of
metabolism. In clinical analysis, the availability of a reference standard
is important and while Gay[(d18:1)(C16:0)] is not available as a com-
mercial standard, Gax[(d18:1)(C17:0)] is available (Avanti Polar Lipids)
and could serve as a reference standard.

Conclusion

In this study, we demonstrated that lipidomic analysis offers the
possibility to analyze the network of lipids and lipid biomarkers in pa-
tients with rare disorders and can contribute to the diagnostic evaluation
when traditional anatomic and clinical pathology methods are unable to
provide a definitive diagnosis. Moreover, the lipidomic analysis was
performed on the affected kidney tissue, which is likely more clinically
significant. Due to the rapid expansion of lipidomic analysis in the
clinical laboratory and new perspectives it can provide through deeper
annotation of lipids, lipidomics is expected to play a prominent role in
the characterization of rare disorders. Specifically, it can aid in the early
diagnosis of rare disorders, or help to better understand different man-
ifestations of lipid disorders. We also showed the power of lipidomics
data obtained from an HRMS platform to allow further evaluation of
lipids without the need to re-inject samples, as would be needed with a
fully targeted method. Finally, we were able to show the potential of
lipid ratios to aid in disease diagnostics when control samples cannot be
obtained. With additional samples, clinical reference ranges can be

Mean peak area of Gay-related biomarker in patient sample injections compared to control sample injections (n = 3) in positive mode (nd = “not detected™). The
“Absolute Intensity” columns in this table are derived from the integrated peak area in the chromatogram.

Gay, Related Expected Mass Measured Mass Mass Accuracy Absolute Intensity in Absolute Intensity in Absolute Intensity in Patient/ Ave.

Biomarker (m/2) (m/2) (ppm) Patient’s Sample Control-1's Sample Control-2's Sample Controls

Gay [(d18:1) 862.6256 862.6244 -1.39 1.60E + 07 3.55E + 06 1.75E + 06 6.03
(C16:0)]

Ga, [(d18:1) 890.6569 890.6543 —2.92 1.18E + 06 nd nd -
(C18:0)]

Ga, [(d18:1) 918.6882 918.6875 -0.76 7.83E + 05 nd nd -
(C20:0)]

Gay [(d18:1) 946.7195 946.7188 -0.74 2.33E + 06 9.35E + 05 1.19E + 06 2.20
(C22:0)]

Gay [(d18:1) 916.6725 916.6718 -0.76 7.37E + 05 nd nd -
(C20:1)]

Gay [(d18:1) 944.7038 944.7032 —0.64 1.64E + 06 nd nd -
(C22:1)]

Gay [(d18:1) 972.7351 972.7344 —-0.72 6.67E + 06 1.57E + 06 1.27E + 06 4.69
(C24:1)]

Ga, [(d18:1) 970.7195 970.7193 -0.21 3.08E + 06 4.31E + 05 2.24E + 05 9.41
(C24:2)]
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Fig. 4. Bar plots showing Ga, related Fabry biomarker intensities in the patient sample compared with the two control samples. These plots show Ga, lipids had
higher intensities in the patient samples, confirming disruption in a-GAL A enzyme activity.
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Fig. 5. A) Representative Extracted Ion Chromatogram (EIC) and B) mass spectrum of Ga,[(d18:1)(C16:0)] from the patient sample and two control samples based
on UHPLC-HRMS, the mass spectrum is only from the top chromatogram panel and the spectrum is an average of multiple scans across the chromatographic peak. C)
The corresponding MS/MS spectrum of Gao[(d18:1)(C16:0)] obtained from the patient sample along with proposed structures of product ions, isolation width = 1.5

amu, collision energy = 20 V.

established to provide diagnostic results.

Finally, it is important to state that these samples were analyzed in a
research mass spectrometry lab. While mass spectrometry is used
routinely in clinical labs, adding a new assay for diagnostic testing re-
quires additional validation that includes additional sensitivity and
specificity testing, as well as comparison to already established methods
for patient diagnosis. The assay we used was a non-quantitative assay
and did not include an internal or reference standard for the target

species. We used the ratiometric approach as a method for estimating
enzyme activity. In clinical analysis, the availability of a reference
standard is important for quality control and quantitation. While Ga2
[(d18:1)(C16:0)] is not available as a commercial standard, Ga2[(d18:1)
(C17:0)] is available (Avanti Polar Lipids, product 860701) and could
serve as a reference standard since it would elute within a similar time
frame and have a similar ionization efficiency. Although we used HRMS,
this method could be transferred to a triple quadrupole where selected
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Fig. 6. A) Bar plot showing the absolute intensity of Ga[(d18:1)(C16:0)] biomarker and ceramide[(d18:1)(C16:0)] in the patient and control samples. B) Bar plot
showing the Ga2[(d18:1)(C16:0)]/Ceramide[(d18:1)(C16:0)] peak area ratio in the patient and control samples.

reaction monitoring (SRM) could be employed. However, when moving
to a triple quadrupole, the method will lose the ability to identify other
potential markers related to genetic disorders that could involve vari-
ants. This was one of the advantages of the method we employed versus
of what is currently used for clinical diagnostics in Fabry disease. When
those current markers failed to diagnose, we were able to expand to
additional lipids that could be affected by variations in enzymatic ac-
tivity. This type of approach could also be harnessed for other undiag-
nosed diseases to expand the ability to identify biomarkers to diagnose
patients.
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