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Phosphoinositides (PIPs), the phosphorylated derivatives of phosphatidylinositol (Pl), are low-abundance yet
critical components of eukaryotic membranes. They play pivotal roles in a wide array of cellular processes,
including signal transduction, membrane trafficking, and cell motility. The seven PIP subclasses, generated by
phosphorylation at the 3-, 4-, and 5-positions of the inositol ring, are tightly regulated in both spatial and
temporal contexts. Dysregulation of PIP metabolism is associated with a range of diseases, including cancer,
myopathy, and neurodegenerative and developmental disorders. While the importance of phosphorylation of
the inositol ring is well established, recent studies have clarified the role of the fatty acyl chain composition of
PIPs. This has resulted in a growing interest in analytical techniques that can determine fatty acyl chain profiles

Received 31st May 2025, of PIPs. Over the past three decades, substantial advances have been made in mass spectrometry-based

Accepted 9th September 2025 techniques, enabling detailed characterization of PIP molecular species, including their phosphate

DOI: 10.1039/d5mo00115¢ regioisomers. This review provides an overview of the development of mass spectrometric methods for
analyzing PIPs, with a particular focus on those enabling the separation of PIP regioisomers and the profiling

rsc.li/molomics of their acyl chain composition.

Introduction of eukaryotic membranes, playing critical roles in regulating

diverse cellular processes. Phosphorylation at the 3-, 4-, and
Phosphoinositides (PIPs), which are phosphorylated derivatives  5-positions of the inositol ring generates seven distinct PIP
of phosphatidylinositol (PI), are minor yet crucial components subclasses: PI(3)P, PI(4)P, PI(5)P, PI(3,4)P,, PI(3,5)P,, PI(4,5)P,,
and PI(3,4,5)P; (Fig. 1A). Each subclass exhibits a unique
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Fig. 1 Metabolism and subcellular localization of phosphoinositides. (A) Chemical structure of Pl and PIPs. For PIPs, only the polar heads are shown. The
addition and removal of phosphate groups at the 3’-hydroxy, 4’-hydroxy, and 5’-hydroxy groups of Pl by phosphoinositide kinases and phosphatases
create seven distinct PIP subclasses. (B) Subcellular localization of PIPs. The spatiotemporally controlled activity of phosphoinositide kinases and
phosphatases creates a distinctive enrichment of PIPs across the cellular compartments: PI(3)P, enriched in early/late endosomes and autophagosome, is
involved in vesicle transport and autophagy; PI(4)P, localized mainly to the Golgi complex and plasma membrane, contributes to Golgi complex
formation and lipid transport; PI(5)P, found in the plasma membrane and nucleus, participates in stress responses and transcriptional regulation; PI(4,5)P,
and PI(3,4)P,, enriched in the plasma membrane, regulate signal transduction, endocytosis, and cell polarity; PI(3,4,5)P3, also at the plasma membrane,

promotes cell survival and proliferation; and PI(3,5)P,, localized to late endosomes and lysosomes, is involved in lysosomal regulation.

and PI(3)P to early and late endosomes"? (Fig. 1B). PI(3)P is also
synthesized at the endoplasmic reticulum during autophagy
initiation. PI(3,4)P, and PI(3,4,5)P; are produced transiently at
the plasma membrane in response to extracellular stimuli.
Although the precise localization of PI(5)P is unclear, it has
been detected at the plasma membrane, early endosomes, and
within the nucleus.’

The spatial distribution of PIPs is tightly regulated by the
coordinated actions of specific lipid kinases and phosphatases
(Fig. 1A). At distinct subcellular locations, PIPs act as molecular
landmarks that orchestrate the recruitment and activity of
effector proteins involved in key cellular processes such as cell
migration, adhesion, signal transduction, and membrane
trafficking® (Fig. 1B). Classically, PI(4,5)P, serves as a precursor
of the second messengers inositol-1,4,5-trisphosphate (IP;) and
diacylglycerol (DAG), which are produced via phospholipase
C-mediated hydrolysis of PI(4,5)P, in response to extracellular
stimuli.* Recently, PI(4)P has also been recognized as a central
regulator of intracellular lipid transport.”

Dysregulation of PIP metabolism has been increasingly
recognized as a key contributor to a broad spectrum of human
diseases.* For instance, somatic activating mutations in
PIK3CA, which encodes a class I PI3-kinase responsible
for generating PI(3,4,5)P;, have been identified in breast,
endometrial, colorectal, urinary tract, and ovarian cancers.>®
PTEN, which encodes an inositol 3-phosphatase that depho-
sphorylates PI(3,4,5)P;, is frequently mutated in cancers such
as glioblastoma, endometrial, and prostate cancers.”” Muta-
tions in OCRL1, which encodes an inositol-5-phosphatase

This journal is © The Royal Society of Chemistry 2025

acting on PI(4,5)P, and PI(3,4,5)P3, cause Lowe syndrome, an
X-linked disorder characterized by congenital cataracts, intel-
lectual disability, and renal failure.® Mutations in MTM1, which
affect an inositol 3-phosphatase that dephosphorylates PI(3)P
and PI(3,5)P,, lead to X-linked myotubular myopathy.’ Muta-
tions in MTMR2, another inositol 3-phosphatase targeting
PI(3)P and PI(3,5)P,, are associated with Charcot-Marie-Tooth
disease 4B1, a severe autosomal recessive demyelinating
neuropathy.*®

Increasing evidence indicates that PIP acyl chains influence
the biological functions of PIPs. The acyl chain composition of
PIPs affects Akt phosphorylation activity of PDK1,"" activation
of potassium channel GIRK1/GIRK4,"> membrane binding of
HIV-1 Gag protein,"’ lipid transfer activity of Oshép,'* and the
coactivator peptide-binding affinity of SF-1."> The acyl chain
composition of PIPs also impacts the biophysical properties of
membranes, including the formation of PIP-enriched nanodo-
mains, which in turn influence membrane curvature'® and PIP
metabolism.'”*® Moreover, PIP, species with saturated acyl
chains potentiate effector T cell signaling.'® Alterations in
PI/PIP acyl chain profiles have been associated with tumorigen-
esis, raising the possibility that cancer cells exploit specific PIP
molecular species to rewire signaling networks.”*>*> These
findings underscore the need for comprehensive PIP profiling
that captures both head group phosphorylation and fatty acyl
chain identity.

Traditional methods for PIP measurement have relied on
metabolic labeling with [*H]inositol or [*’P]phosphate, fol-
lowed by deacylation and separation of PIP subclasses using
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high-performance liquid chromatography (HPLC) methods that
separate by headgroup polarity.>® The radiolabeling methods
revealed that the total PIP content is less than 10% of PI, which
itself comprises 5-10% of the total phospholipids, with PI(4)P
and PI(4,5)P, being the major species detected.>®* However,
these methods do not allow for the quantification of endogen-
ous PIP levels and thus are not applicable to tissue samples.
Alternative non-radioactive methods, such as ELISA-based
mass assays using PIP-binding domains and PIP kinase-
based mass assays,>*>® can quantify endogenous PIP sub-
classes, but they do not provide information on fatty acyl chain
composition.

Electrospray ionization mass spectrometry (ESI-MS) is a
powerful and widely used technique for quantifying individual
lipid species with high sensitivity.>”*® Over the past three
decades, substantial methodological advances have enabled
the precise quantification of PIP molecular species, which

Table 1 Advances in the analysis of PIPs by mass spectrometry
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includes information about fatty acyl chains. More recently,
innovations have enabled the discrimination of PIP; and PIP,
regioisomers, along with their fatty acyl chain profiles. In this
review, we provide an overview of historical and current mass
spectrometry methods of PIP analysis (Table 1) and discuss
where further technical innovations are needed.

ESI-MS analysis of intact PIPs

The first application of ESI-MS to the analysis of PIP; and PIP,
was demonstrated by Michelsen et al>® They successfully
quantified 1-stearoyl-2-arachidonoyl (18:0_20:4) species of
PIP, and PIP, in bovine brain extracts. Using single-ion mon-
itoring in negative-ion mode, they detected approximately
200 pmol of each species. Hsu et al® investigated the frag-
mentation mechanisms of PI(4)P and PI(4,5)P, using collision-
activated dissociation (CAD) in tandem ESI-MS (ESI-MS/MS),
showing that ESI-MS/MS is a powerful tool for structural

Regioisomer
Authors Year  Advances/novelty Method Derivatization  separation Ref.
Michelsen 1995  Application of ESI-MS to PIP, and PIP, analysis. ESI-MS No — 29
et al.
Hsu et al. 2000 The detailed mechanism of fragmentation of PI(4)P and PI(4,5)P,  ESI-MS/ No — 30
ions under CAD with ESI-MS/MS. MS
Wenk et al. 2003  Measurement of PIP; and PIP, acyl profiles in biological samples = ESI-MS/ No — 31
by ESI-MS/MS. MS
Enhancement of PIPs signal intensities by piperidine.
Milne et al. 2005  Measurement of PI(3,4,5)P; molecular species in biological ESI-MS No — 32
samples.
Development of 2-step extraction method.
Pettitt et al. 2006  Measurement of PIP molecular species and PIP, NPLC- No PIP, and 33
regioisomers by normal phase LC-MS. ESI-MS PI(4)P
Development of buffered citrate extraction method. ESI-MS”
Use of ethylamine as a mobile phase modifier.
Distinct fragmentation pattern of PI(4)P from other PIP;s at MS>.
Ogiso et al. 2008  Measurement of PIP molecular species by reverse phase LC-MS. RPLC- No — 34
Use of DEAE column to obtain a PIP-rich fraction. ESI-MS/
MS
Clark et al. 2011  Development of PIP derivatization method with TMS- RPLC- Yes — 35
diazomethane. ESI-MS/
Measurement of methylated PIPs by LC-MS/MS. MS
Wang et al. 2016  Development of a method for quantifying each PIP, ESI-MS/ Yes PIP, and 37
regioisomer and PI(3)P by simulation using the information MS PI(3)P
of methylation patterns.
Kim et al. 2017  Development of LC-MS/MS method for structural identification RPLC- Yes — 36
of sn-1 and sn-2 fatty acyl chains of PIPs. ESI-MS/
Enhancement of PIPs signal intensities by ammonium ion MS
adduction.
Malek et al. 2017  Development of a method to distinguish between RPLC- Yes PI(4,5)P,and 39
18:0/20: 4 PI(4,5)P, and PI(3,4)P, in biological samples by short-  ESI-MS/ PI(3,4)P,
ening the acyl groups of PIPs by ozone cleavage. MS
Bui et al. 2018  Development of a technique for measuring non-derivatized RPLC- Yes PIP, 38
PIP, regioisomers by RPLC-MS with the addition ESI-MS/
of the ion-pairing reagents. MS
Li et al. 2021  Development of a method to separate all methylated PIP; RPLC- Yes PIP; and 40
and PIP, regioisomers by LC-MS using a cellulose-based chiral ESI-MS/ PIP,
column. MS
Use of SWATH to obtain a comprehensive PIP profile.
Morioka 2022  Development of a method for simultaneously quantifying RPLC- Yes PIP, and 41
et al. molecular species of all seven PIP classes by LC-ESI-MS/MS ESI-MS/ PIP,
using a cellulose-based chiral column. MS
Shimanaka 2022  Development of a method for simultaneously quantifying SFC-ESI- Yes PIP, and 42
et al. molecular species of all seven PIP classes by MS/MS PIP,
SFC-ESI-MS/MS using a B-cyclodextrin column.
538 | Mol Omics, 2025, 21, 536-544 This journal is © The Royal Society of Chemistry 2025
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characterization of PIPs. Wenk et al.>" were the first to report
comprehensive fatty acyl chain profiling of PIP; and PIP,
molecular species in biological samples by ESI-MS/MS. They
demonstrated that the addition of piperidine significantly
enhanced the negative-mode ionization efficiency of PIP; and
PIP,. Using this approach, they found elevated levels of PIP,
species in fibroblasts derived from patients with Lowe syn-
drome. They also showed that deficiency of enzymes involved
in PIP metabolism, such as Sac1, Pik1, and Vps34, in Sacchar-
omyces cerevisiae affects not only the levels of PIPs but also their
acyl chain profiles, suggesting that these enzymes exhibit
substrate selectivity for specific acyl chains or that organelle-
specific PI or PIP acyl chain composition may exist at the sites
where these enzymes localize. Milne et al.>* further extended
the scope of PIP profiling by enabling the quantification of
PI(3,4,5)P3, which is the least abundant PIP subclass in vivo,
along with PIP; and PIP,. To minimize the interference of other
phospholipids during analysis, they developed a selective two-
step extraction protocol, in which an initial chloroform/metha-
nol extraction removed unwanted non-polar lipids and a sub-
sequent acidic extraction recovered PIPs from the residual
pellet. Their analysis revealed that different profiles of
PI(3,4,5)P; were produced in macrophages stimulated by var-
ious agonists, such as lysophosphatidic acid and C5a, suggest-
ing that the activation mechanisms of PI-3 kinase and/or

View Article Online
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substrate availability among PI(4,5)P, species vary depending
on the agonist.

Wenk et al®" and Milne et al.** employed direct infusion
mass spectrometry, a technique susceptible to ion suppression
effects, which could potentially compromise sensitivity. To
address this limitation, Pettitt et al*® developed a normal
phase LC-MS method for PIP profiling. They thoroughly inves-
tigated each step, from extraction to final analysis of PIPs, and
made several improvements. Especially, they developed a
highly efficient buffered citrate extraction method to minimize
acid-induced phosphoinositide degradation and a sensitive
LC-MS method using ethylamine as a mobile phase modifier.
Their approach enabled the detection of PIP, in human plate-
lets, with detection limits of 250 fmol for PIP,, 1 pmol for PIP,,
and 5 pmol for PIP;.

Reversed-phase (RP) LC is highly effective for separating
phospholipid molecular species and detecting low-abundance
components. Ogiso et al** developed a sensitive RPLC-MS
method for profiling the acyl chain composition of PIP;, PIP,,
and PIP;. They enriched PIP fractions using (diethyl-
amino)ethyl (DEAE)-cellulose columns and utilized an
alkaline-resistant C8 column for separation. Applying this
method to epidermal growth factor (EGF)-stimulated A431
cells, they quantified 17 distinct PIP; and PIP, molecular
species, demonstrating that EGF stimulation increased the
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Fig. 2 Methylation of the phosphate groups of PIPs by TMS-diazomethane. Treatment of PI(3,4,5)Ps with TMS-diazomethane yields heptamethylated
PI(3,4,5)P3 [PI(3,4,5)P3 (Me)/]. In the case of PI(4)P and PI(4,5)P,, trimethylated PI(4)P [PI(4)P (Me)s] and pentamethylated PI(4,5)P, [PI(4,5)P, (Me)s] are
mainly produced, respectively. The methylated PIPs are readily detected as positive ions, and collision-activated dissociation (CAD) of a methylated PIP
ion yields a diacylglycerol (DAG) ion and a monoacylglycerol (MAG) ion. The DAG ion is useful for the sensitive detection of methylated PIPs in MRM
mode, whereas the MAG ion allows determination of the fatty acyl chain compositions of PIPs. TMS-diazomethane also produces overmethylated PIPs,
such as tetra- or pentamethylated PIP; and hexa- or heptamethylated PIP,, and the proportion of overmethylated PIPs can be used to discriminate
between PIP; and PIP, regioisomers. Chemical structures were drawn using Marvin Sketch [19.16.0, Chemaxon (https://www.chemaxon.com)].
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levels of almost all PIP; molecular species without affecting the
levels of PIP, molecular species. They also showed that levels of
36:2 PIP;, which appears to be the most abundant PIP; species,
increased in response to EGF stimulation. They achieved a
detection limit of 25 fmol for each PIP molecular species.

Improving detection sensitivity of PIPs via derivatization

The difficulty in quantifying PIPs arises from (i) their low
abundance in vivo, (ii) poor ionization efficiency by ESI, and
(iif) low extraction efficiency. Notably, the low recovery effi-
ciency and poor quantification reproducibility of PIPs are
largely due to the adsorption of acidic phosphate head groups
on glass and metal surfaces and their susceptibility to
hydrolysis.**** To address these issues, Clark et al.** developed
a derivatization method in which phosphate groups are methy-
lated using trimethylsilyl (TMS)-diazomethane (Fig. 2). Deriva-
tization can be performed directly in the acidified chloroform-
methanol extracts from cells or tissues and is completed within
10 minutes. This reaction introduces three, five, and seven
methyl groups to PIP,, PIP,, and PIP;, respectively (Fig. 2).
Methylation improves the recovery and chemical stability of
PIPs and reduces their net negative charge. The methylated
PIPs can be detected as positive ions via ESI-MS, and CAD
of these methylated ions induces neutral loss of the methy-
lated inositol phosphate headgroup, yielding charged diacyl-
glycerol fragments. To further improve sensitivity for the
low-abundance PIP;, Clark et al. concentrated methylated
PIP; using a C4 RPLC column and detected it via neutral loss
scan or multiple reaction monitoring (MRM), targeting the
diacylglycerol fragment ions as Q3 masses. Utilizing this
approach, they were able to quantify PI(3,4,5)P; species in
fMLP-stimulated human neutrophils, glucose-stimulated
human adipose tissue, and insulin-stimulated mouse liver.
Notably, they demonstrated selective accumulation of 18:0/
20:4 PI(3,4,5)P; in EGF-stimulated MCF10a breast cancer cells
even though its precursor, 18:0/20:4 PI(4,5)P,, is the least
abundant PI(4,5)P, species.

Kim et al.*® developed an LC-MS/MS method for structurally
characterizing the sn-1 and sn-2 fatty acyl chains of PIPs. They
discovered that CAD of methylated PIPs generates sn-1 mono-
acylglycerol ions. Then, using positive ion mode, they per-
formed precursor ion scans targeting these fragments, and
neutral loss scans of the inositol headgroup. By comparing
the LC retention times obtained from the two scan modes, they
were able to determine the fatty acyl chains at the sn-1 and sn-2
positions. Furthermore, they found that ammonium adduction
enhanced PIP signal intensities approximately twofold. Using
this technique, they were able to quantitatively profile PIP
species in insulin-treated AML12 hepatocytes and mouse liver
with structural information of the sn-1 and sn-2 fatty acyl
chains.

Development of chromatographic separation of PIP, and PIP,
regioisomers

Since each PIP; and PIP, regioisomer plays a distinct role in cellular
functions, the separation and quantification of individual

540 | Mol Omics, 2025, 21, 536-544
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regioisomers are crucial for understanding their specific biological
roles. However, since PIP regioisomers have identical masses, they
cannot be distinguished by mass spectrometry alone. Pettitt et al
addressed this issue by developing a method to analyze non-
derivatized PIP regioisomers using normal-phase LC coupled with
ion trap mass spectrometry.”®> They demonstrated that the three
PIP, regioisomers could be separated using a silica column under
normal-phase conditions. While the three PIP; regioisomers could
not be completely resolved by LC alone, PI(5)P eluted slightly earlier
than PI(3)P and PI(4)P. Furthermore, they found that the MS?
fragmentation pattern of PI(4)P differed from those of PI(3)P and
PI(5)P, enabling estimation of the relative abundance of PI(4)P
among the PIP; isomers. By combining chromatographic separa-
tion and diagnostic MS fragmentation, they successfully quantified
each PIP; regioisomer.

Wang et al.®” found that the percentage of overmethylated
PIPs produced in the reaction with TMS-diazomethane varied
among PIP, regioisomers and used the values to quantify each
PIP, regioisomer. For PIP,, only PI(3)P could be distinguished
from PI(4)P and PI(5)P, as the latter two shared the same
methylation pattern. Using this technique, they revealed altera-
tions in PIP profiles in the cerebral cortex of db/db mice. Bui
et al.*® reported a method for separating non-derivatized PIP,
regioisomers using C18 RPLC with diisopropylethanolamine
(DiiPEA) and EDTA as ion-pairing agents. Melek et al.*° used an
innovative approach to distinguish between 18:0/20:4
PI(4,5)P, and PI(3,4)P, in biological samples by shortening
the acyl chain through ozone-induced cleavage. Thus, while
various efforts have been made to analyze individual PIP
regioisomers, there remains a strong interest in developing a
simple and versatile method capable of separating and simulta-
neously quantifying all PIP regioisomers.

Recently, three independent groups, including ours, have
reported methods for the simultaneous analysis of all PIP
regioisomers using chromatography-coupled tandem mass
spectrometry.**** Li et al.*® successfully separated all methy-
lated PIP; and PIP, regioisomers using HPLC with a cellulose-
based chiral column. They also employed SWATH (sequential
window acquisition of all theoretical mass spectra), a data-
independent acquisition technique, to obtain a comprehensive
PIP profile. Since SWATH comprehensively acquires MS2 spec-
tra of PIPs, including DAG and MAG ions, it enables determina-
tion of the fatty acyl chain combinations of PIPs. Using their
method, they reported complete PIP profiles of human plasma,
Pichia pastoris, and HeLa cells, as well as changes in PIP profiles
in HeLa cells upon treatment with PI3K inhibitor wortmannin.
Morioka et al.*' also developed a method to simultaneously
quantify the molecular species of all seven PIP subclasses by
HPLC-ESI-MS/MS using a cellulose-based chiral column,
employing MRM for sensitive and specific detection. Their
method revealed (i) profound changes in acyl chain composi-
tion of PI(3,4)P, and PI(3,4,5)P; in Pten-deficient prostate
cancerous tissues, (ii) extracellular mobilization of PIPs upon
expression of oncogenic PIK3CA, and (iii) the PIP profile of
exosomes. Although both methods employed cellulose-based
chiral columns, the elution order of the PIP; regioisomers

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Separation of PIP; and PIP, regioisomers by SFC. (A) and (B) Synthetic 1-heptadecanoyl-2-arachidonyl (17:0/20:4) PIP standards were
methylated with TMS-diazomethane and analyzed by SFC-ESI-MS/MS. MRM chromatograms of 17:0/20 : 4-PIP; (A) and 17:0/20 : 4-PIP, (B) are shown.
PIPss are in the order of PI(4)P, PI(5)P and PI(3)P, while PIP,s are eluted in the order of PI(4,5)P,, PI(3,5)P,, and PI(3,4)P,, respectively. (C) and (D) PIPs were
extracted from mice liver, methylated with TMS-diazomethane, and analyzed by SFC-ESI-MS/MS. MRM chromatograms of 1-stearoyl-2-arachidonoy!l
(18:0/20:4) PIP, (C) or PIP; (D). Minor PIPss [PI(5)P and PI(3)P] and minor PIP,s [PI(3,4)P, and PI(3,5)P,] often co-elute on the shoulders of the dominant
PI(4)P and PI(4,5)P, peaks, respectively, which hinders their accurate quantification.

differed: the orders were PI(3)P, PI(5)P, and PI(4)P in the
method of Li et al., and PI(3)P, PI(4)P, and PI(5)P in the method
of Morioka et al. In both methods, PIP, regioisomers eluted in
the order PI(3,5)P,, PI(3,4)P,, and PI(4,5)P,.

As an alternative chromatographic approach, we developed a
method to separate methylated PIP, and PIP, regioisomers
using superecritical fluid chromatography (SFC).*> A supercriti-
cal fluid is a substance maintained at a temperature and
pressure above its critical point. It exhibits gas-like diffusivity
and liquid-like solubility, enabling rapid and efficient separa-
tion. Importantly, SFC and HPLC have distinct separation
behaviors, which makes it possible for SFC to separate com-
pounds that HPLC cannot. We found that SFC using a
B-cyclodextrin column effectively separated methylated PIP,
and PIP, regioisomers (Fig. 3). Our SFC-based method provided
a distinct elution profile compared to HPLC-based methods:
PIP; regioisomers eluted in the order PI(4)P, PI(5)P, and PI(3)P,
while PIP, regioisomers eluted in the order PI(4,5)P,, PI(3,5)P,,
and PI(3,4)P,. Furthermore, SFC achieved broader separation
windows, enhancing the resolution between regioisomers.
Coupling SFC to ESI-MS/MS in MRM mode enabled the
measurement of the molecular species of all seven PIP sub-
classes in biological samples. Using MRM transitions with the
monoacylglycerol ion set as Q3, we were also able to detect PIPs
with information on their fatty acyl chain combinations. Apply-
ing this method to mouse tissues, we discovered that PIPs
containing two saturated fatty acids, which were hardly
detected in most tissues or cultured cells, were abundant in
the testis. We also found that less unsaturated PI(3)P molecular
species, such as 34:1, 34:2, 36:1, and 36:2 PI(3)P, selectively
increased during autophagy induction.

Very recently, SFC-MS-based PIP profiling revealed that
impaired production of PI(4,5)P, in neural stem cells underlies
the microcephaly in Mboat7 deficiency.*> LPLAT11, encoded by
Mboat7, is a lysophospholipid acyltransferase that selectively

This journal is © The Royal Society of Chemistry 2025

incorporates arachidonic acid into phosphatidylinositol (PI).** In
humans, loss-of-function mutations in MBOAT7 are associated with
neurodevelopmental disorders characterized by microcephaly and
intellectual disability.”> Consistently, Mboat7-deficient mice exhibit
microcephaly.***” We found that Mboat7 deficiency compromised
the integrity of radial glial cells, which are the neural stem cells
responsible for cortical development, resulting in reduced prolifera-
tion, impaired differentiation into intermediate progenitor cells, and
increased apoptosis. These cellular defects were preceded by
morphological abnormalities of the Golgi apparatus and re-
duced E-cadherin expression at the ventricular surface.
SFC-MS analysis revealed that a reduction in arachidonic acid-
containing species and a reciprocal increase in non-arachidonic
acid-containing species occurred across PI, PI(4)P, and PI(4,5)P, in
Mboat7 KO cortices. In addition to changes in acyl chain composi-
tion, total PI(4,5)P, levels were significantly reduced, whereas total PI
and PI(4)P levels remained unchanged. This selective decrease is
likely due to the acyl chain preference of PIP5KY,* a key PI(4,5)P,-
producing enzyme in the developing cortex. Furthermore, pharma-
cological inhibition of PIP5Ky in wild-type embryonic cortices
recapitulated the Golgi abnormalities and E-cadherin reduction
observed in Mboat7 KO cortices. These findings show that
PI(4,5)P, has a critical role in maintaining radial glial cell integrity
during cortical development and underscore the utility of SFC-MS in
elucidating PIP-mediated mechanisms in physiology and pathology.

Future perspectives in phosphoinositide analysis

Recent advances have made it possible to measure molecular
species in all seven PIP subclasses. This will greatly improve our
understanding of the physiological and pathological roles of
PIPs. Nevertheless, challenges remain in the absolute quantifi-
cation of individual PIP species. Because PI(4)P and PI(4,5)P,
are far more abundant than other PIP classes in biological samples,
minor PIP;s [PI(5)P and PI(3)P] and minor PIP,s [PI(3,4)P, and
PI(3,5)P,] often co-elute on the shoulders of the dominant PI(4)P
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Table 2 Comparison of relative abundance of PIPs determined by mass spectrometry and radioisotope labeling

Cell type

Mouse embryonic fibroblasts HelLa cells
Methylation followed [*H]Inositol-labeling Methylation [*H]Inositol-labeling
Method by SFC-MS followed by HPLC followed by HPLC-MS followed by HPLC
PI(3)P 9.1 2.2 5.7 2.8
PI(4)P 36.2 37.2 36.1 45.3
PI(5)P 8.1 3.5 7.6 0.8
PI(3,4)P, 2.6 Not detected 1.9 Not detected
P(3,5)P, 3.7 0.5 2.7 Not detected
PI(4,5)P, 40.4 56.6 46.1 51.0
Ref. Shimanaka et al.** Steinfeld et al.*’ Li et al.*® Sarkes et al.’>® & Fujii et al.”

Values represent % of total PIPs.

and PI(4,5)P, peaks, respectively’” (Fig. 3), hindering their accurate
quantification. Indeed, the levels of these minor PIP species mea-
sured by HPLC-ESI-MS/MS or SFC-ESI-MS/MS were substantially
higher than those determined using traditional radioisotope-
labeling techniques’®****>" (Table 2). While differences in culture
conditions during radioisotope labeling may partially account for
this discrepancy, it is also possible that minor PIP signals are
artificially elevated due to overlap with the abundant PI(4)P and
PI(4,5)P, peaks. Although peak-integration methods, such as tan-
gential skim, can partially address the overestimation caused by
peak overlap, further improvements in the chromatographic separa-
tion of PIP regioisomers will be essential to achieve more accurate
absolute quantification of PIP molecular species in biological
matrices.

Recent advances in mass spectrometry (MS)-based imaging
techniques have enabled the visualization of diverse phospholipid
species at single-cell resolution within tissues.**> However, there
have been only a few reports on MS imaging of PIPs to date,>*>> and
none of them are capable of distinguishing between PIP regioi-
somers. For MS imaging of PIP regioisomers, it is necessary to
separate the regioisomers inside the mass spectrometer. One pro-
mising approach for isomer-specific imaging of PIPs is ion mobility
spectrometry (IMS), a gas-phase separation technique in which ions
are separated base on their collision cross-section (CCS), which
reflects differences in molecular size and shape.*® Even when two
isomers have the same mass-to-charge ratio, differences in their CCS
values can result in distinct drift times, enabling their separation
prior to mass analysis. Moreover, when integrated with LC-ESI-MS/
MS or SFC-ESI-MS/MS workflows, IMS provides an additional ortho-
gonal dimension of separation, enhancing the resolution of PIP
regioisomers and thereby improving absolute quantification. Incor-
porating emerging technologies such as IMS into PIP analysis plat-
forms will help overcome current limitations and further advance
our understanding of the complex physiological and pathological
functions of PIPs.
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