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ABSTRACT: Circulatory lipids are important markers for characterizing
disease phenotypes; however, accurately determining lipid species remains a

significant challenge in lipidomic analysis. Here, we present a novel analytical .‘;I‘:‘.I‘::;: T
workflow for accurate lipidome characterization in human plasma using mass i ) . g i
spectrometry (MS) through the integration of hydrophilic interaction liquid 1 | -
chromatography (HILIC) and reversed-phase liquid chromatography (T7) Retenon me Retenon e
(RPLC). This workflow enables rapid screening of 1,966 lipid species across >

18 lipid classes using HILIC-multiple reaction monitoring (MRM), which i
enables facile identification of lipid species by lipid class-based separations. In LLL - S et o
the NIST Standard Reference Material for Human Plasma (SRM 1950), 489  pissma iidome ! N\

lipid species were identified using HILIC-MRM and subsequently analyzed '

with RPLC-parallel reaction monitoring (PRM) to resolve potential lipid ~

isobars within the same lipid class. Notably, RPLC-PRM identified 70

additional lipidomic features in SRM 1950 that were not detectable with

HILIC-MRM. Furthermore, a high correlation (Pearson correlation coefficient = 0.81) was observed regarding the concentrations of
lipid species not carrying isobaric interferences in between HILIC-MRM and RPLC-PRM, indicating that the individual lipid
concentrations measured by each platform can be integrated. The workflow was further applied to a cohort of 284 human plasma
samples from chronic kidney disease (CKD) patients, successfully profiling lipidomic phenotypes across CKD subtypes. These
findings demonstrate that combining HILIC-MRM and RPLC-PRM as complementary platforms enhances the accuracy and
comprehensiveness of lipidomic analysis.

Bl INTRODUCTION HILIC separates lipid classes based on the polarity of their
headgroups, leading to the coelution of lipids within the same

The human blood plasma lipidome provides valuable insights S
class.” A key advantage of HILIC lies in its enhanced sensitivity

into metabolism and physiology in health and disease.'

Circulatory lipids serve as crucial markers for diagnosing in LC-MS due to the high or;gémic content of the eluent, which
diseases and monitoring their progression.”” Notably, under- improves analyte ionization.” However, isobars and isomers
. . . o A - o 21,22

standing changes in the circulating lipidome within disease are present even within the same lipid class. The covalent
cohorts can reveal potential therapeutic targets.”” However, bonds associated with the lipid headgroup—specifically ester
lipid profiling of circulatory lipids remains challenging due to (acyl-), ether (1-O-alkyl, denoted as “O”), and vinyl-ether (1-
the vast number and molecular complexity of lipid species O-alk-1’-enyl, denoted as “P”)—generate isomeric and isobaric
present.” lipid species within the lipid class, complicating their

Mass spectrometry (MS)-based methodologies have been separation when using a HILIC column.”® For instance,
widely used for lipid characterization at the omics level, phosphatidylethanolamine (PE) (0-35:1) (m/z 716.56; [M-
leveraging structural properties to investigate the clinical H]™ as an adduct type), containing an ether bond, shares the
relevance of specific lipid profiles.”™” Despite these advance- same nominal m/z (mass difference 0.0364 Da) as diacyl PE
ments, identifying isomeric and isobaric lipids remains a (34:1) (m/z 716.5236; [M-H]™ as an adduct type). These

significant challenge, as annotation of individual lipid species is
often limited.'”"" To address these limitations, liquid
chromatography (LC) has been employed to separate lipid -
isomers and isobars effectively.'”””'" Among LC-MS-based Rec?we‘l: No‘fember 27, 2024
lipidomic approaches, the most commonly used separation Revised: Apr¥1 21, 2025
techniques include hydrophilic interaction liquid chromatog- Accepted: April 25, 2025
raphy (HILIC), normal-phase liquid chromatography Published: May 2, 2025
(NPLC), and reversed-phase liquid chromatography

(RPLC), each with distinct separation mechanisms.'>~"”

species coelute because HILIC column separation is based on
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the polar headgroup.”*” In contrast, an RPLC column
separates lipid species by the hydrophobicity of their fatty
acid or alkyl chains.” Due to this chemical property, the RPLC
system provides enhanced separation, enabling high-level
identification of isomeric and isobaric compounds within the
same lipid class."> Thus, RPLC-MS/MS and HILIC-MS/MS
exhibit distinct advantages based on their respective chemical
properties, highlighting their complementary roles in lipido-
mics methodologies.”* ™

Targeted lipidomics using LC-MS/MS have driven signifi-
cant advancements in analytical development. Specifically, the
application of collision-induced dissociation and MS analysis
has facilitated the identification of fatty acyl chain lipid
species.”” In targeted lipidomic analysis, multiple reaction
monitoring (MRM) with triple quadrupole-MS is widely
employed”’~*° due to its ability to monitor the mass transition
from precursor ions to product ions with enhanced sensitivity.
However, the accuracy of lipid species identification is
constrained by the low mass resolution (isolation window of
0.7 Da) of the quadrupole mass filter.”””" To address this
limitation, high-resolution MRM, also known as parallel
reaction monitoring (PRM), serves as a complementary
technique by monitoring fragmented ions with high-resolution
MS analyzers, such as time-of-flight or Fourier transform
instruments.'> Despite its advantages, PRM suffers from a
relatively slow scan speed compared to the MRM method.””**

Here, we propose an advanced analytical strategy combining
HILIC-MRM with RPLC-PRM for comprehensive lipidome
analysis in human plasma. In this workflow, the circulatory
lipidome is initially analyzed using HILIC-MRM, which
enables rapid and facile measurement of lipid species through
lipid class-based separation. Subsequently, RPLC-PRM is
employed to identify potential lipid isobars within the same
lipid class that could not be resolved by the HILIC-MRM
system. This developed workflow was applied to a large cohort
of 284 human plasma samples to characterize the circulatory
lipid profiles of four subtypes of chronic kidney disease
(CKD). Notably, CKD was associated with dyslipidemia,
characterized by elevated levels of neutral lipids like
triacylglycerides.””™>° However, the specific lipid profiles
linked to each CKD subtype remained unclear. Our objective
was to demonstrate that this platform offers a reliable and
reproducible omics-level workflow capable of determining
distinct lipid profiles across CKD subtypes.

B EXPERIMENTAL SECTION

Sample Collection. The human plasma samples from the
CKD cohort (n = 284) comprising healthy controls (n = 66)
and four CKD subtypes, including diabetic nephropathy (DN,
n 64), hypertensive nephropathy (HN, n = 24),
immunoglobulin A nephropathy (IgAN, n = 66), and
membranous nephropathy (MN, n = 64) were collected at
Seoul National University Hospital under the approval of the
institutional review board (IRB) of the Seoul National
University College of Medicine (IRB number: H-2104-120-
1214). Detailed diagnostic criteria for the CKD cohort and
procedures for plasma sample collection are provided in the
Supporting Information.

The mouse study for the exploration of endogenous lipids to
the other matrix e.i., serum and liver tissue was obtained from
the SMC Laboratories (SMC Laboratories Inc., Tokyo, Japan).
Mouse experiment and sample preparation protocol for
lipidomics analysis is described in Supporting Information.
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Chemicals and Reagents. Chemicals and reagents are
described in Supporting Information.

Preparation of Internal Standard Mixture. Deuterated
lipids were used as internal standards (IS) for normalization
and quantification in this study. Briefly, 18 deuterated lipids
were mixed in methyl-fert butyl ether, and all the samples were
spiked with the IS mixture at the target concentrations outlined
in Table S1.

Sample Preparation. Human plasma samples, including
those from the CKD cohort and SRM 1950, were thawed on
ice prior to lipid extraction. For extraction, 400 uL of 80%
isopropanol (IPA) was added to SO yL of each sample. The
mixtures were vortexed and centrifuged for S min at 18,341 X g
and 4 °C. Subsequently, 200 uL of the supernatant was
transferred into two Eppendorf SafeLock tubes and dried
under N, gas. The dried pellets were reconstituted with either
100 uL of 95% acetonitrile (ACN) containing 10 mM
ammonium acetate (AmAc) for HILIC-MRM analysis or 200
uL of ACN:Water:IPA (40:24:36) containing 10 mM AmAc
for RPLC-PRM analysis.

LC-MS Analysis. HILIC-MRM analysis was performed
using an ACQUITY UPLC I-Class PLUS System coupled with
a SCIEX Triple Quad SS00 Mass Spectrometer (Waters,
Milford, MA, USA) operated in positive and negative
ionization modes. Chromatographic separation was achieved
on an ACQUITY Premier BEH Amide column (1.7 gm, 100 X
2.1 mm LD., Waters, Milford, MA, USA) using mobile phases
A (ACN:Water = 95:5) and B (ACN:Water = 50:50), both
containing 10 mM AmAc. The injector needle was washed
with ACN:Water (95:5) after each injection, and the injection
volume was set to 2 uL. The gradient elution program was as
follows: the system was initially maintained at 0.1% B for 2
min, followed by an increase to 80% B over 3 min. The
gradient was returned to the initial condition (0.1% B) within
0.1 min and equilibrated for 3 min at the starting condition.
The flow rate was set to 300 #L/min, the column temperature
was maintained at 40 °C, and the sample injection volume was
2 pL. Optimized ion source parameters included a voltage of
5500 V in positive mode and —4500 V in negative mode, an
ion source temperature of 400 °C, and GS1 and GS2 settings
of 30 and 35 psi, respectively. Curtain gas and collision-
activated dissociation gas pressures were maintained at 20 and
6 psi. A scheduled MRM (sMRM) algorithm with a retention
time (tz) window of 1 min was applied. Specific sMRM
parameters are detailed in Table S2.

The method for accurate determination of isomeric and
isobaric lipid species was implemented using an RPLC-PRM
setup. Analyses were conducted on a Vanquish UHPLC system
coupled with an Orbitrap Exploris 120 (Thermo Scientific, San
Jose, CA, USA). Chromatographic separation was achieved
using an ACQUITY UPLC HSS T3 column (1.8 ym, 100 X
2.1 mm LD., Waters, Milford, MA, USA) with a mobile phase
A comprising ACN:Water of 60:40 and phase B comprising
ACN:IPA of 10:90, both containing 10 mM AmAc. A linear
gradient elution was applied, beginning at 40% B for 1 min,
increasing from 40 to 65% B over 4 min, from 65 to 95% B
over 5 min, held at 95% B for 2 min, followed by a rapid return
to 40% B over 0.1 min, and re-equilibration at 40% B for 6
min. The flow rate, column temperature, and injection volume
were set at 250 yL/min, S0 °C, and 10 L, respectively. Ion
source parameters were configured with a voltage of —4500 V
in negative mode, sheath gas at 60 Arb, auxiliary gas at 15 Arb,
sweep gas at 1 Arb, and an ion transfer tube temperature of
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Figure 1. Schematic workflow combining HILIC-MRM and RPLC-PRM analyses. (A) HILIC separates lipids based on the polarity of their
headgroups, while RPLC separates lipids according to the hydrophobicity of their fatty acyl chains, considering the polarity of the lipid headgroup.
(B) To integrate data sets from HILIC-MRM and RPLC-PRM, human plasma samples were aliquoted after lipid extraction. Lipids were first
analyzed using HILIC-MRM, followed by RPLC-PRM, enabling accurate identification of isomeric and isobaric lipids (image created by

Biorender). PL, phospholipid.

380 °C. The vaporizer temperature was maintained at 350 °C.
Full MS scan data were acquired over an m/z range of 67—
1000 in dual-polarity mode at a resolution of 120,000 FWHM
at m/z 200, while product ion scans were obtained over the
same m/z range at a resolution of 15,000 FWHM at m/z 200.
Both MS scan and product ion scan data were acquired in
centroid mode. Transition parameters for identifying isomeric
and isobaric lipids are detailed in Table S3.

Lipid Identification. Identification of lipids using HILIC-
MRM was accomplished by determining the t; of lipid class-
specific IS. The nomenclature and structural levels of lipid
annotation adhered to the recent LIPID MAPS update.’
Specifically, MS/MS transitions for lipid annotation included
head groups and fatty acyl chains for glycerolipids (GLs), long-
chain bases for sphingolipids (SPs), and fatty acyl-based
transitions for glycerophospholipids (GPs) (Figure S1).””**

For lipid identification in RPLC-PRM data, MS/MS
fragmentation patterns obtained through product ion scan
mode were utilized. Raw data from product ion scan mode
were manually examined using Freestyle software (Thermo
Scientific). Lipid annotation for the accurate determination of
isobaric and isomeric lipids was based on previously reported
studies.”~*" Detailed identification criteria are provided in the
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Supporting Information, with the identified lipid species
summarized in Table S4.

Method Validation. The method validation process
including limit of quantification (LOQ), linearity range,
interday precision, standard addition approach, matrix effect,
and recovery was performed by referring to the relevant
bioanalytical guidelines%’46 and previous studies.””*’~*
Detailed validation procedures are described in Supporting
Information.

Data Analysis. Peak area integration for HILIC-MRM
analysis was performed using Analyst version 1.6.3 (AB
SCIEX), while RPLC-PRM data were processed using Skyline
version 24.1 with the small molecule target function.”*" For
lipid quantification in both HILIC-MRM and RPLC-PRM
analyses, concentrations were calculated using the isotope
dilution approach. Specifically, the peak area of each lipid was
normalized by dividing it by the peak area of the corresponding
deuterated IS in the same lipid class, as described previously.’!
The resulting value was then multiplied by the amount of IS
added to calculate the lipid concentration.” In HILIC-MRM
data, the overall contribution of heavy isotopes to MRM
transition intensities was dependent on their molecular
position in the fragmentation pattern.”® Corrections for
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Figure 2. (A) Chemical structures, adduct types, fragmentation patterns, and MS/MS spectrum of two lipid isobars, PC (17:1/20:4) and PC (O-
18:1/20:4). (B and C) Chromatograms of lipids analyzed using (B) HILIC column and (C) RPLC column, both with the same MRM transition,
from pooled CKD plasma samples. (D) Comparison of concentrations of eight PC species analyzed by HILIC (X-axis) and RPLC (Y-axis).
Pearson correlation analysis and linear regression were used for comparison; detailed parameters and concentrations are provided in Table SS. r,

Pearson correlation coefficient; R?, coefficient of determination.

isotopic overlap during lipid class-based chromatographic
separation were made using the Shiny app of LICAR,
developed by SLING.*® Detailed descriptions of strategy for
integration of HILIC-MRM and RPLC-PRM lipidomic data
and the statistical analysis are provided in the Experimental
Section of Supporting Information and Scheme S1.

B RESULTS AND DISCUSSION

Concept of Lipidome Measurement Strategy Using a
Combination of HILIC and RPLC. The human plasma
lipidome comprises thousands of lipid species, including
numerous isomeric and isobaric lipids within the same lipid
class, which are challenging to profile using conventional
methods. To accurately characterize these complex lipids, we
developed an analytical strategy combining HILIC-MRM and
RPLC-PRM data sets. Figure 1 illustrates the workflow for the
accurate identification of the plasma lipidome using a targeted
lipidomic analysis approach. In Figure 1A, lipid separation is
shown using both HILIC and RPLC columns. The HILIC
column separates lipids based on their headgroup polarity,
enabling the rapid and efficient identification of lipid species,
while the RPLC column separates lipids according to the
hydrophobicity of their fatty acyl chains in conjunction with
the polarity of the lipid headgroup. This dual approach allows
for the differentiation of isomeric and isobaric lipid species.
The integrated strategy combining HILIC-MRM and RPLC-
PRM data is depicted in Figure 1B. Lipids extracted from
human plasma were divided into two equal aliquots and
analyzed sequentially. HILIC-MRM measured thousands of
lipid species in the first step, followed by RPLC-PRM to
identify potential isobaric and isomeric lipids. RPLC-PRM was
then employed for the accurate quantification of lipid isobars.
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High-resolution MS/MS instrumentation in the RPLC analysis
was critical to this approach, as PRM allowed accurate lipid
identification while minimizing interference from other lipid
species. For example, when identifying PC (16:0/18:1) at t;
10.4 min in the RPLC column, unit-resolution MRM (mass
accuracy <0.6 Da) detected overlapping isotopes ([M + 2])
from PC (16:0/18:2) at tz 10.1 min. In contrast, high-
resolution PRM (mass accuracy <S5 ppm) accurately identified
PC (16:0/18:1) (Figure S2). Given the limited availability of
lipid standards, PRM transitions proved more reliable than
MRM transitions for the accurate identification of target lipids.

The advantage of using RPLC-PRM as a complementary
platform to HILIC-MRM for the identification of lipid isobars
is demonstrated in Figure 2. The analysis focused on the
separation of PC and ether PC, which coelute in HILIC-MRM.
For example, PC (0-18:1/20:4) and PC (17:1/20:4) are
isobars with precursor ions at m/z 852.6124 and m/z 852.576,
respectively, and [M + AcO]™ as the adduct type (Figure 2A).
These isobaric lipids share a common fragmentation ion, m/z
303.233 ([FA20:4 — H]"), in the MS/MS spectrum, which is
typically used as the product ion in MRM transitions for
identifying lipid species at the fatty acyl chain level. In the
HILIC method, transitions (852.6 > 303.2) produced a single
coeluting peak encompassing PC (17:1/20:4), PC (O-18:1/
20:4), and PC (P-18:0/20:4) (Figure 2B). Conversely, RPLC-
PRM transitions (852.6 > 303.233) successfully separated
these lipids, distinguishing PC (17:1/20:4), PC (0O-18:1/
20:4), and PC (P-18:0/20:4) based on their respective ty of
9.5, 10.3, and 11.1 min (Figure 2C). Notably, RPLC-PRM
identified PC (P-18:0/20:4) as an isomer of PC (O-18:1/
20:4). To evaluate whether the interference of isobaric lipids,
including PC-O and PC-P, affects the accuracy of PC species
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Figure 3. Analytical workflow for human plasma samples, progressing from initial qualitative screening to reliable quantification. (A) Initial
qualitative screening of SRM 1950 plasma identified 800 lipid species in ESI (+) mode and 1,166 species in ESI (—) mode (Table S2). Among
these, 773 stable lipids were confirmed in SRM 1950 (n = 6), and 489 lipid species were further quantified during the CKD cohort analysis (n =
284). (B) Pie chart displaying the lipid species distribution by class in SRM 1950, as analyzed using the HILIC-MRM. (C) Lipid species detected
via HILIC-MRM were subsequently analyzed using RPLC-PRM, revealing an additional 70 isobaric and isomeric lipids.

measurement using HILIC-MRM, eight PC species were
analyzed via both HILIC-MRM and RPLC-PRM (Figure 2D
and Table SS). Due to the coelution of isobaric lipids, the
concentrations of PC measured by HILIC-MRM were
consistently higher than those measured by RPLC-PRM,
resulting in a low correlation coefficient (r = —0.02). These
findings demonstrate that lipid assay using HILIC column is
prone to interference from coeluting isobaric lipids. Incorpo-
rating a separation system like RPLC column enables the
resolution of such isobars, ensuring more accurate lipid
quantification.

Identification of Isobaric and Isomeric Lipids Using
RPLC-MS/MS. We next applied the combined HILIC-MRM
and RPLC-PRM workflow to human plasma. First, we
measured the LOQ_levels and linearity ranges of the spiked
IS mixture from SRM 1950 in both analytical platforms (Table
S6). Among the 18 target lipid classes, 16 exhibited lower
LOQ levels in both platforms—except for DG and CE—
compared to other MS techniques, such as ion mobility-MS
and direct infusion (DI)-MRM.*>>® Lipid classes, including
AC, HexCer, SM, FA, LPC, LPE, PC, PE, and PG, had similar
LOQ_ levels between platforms (difference < [2.0-foldl).
However, higher LOQ_levels were observed in the HILIC-
MRM platform compared to the RPLC-PRM platform for DG
(4-fold), Hex2Cer (4-fold), PA (16-fold), PI (64-fold), and PS
(8-fold), whereas TG (4-fold), Cer (130-fold), and DhCer

(32-fold) exhibited higher LOQ levels in RPLC-PRM. CE was
not detected in RPLC-PRM within the concentration ranges of
8.1—425,761 nM. Using HILIC-MRM, 1966 lipid species were
initially screened, and 773 lipid species were detected in SRM
1950 across six replicates (Table S7). Among these, 489 lipid
species with RSDs below 30% across SRM 1950 (n = 12) were
identified during the analysis of a large cohort (n = 284)
(Figure 3A,B). The precursor ions and corresponding collision
energies for these 489 lipid species were subsequently analyzed
in product ion mode (m/z range: 67—1000) using RPLC-MS/
MS, identifying an additional 70 lipids in SRM 1950 (Figure
3C). For lipid identification in RPLC-MS/MS, both the exact
masses of precursor ions in MS scan mode and the fragmented
ions in MS/MS product ion mode were utilized (Figure S3).
The major lipid classes identified through RPLC-MS/MS
included ether lipids such as PC-O, PC-P, PE-O, PE-P, PG-O,
LPC-O, and LPC-P, which exhibited similar LOQ levels across
both platforms. The 22 overlapping lipids from HILIC-MRM
that affected by the isobaric and isomeric interferences were
excluded (workflow for integration of two data sets is
described in Experimental Section of Supporting Information
and Scheme S1). To evaluate the reproducibility of the
integrated lipid data set, interday precision was measured for
537 lipid species (467 species from HILIC-MRM and 70
species from RPLC-PRM) across different batches (Table S8).
Highly reproducible results were obtained, with 88% of lipid
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species exhibiting RSDs below 20% and 95% below 30%
(Figure S4). These results are consistent with a previous
HILIC-MRM study, which demonstrated that 85% of total
lipid species (RSD < 20%) remained stable in interday
precision measurements from SRM 1950.°

We applied the method to other biological matrices,
including liver and serum samples obtained from five mice,
enabling the detection of 663 lipid species (544 from HILIC-
MRM and 119 from RPLC-PRM) in liver and 473 lipid species
(383 from HILIC-MRM and 90 from RPLC-PRM) in serum
(Figure SS, Tables S9 and S10). Further, we evaluated the
matrix effect and recovery in these biological matrices by
comparing the peak areas of the IS mixture (Table SI11).
Matrix effect evaluation across five biological origins (three
replicates per origin) per matrix yielded reliable results, with
90% of the 108 lipid standards exhibiting matrix effects of less
than 20%. Recovery measurements also demonstrated a
consistent extraction efliciency, with 88% of lipid species
showing RSDs below 20% (n = 3), though mean recovery
values varied depending on the biological matrix. Interestingly,
extraction recovery differed by analytical platform, even for the
same lipid class. For instance, recoveries of PE (15:0/18:1-d,)
from SRM 1950 were 29.3% in HILIC-MRM and 80.4% in
RPLC-PRM. This discrepancy is likely due to severe matrix
suppression in HILIC separation, highlighting the necessity of
correcting lipid signals using matrix-matched IS signals for
accurate quantification across diverse biological matrices, as
previously described.** ¢

Concordance of Lipid Concentrations Measured with
HILIC-MRM and RPLC-PRM. We aimed to integrate the lipid
concentrations measured by HILIC-MRM and RPLC-PRM
while minimizing isobaric and isomeric interferences. For
successful integration, the concentrations obtained from both
platforms needed to be concordant. To assess this, we
compared lipid concentrations between HILIC-MRM and
RPLC-PRM using the standard addition approach. The
concentration of PC (16:0/18:2) was consistent between
two methods, calculated as 11.7 yM with HILIC-MRM and
11.3 uM with RPLC-PRM, corresponding to a relative error of
3.5% (Figure 4A). Additionally, lipid species with isobaric
interferences were compared (Figure 4B and Table S12). The
concentrations of 201 lipids exhibited a strong correlation (r =
0.81 and R* = 0.65). Furthermore, we compared the
correlation between the integrated lipidomic data collected
from HILIC-MRM and RPLC-PRM and the previously
reported RPLC-MRM lipidomic data from Huynh et al.*' A
high correlation was observed (r = 0.85, R* = 0.73) between
the two data sets (Figure S6 and Table S13). These results
indicate that the concentrations of individual lipid species
measured by HILIC-MRM and RPLC-PRM were highly
concordant, thereby supporting the integration of the two
lipidomic data sets.

Characterization of Circulatory Lipid Biomarkers in
the CKD Cohort. As a proof of concept, we evaluated
circulatory lipid biomarkers in four CKD subtypes classified by
kidney biopsy. Using our analytical workflow, we identified 145
lipids that significantly altered as determined by ANOVA and
characterized unique lipidomic patterns in patients with
different CKD subtypes (adjusted p-value <0.0S; Figure S
and Table S14). Among these, 26 lipid species comprising 1
AC, 16 GPs, and 9 SPs—were associated with CKD
progression and linked to the four CKD subtypes (Figure
SB,C). For instance, the AC (2:0) concentrations were
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Figure 4. Concordance of lipid concentrations measured using
HILIC-MRM and RPLC-PRM. (A) Standard addition method for
quantifying PC (16:0/18:2) in SRM 1950 plasma using HILIC-MRM
and RPLC-PRM. (B) Comparison of lipid species without isobaric
interference. Black circles represent the mean concentrations of lipid
species (n = 6 for SRM 1950) measured using HILIC-MRM (X-axis)
and RPLC-PRM (Y-axis). r, Pearson correlation coefficient; R?
coefficient of determination.

elevated in all CKD subtypes compared to healthy subjects,
supporting previous observations that serum AC (2:0) levels
rise as renal function declines in CKD patients.”” This finding
demonstrates that lipidomic profiles can effectively differ-
entiate CKD patients from healthy individuals.

Figure SD presents CKD subtype-specific lipidomic profiles.
We observed elevated TG levels in the DN group, whereas no
significant increase was noted in other CKD subtypes,
consistent with previous studies on the mechanisms of
dyslipidemia.”®*” Additionally, ether PCs, such as PC (O-
17:1/20:3), PC (0-17:1/20:4), and PC (P-20:1/20:4), were
downregulated in the HN group compared to the HC. Given
that hypertension is known to alter the plasma lipidome by
reducing ether lipid content,”’ this result suggests that ether
PC alterations may contribute to HN pathophysiology.
Furthermore, SP metabolism is closely related to immune
homeostasis in the context of inflammation,®’ alignin§ with
recent findings of decreased SMs in patients with IgAN." MN
subtype also displayed distinct lipidomic profiles, including
elevated levels of three ether PCs and SM (d33:1) (Figure
SD). Previous studies have reported that ether lipids and
sphingoligids are metabolically coregulated in cellular
response, 3 underscoring their importance in maintaining
cellular homeostasis. Finally, we assessed the diagnostic
performance of lipidomic features in classifying CKD subtypes.
Cohen’s effect size was calculated for the lipid species
described in Figure SD to quantify the magnitude of the
differences between groups (Cohen’s effect size Idl > 0.5).
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Figure 5. Characterization of subtype-specific circulatory lipid profiles in the CKD cohort. (A) Venn diagram depicting distinct differential lipids,
overlapping lipids, and common differential lipids across CKD subtypes (adjusted p-value <0.05). (B) UpSet plot illustrating distinct lipid
distributions across CKD subtypes, with stacked bars representing the proportion of shared and unique differential lipid classes for each subtype.
(C) Heatmap showing the median fold change of lipids that exhibit significant that exhibit all CKD subtypes compared to the HC group. *P < 0.0S;
**P < 0.01; ***P < 001. (D) Bubble plot highlighting lipidomic profiles specifically altered in each CKD subtype. RP denotes lipid species

identified using RPLC-PRM.

Based on this analysis, 15, 3, 10, and 3 lipids were selected for
the development of classification models for DN, HN, IgAN,
and MN, respectively (Figure S7 and Table S15). Machine
learning-based analyses, including Random Forest, Support
Vector Machine, and K-Nearest Neighbors, demonstrated
reliable classification performance across all three models
(AUROC > 0.7; Figure $8).* Collectively, our findings
highlight circulating lipids as potential diagnostic targets for
CKD subtyping.

B CONCLUSIONS

This study described the lipidomics workflow that integrates
HILIC-MRM and RPLC-PRM. The HILIC column separates
lipids based on their lipid headgroup, facilitating identification.
However, some lipid species exhibited overlapping t; and MS/
MS transitions, potentially leading to significant identification
errors. To address this, we demonstrated how the RPLC-PRM
platform complements HILIC-MRM by resolving whether
lipid species detected via HILIC-MRM contain isobaric or
isomeric lipids. It is well-established that even-chain lipids are
more abundant than odd-chain lipids in humans. Previous
studies using DI-, NPLC-, or HILIC-MS/MS have annotated
lipid signals primarily as even-chain lipids.”*® For instance, PC
(0-38:5) and PC (37:5) are isobaric lipids with a mass
difference of 0.0364 Da, commonly annotated as PC (O-
38:5).%° Additionally, the relative abundance of even- and odd-
chain lipids may vary across species. Odd-chain lipids, often
produced by bacteria, have been identified in human plasma,
likely originating from commensal bacteria or dietary
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intake.°>®” These coeluting lipids were effectively separated
via sequential analysis using RPLC-PRM. RPLC-PRM
provided high selectivity in lipid detection; however, its
limited scan speed made it impractical for analyzing several
hundred transitions in an 18 min run. In contrast, previous
investigations using RPLC-MRM successfully characterized
lipidomes on a single platform with a comparatively faster scan
rate. %8 However, unit-resolution MS in RPLC-MRM may
lead to peak selectivity issues due to interference from heavy
isotopes of different lipid species.”” Two-dimensional LC-MS
improves lipid selectivity,”* but generally requires a longer run
time for the second LC separation compared to single LC
methods.”””> To enhance lipid coverage, we integrated
HILIC-MRM and RPLC-PRM, enabling the reliable identi-
fication of a large number of lipid species across hundreds of
research samples while effectively resolving such interferences.
This approach outperforms previous methodologies. Further-
more, lipid species detected using HILIC-MRM and RPLC-
PRM exhibited a strong correlation in concentration measure-
ments and concordance with values reported in prior studies.*'
Interestingly, numerous studies have shown high correlations
between lipid concentrations, regardless of the MS platform
used,™® confirming that merging data sets from HILIC-MRM
and RPLC-PRM is feasible for quantitative lipid analysis of
lipids and enhances the reliability and comprehensiveness of
lipid profiling.

Using this advanced workflow, we characterized lipid
biomarkers across four CKD subtypes: MN, DN, IgAN, and
HN. Lipid markers varied by CKD subtype, revealing distinct
lipid class-specific signatures. These findings demonstrate that
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the proposed workflow enables the exploration of diverse
biomarkers with extensive lipidomic coverage.
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