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The emerging roles of
PHOSPHOI1 and its regulated
phospholipid homeostasis In
metabolic disorders
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Emerging evidence suggests that phosphoethanolamine/phosphocholine
phosphatase 1 (PHOSPHO1), a specific phosphoethanolamine and
phosphocholine phosphatase, is involved in energy metabolism. In this
review, we describe the structure and regulation of PHOSPHO1, as well as
current knowledge about the role of PHOSPHO1 and its related phospholipid
metabolites in regulating energy metabolism. We also examine mechanistic
evidence of PHOSPHO1- and phospholipid-mediated regulation of
mitochondrial and lipid droplets functions in the context of metabolic
homeostasis, which could be potentially targeted for treating metabolic
disorders.
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Introduction

Phosphoethanolamine/phosphocholine phosphatase 1(PHOSPHO1) hydrolyzes
phosphocholine to choline and phosphate (Pi) or hydrolyzes phosphoethanolamine to
ethanolamine and Pi (Roberts et al., 2004). PHOSPHOLI was initially identified, cloned,
and sequenced in chicken cartilage cells as a haloacid dehalogenase (HAD) superfamily
member (Houston et al., 1999). Previous research on PHOSPHO1 mainly concentrated
on bone mineralization (Dillon et al, 2019). Recent studies have revealed
PHOSPHOLI regulated energy metabolism. Specifically, ablation of PHOSPHOI could
improve glucose tolerance and insulin sensitivity, ameliorate metabolic associated fatty
liver disorder (MAFLD), regulate stress-related energy metabolism during erythropoiesis,
and stimulate brown adipose tissue (BAT) thermogenesis (Huang et al., 2018; Jiang et al.,
2020; Suchacki et al, 2020). We review the structure, regulation and role of
PHOSPHOLI and its associated phospholipids homeostasis in metabolic disorders and
discuss the possibility of targeting PHOSPHO!1 and its regulated phospholipids for
treating metabolic disorders in mammalian system.
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FIGURE 1

Cross-species amino acid sequence comparisons of PHOSPHOL1 orthologs at the four conserved motifs. Alignment was obtained and adapted
from homoloGene, T-Coffee and Jalview results (Notredame et al., 2000; Troshin et al,, 2011).

Conservation of the PHOSPHO1 gene

PHOSPHOL is a highly conservative gene with homologs across
multiple species. Human-derived, chicken-derived, and mouse-
derived PHOSPHOI genes showed conserved synteny, indicating
they have the same evolutionary ancestor and are direct homologs
(Houston et al, 2002). Comparing the amino acid sequences of
PHOSPHO1 from different species, including human, pufferfish,
drosophila, mouse, rat, chicken, zebrafish and plants, revealed that
they all possess the conserved motifs of the HAD superfamily, further
demonstrating the homology and ancient evolutionary origin of
PHOSPHOI1 across multiple species (Stewart et al, 2003)
(Figure 1). The HAD superfamily is a pervasive enzyme
superfamily founded in a variety of organisms such as Homo
sapiens and Arabidopsis thaliana. This superfamily is functionally
classified into phosphatases, ATPases and many other enzyme types
(Burroughs et al., 2006; Allen and Dunaway-Mariano, 2009). HAD
had four conserved motifs (Figure 1) that play a critical role in the
coordination of Mg** for enzyme catalysis and stabilization of the
negatively charged reaction intermediate (Seifried et al., 2013).

The deoxyribonucleic acid and protein
structures of PHOSPHO1

The PHOSPHOI gene of humans and mice has three exons
(Houston et al., 2002), of which exon 3 contains the conservative motif
of the HAD superfamily. A novel spliced PHOSPHO! transcript-
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PHOSPHOI-3a-has been identified from human osteoblasts. The
127 bp sequence in intron 2 of PHOSPHOI-3a forms the starting
point of an 879 bp open reading frame with a predicted protein, which
encodes 292 amino acids (Roberts et al., 2008).

The InterPro database predicted the HAD domain to be the
functional domain of the PHOSPHO1 protein (Mitchell et al.,
2015). The crystal structure of PHOSPHOI protein has not been
reported. Researchers constructed the tridimensional model of
the human PHOSPHOI protein based on the phosphoserine
phosphatase (PSP) from Methanococcus jannaschii (Wang et al.,
2001). The constructed human PHOSPHOI protein consisted of
two domains, including catalysis-related o/ domains and a
Rossmann-like fold with a four-spiral bundle domain. The
Rossmann-like fold had six parallelisms p-sheets structure
consisting of six a-helices surroundings. The substrate Mg**
ion and Asp32, Asp34, and the Asp203 residues interact with
octahedral geometry (Stewart et al., 2003). The predicted human
PHOSPHOLI protein contained three conserved peptide motifs.
The motif I comprised Thr and Val residues and two aspartic
acids (Asp43 and Asp123) residues. Mutation of Asp123 reduced
the catalytic activity of PHOSPHO1 with phosphoethanolamine
and phosphocholine by 20 and 60 times, respectively. Mutation
of Asp43 reduced the catalytic activity of PHOSPHO1 with
phosphoethanolamine and abolished the reactivity of
PHOSPHO1 with phosphocholine. These results indicated
that Aspl23 and Asp43 of motif I might be the active
enzymatic sites of PHOSPHOLI protein in catalyzing different
substrates (Stewart et al., 2003). AlphaFold platform developed
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FIGURE 2

Molecule docking result of AlphaFold predicted 3D structure of mouse PHOSPHO1 protein with phosphocholine by CB-Dock (Liu et al., 2020).
The pink color represents a-helices, and the yellow color represents p-sheets.

by DeepMind (Jumper et al., 2021) predicted the 3D structure of
mouse PHOSPHOI protein based on its amino acid sequence.
The predicted PHOSPHOI protein contained a Roseman folding
structure comprising five parallel -sheet structures surrounded
by six a-helix structures and additional two B-Sheets and four a-
helices. Molecular docking revealed that the substrate
phosphocholine would bind to Aspl23, Asp32, Asp34, and
Asp203 residues of  the AlphaFold predicted
PHOSPHOLI protein (Figure 2). Human PHOSPHOI1 protein
is likely located in the cytosol according to the
COMPARTMENTS database (Binder et al., 2014). It would be
interesting to whether
PHOSPHOLI substrates are transported or diffused to where
PHOSPHO1 is catalysis.
PHOSHOL is present in matrix vesicles (Dillon et al., 2019).
Although there is no direct evidence demonstrating the content
of PHOSPHO1 substrates in matrix vesicles, the fact that
inhibition of PHOSPHOI
capacity of matrix vesicles (Roberts et al., 2007) suggested the

investigate and how

located for efficient Human

decreased the mineralization
importance of PHOSPHOI-mediated enzymatic reactions in
matrix mineralization. Similarly, one of the plant homologs of
PHOSPHO1-OsACP1-is located in ER and Golgi apparatus.
Overexpression or mutation of OsACPI altered Pi recycling
and plant growth under Pi stress (Deng et al., 2022).

Regulatory mechanisms of the
PHOSPHO1 gene

Recent studies revealed the transcriptional factor regulation
and histone modifications of the PHOSPHOI gene. ChIP-seq
experiments illustrated that C/EBPP and PPARy bind to
PHOSPHO1 promoter in mouse embryonic fibroblasts
C3HI10T1/2 cell (Lachmann et al,, 2010). PPARy and C/EBP
are critical factors regulating adipogenesis (Madsen et al., 2014).
The ChIP-seq result suggested that PHOSPHO1 may be involved
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in PPARy- and C/EBP-regulated adipose development. The
ENCODE Histone Modification Site Profiles dataset showed
histone modifications, such as H3K27ac, H3K4mel, and
H3K4me3, in an intron region of the PHOSPHOI gene in
mouse brown adipose tissue. These histone modifications
usually indicated an active enhancer or promoter (Giddings
etal,, 2011), suggesting active expression of PHOSPHOI in BAT.

Epigenomic association studies indicated that the
methylation levels of PHOSPHO!I in whole blood of subjects
were positively correlated with their HDL cholesterol levels
(Dayeh et al, 2016; Sayols-Baixeras et al, 2016)
negatively correlated with the future risk of developing type II
diabetes (T2D) (Chambers et al., 2015). DNA methylation of
PHOSPHOL1 locus ¢g02650017 was decreased in skeletal muscle
of diabetic patients compared with their non-diabetic twin
siblings (Dayeh et al, 2016). The SNP of PHOSPHOI from
whole blood samples has been reported to be correlated with

and

the body mass index (BMI), blood pressure, and waist-to-hip
ratio of subjects by a genome-wide association study (Wu et al.,
2018; Li et al.,, 2021). Additionally, the SNP of PHOSPHOI is
associated with the level of sex hormone-binding globulin
(Sinnott-Armstrong et al., 2021), a predicting factor of T2D
risk (Wang et al, 2015). Blood eQTL analysis revealed that
PHOSPHOI, which generates inorganic Pi and contributes to
vascular calcification, was associated with the development of
cardiovascular disease (Kiffer-Moreira et al., 2013; Bobryshev
et al., 2014; Leblanc et al., 2016). According to human genetics
knowledge portals, there are PHOSPHOI related variants,
including missense mutations, intron variants, transcription
factor binding site variants and 3’-UTR variants, which are
associated with metabolic phenotypes, such as cardiovascular
disease, diabetes and glucose and lipid metabolism (Figure 3).
Those genetic variants may alter gene expression and protein
activity by influencing transcription, epigenetic modifications,
and the binding of microRNAs and RNA-binding proteins (Steri
et al,, 2018; Petrosino et al., 2021; Tseng et al., 2021). The exact
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Phenotype

Common variant gene-level associations for PHOSPHOL as the closest gene with metabolic disorders indicators.

mechanisms by which the PHOSPHOI variants influence the
expression or activity of PHOSPHOI and its associated metabolic
phenotypes await future genetic studies for clarification.

The expression of PHOSPHOI was related to metabolic
disorders. In addition to reported expression in skeletal tissue,
PHOSPHOL is highly enriched in both mice and human BAT, the
thermogenic adipose tissue. PHOSPHOI is co-expressed with
several mitochondrial genes and may participate in
mitochondrial electron transport and fatty acid metabolism
(Jiang et al, 2020). PHOSPHOI transcript was increased in
the liver of nonalcoholic steatohepatitis patients (Liu et al.,
2011) and diminished

myocardial tissue of mice with left ventricular hypertrophy

in the liver of hepatitis mice,
(Mirotsou et al, 2006), and muscle of mice with type
1 diabetes mellitus (Lehti et al., 2006; Barrett et al., 2013).
AAV-mediated Fibroblast growth factor 21 (FGF21) gene
therapy increased PHOSPHOI expression in iWAT of the
high-fat diet (HFD)-fed mice 2018).
Nonetheless, more evidence is needed to determine whether
the altered expression of PHOSPHOI is directly involved in
metabolic disorders or a reflection of the regulatory feedback

(Jimenez et al,

response.

The InterPro database defines OsACPI, PPsPasel and PECP1
as phosphatases related to PHOSPHO1/2 of HAD superfamily in
plants (Hunter et al., 2009). Phosphate starvation in plants
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induced the expression of OsACPI and PECPI, which in turn
either maintains Pi homeostasis (Deng et al., 2022) or hinders
root architecture response of Pi starvation (Tannert et al., 2018).
There has been no direct evidence of PHOSPHOI regulation by
Pi in the mammalian system. The paralleled induction of
PHOSPHOI expression and Pi concentrations in osteoblasts,
chondrocytes, and odontoblasts during matrix mineralization
suggests an association between the two, which warrants further
experimental investigation to determine the causal relationships.

The function of PHOSPHOL in energy
metabolism

In response to exercise and cold exposure, white adipocytes
could be transformed into beige adipocytes, which are
morphologically and functionally similar to brown adipocytes
(Cheng et al., 2021). Knockout of UCP1I, the thermogenic driver,
increased the mRNA and protein expression of PHOSPHOI in
adipose tissues of cold exposed mice. Knockdown of PHOSPHO!
by siRNA augmented the expression of UCPI in clonal human
brown adipocytes. This compensatory regulation suggested that
PHOSPHOI participate in UCPI-independent adipocyte
respiration (Kazak et al., 2015). PHOSPHOI ablation induced
the expression of thermogenic genes and mitochondria-related
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genes in BAT, subcutaneous white adipose tissue in mice, and
mouse primary brown adipocytes, enhancing cold tolerance and
energy expenditure. In addition, depletion of the PHOSPHO!
gene ameliorated HFD-induced obesity, MAFLD, and insulin
resistance in mice, indicating that PHOSPHOI negatively
regulates BAT activation and energy metabolism (Gliniak and
Scherer, 2020; Jiang et al., 2020). Understanding the mechanisms
that negatively regulate BAT activation is crucial to preventing
excessive adipose thermogenesis and overheating and achieving
the fine-tuned regulation of energy homeostasis. Cold exposure
total phosphatidylcholine (PC)
phosphatidylethanolamine (PE) in mouse BAT
(Marcher et al.,, 2015; Lynes et al.,, 2018; Sanchez-Gurmaches
et al,, 2018; Pernes et al,, 2021), and dynamically regulated total
PC and PE content in mouse WAT (Lynes et al., 2018; Xu et al,,
2019; Pernes et al., 2021). The extent of changes in PE and PC
fractions was not only greater, but also lasted longer in BAT than
in WAT by cold stimulation (Lu et al., 2017). Since PHOSPHO!
expression was induced by cold exposure in BAT of mice (Jiang

increased and

content

et al., 2020), it would be interesting to investigate whether
PHOSPHO1
alterations in adipose PC and PE contents. Another study

regulated thermogenesis is mediated by
revealed that PHOSPHOL1 was a regulator of insulin resistance
and obesity. Mice lacking PHOSPHO!I showed improved basal
glucose homeostasis and were protected from HFD-induced
obesity and diabetes, which was independent of altered bone
secreted factors. Choline supplementation restored insulin
sensitivity and adiposity in PHOSPHOI knockout mice
(Suchacki et 2020). Consequently, of
PHOSPHOLI activity could potentially treat obesity and related
The phenotypes
overexpression of PHOSPHOI have not been reported yet,

al., inhibition

metabolic  disorders. resulting  from
which would be important to complete our understanding of
PHOSPHOT’s function in metabolic disorders.

The and PHOSPHO!

expression were increased during terminal erythropoiesis. The

phosphocholine  metabolism
number of erythrocytes and mean corpuscular volume levels
were normal in seven to twelve-week-old PHOSPHOI knockout
mice. In the phenylhydrazine-induced hemolytic anemia model,
PHOSPHOI knockout mice exhibited defects in
erythropoiesis, and switched to glycolysis for compensatory
energy supply (Huang et al, 2018). These results indicated a

stress

role for PHOSPHOLI in stress-related energy metabolism. The
expression of PHOSPHOI was increased in blood samples from
athletes with high-altitude training and vigorous intensity
exercise (Glotov et al., 2022). Given that hypoxia causes stress
(Wang et 2021), Whether
PHOSPHO1 regulates energy metabolism in high-altitude

erythropoiesis al,,
adaptation-induced erythropoiesis remains to be explored.

The increased expression of PHOSPHOI during brown
adipocytes, erythrocyte differentiation, and calcification were
accompanied by decreased content of PC or PE (Wu et al,
2002; Huang et al., 2018; Jiang et al., 2020). Although it was
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unclear whether changes in PC and PE contents resulted from
induction of PHOSPHOI, this evidence suggested that
PHOSPHOLI regulated phospholipid homeostasis may not be
limited to changes in phosphocholine and phosphoethanolamine
in the mammalian system.

Oxidized phospholipid (OxPL) was generated by free radicals
attacking and oxidizing phospholipids, which promotes the
development of atherosclerosis, nonalcoholic steatohepatitis
(NASH) and T2D (Nagashima et al, 2002; Lee et al., 2012;
Tangvarasittichai, 2015; Sun et al., 2020). UCP1-mediated proton
leakage and thermogenesis have been reported to reduce
mitochondrial superoxide production (Brand, 2000; Oelkrug
2010). Since PHOSPHOI induced the
of  thermogenic  genes promoted
thermogenesis, ablation of PHOSPHOI could presumably
decrease superoxide and OxPL generation, which may reduce

et al, ablation

expression and

the risk of OxPL-associated cardiovascular and other metabolic
diseases.

Potential role of PHOSPHOL1 inhibitors in
treating metabolic disorders

Based on the role of PHOSPHOL! in regulating energy
metabolism, PHOSPHO1 inhibitors could be developed to
treat metabolic disorders. A panel of PHOSPHOI1 inhibitors
was screened from chemical libraries (Roberts et al., 2007;
Kiffer-Moreira et al., 2013; Bravo et al, 2014), among which
several proton pump inhibitors were reported to enhance the
effect of antidiabetic medications in animal models or T2D
patients (Mefford and Wade, 2009; Hove et al.,, 2010; Swamy
et al., 2010; Boj-Carceller et al., 2011; Barchetta et al., 2015;
Bozkus et al., 2020; Gamil et al., 2020). These studies suggested
that proton pump inhibitors could serve as adjunctive therapy for
T2D. The gavage of lansoprazole alone also significantly
decreased body weight and fat mass in HFD-fed mice
(Benchamana et al., 2019). Ebselen, another
PHOSPHOL1 inhibitor (Roberts et al., 2007), could improve
insulin sensitivity (Wang et al., 2014; Polianskyte-Prause et al.,
2022) and ameliorate diabetes-associated atherosclerosis (Chew
et al,, 2010) in mice. The mechanisms underlying proton pump
inhibitors-induced metabolic benefits remain unclear. Based on
the inhibition of PHOSPHO1 activity by proton pump inhibitors
and the effect of PHOSPHO!1 deletion on glucose tolerance and
insulin resistance, PHOSPHO1 may be involved in proton pump
inhibitors-regulated metabolic homeostasis, which requires
further experimental validation in the future.

Although PHOSPHOI1-mediated bone
systems were crucial for ossification, there was no evident
proof that PHOSPHOI1 affects the grown-up skeleton. The
bone matrix mineralization indexes, such as strain and
stiffness, would correct with age in PHOSPHOI knockout
2015). The of

mineralization

mice (Javaheri et al, use reported
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PHOSPHOLI inhibitors did not impair bone regeneration or
influence bone mineralization in murine models (Dillon et al.,
2019; Gul et al.,, 2022), so PHOSPHOLI inhibitors may regulate
energy metabolism without causing skeleton impairment, at least
in adulthood. Similarly, hemolytic anemia was not reported in
adult PHOSPHO! knockout mice. Moreover, red blood cell
properties, such as number, morphology and osmotic fragility,
were not changed in PHOSPHOI knockout mice (Huang et al.,
2018). These data suggested that PHOSPHO! inhibitors should
not impair normal erythropoiesis. Accordingly, future functional
experiments be with
PHOSPHOLI inhibitors to evaluate the safety and effectiveness
of PHOSPHOLI inhibitors in treating metabolic disorders.

can carried  out screened

PHOSPHO1-regulated phospholipid
metabolism in mammalian metabolic
disorders

Metabolism and function of
phosphocholine

PHOSPHO1 catalyzes the of
phosphoethanolamine and phosphocholine to generate choline

hydrolysis

and ethanolamine, respectively, thereby affecting phospholipid
metabolic homeostasis. This reaction involves the Kennedy
pathway. In the CDP-choline pathway, choline is catalyzed to
phosphocholine by choline kinase, which is converted to CDP-
choline via CTP-phosphocholine cytidylyltransferase. CDP-
PC by 1,
phosphotransferase (Gibellini and Smith, 2010; Onono and
Morris, 2020).

Phosphocholine and its related metabolite levels are closely

choline  produces 2-diacylglycerol  choline

associated with energy metabolism. The addition of serum into
cell culture increased choline kinase activity, promoting
phosphocholine and PC synthesis in 3T3 cells (Warden and
Friedkin, 1985).
demonstrated that plasma phosphocholine was negatively
correlated with BMI and HOMA-IR of subjects (Palomino-
Schitzlein et al., 2020), suggesting that low levels of plasma

Human plasma metabolomics studies

phosphocholine could be used as a metabolic biomarker for
insulin resistance. Comparative metabolomics showed that the
level of phosphocholine in BAT was less than those in
subcutaneous white adipose tissue of mice. Phosphocholine
content in BAT was increased in response to cold stimulation
and p-adrenergic receptor agonism (Mills et al., 2018), suggesting
the regulation of (-adrenergic signaling on phosphocholine
homeostasis. The increased level of phosphocholine could be
the result of enhanced production or reduced degradation of
phosphocholine, which warrants further investigations to
confirm.

Endometrial cancer was correlated with a diversity of
metabolic disorders, such as obesity, hypertension, and

Frontiers in Physiology

06

10.3389/fphys.2022.935195

diabetes (Kyo and Nakayama, 2020). The increased level of
phosphocholine is the metabolic character of the well-
differentiated and low-grade endometrial cancer type (Skorupa
et al, 2021). The ratio of o-phosphocholine to UDP-N-
acetylglucosamine within pancreatic B-cells is a probable
indicator of glucotoxicity, lipotoxicity, glucolipotoxicity, and
metabolic imbalances associated with T2D (Yousf et al., 2019).
Consequently, drug intervention or lifestyle changes could be
applied based on biomarkers changes as early as possible to
reduce the future risk of metabolic disorders (Figure 4).

Metabolism and function of choline

Choline is catalyzed by choline kinase to produce
phosphocholine in an ATP- and Mg**-dependent manner.
There are two isoforms of choline kinase: CHKa and CHK.
CHKp mutations cause rostrocaudal muscular dystrophy (Sher
et al., 2006). Mice lacking CHKp had significantly decreased
muscle PC content and impaired mitochondrial production, as
evidenced by considerably reduced mitochondrial respiratory
complex activity, decreased ATP synthesis, increased oxidative
stress and activation of mitochondrial autophagy in the fore and
hind limb muscles (Chen et al., 2017). Except for mouse models,
clinical subjects with congenital muscular dystrophy bore CHKf3
mutations with reduced PC levels in their skeletal muscle
(Mitsuhashi et al., 2011). PC is a vital component of the
mitochondrial membrane structure by facilitating the assembly
of the outer mitochondrial membrane translocase TOM complex
and the biogenesis of B-barrel proteins (Bohnert et al., 2012;
Schuler et al,, 2015). Consequently, CHKf3 deficiency leads to
decreased production of phosphocholine and PC, which in turn
impairs mitochondrial structure and function.

Choline, a vital nutrient of the body, can produce membrane
phospholipids and acetylcholine or generate methyl donors, such
as betaine and S-adenosylmethionine. Choline is transported into
cells by the choline transporter. Hindering choline uptake by
macrophages attenuated the activation of NLRP3 inflammasome
and the production of proinflammatory cytokines (Sanchez-
2019).

membrane

Lopez et al, Decreased choline uptake altered

inhibited
mitochondrial ATP synthesis, and enhanced mitochondrial

mitochondrial composition,
autophagy, resulting in inflammation suppression (Sanchez-
Lopez et al, 2019). By activating AMP-activated protein
kinase (AMPK), choline phosphorylated and inactivated acetyl
coenzyme A carboxylase (ACC), then reduced intracellular
malonyl coenzyme A and fatty acid synthesis in the liver (Lee
M et al,, 2018). PPARaq, the main regulator of mitochondrial fatty
acid metabolism, was activated by choline, which increased fatty
acid oxidation (Schenkel et al., 2015). Altering exogenous choline
consumption affected body weight. The choline-deficient diet
reduced body weight and body fat gain, decreased blood glucose
levels, and improved insulin sensitivity in the leptin-deficient ob/
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ethanolamine phosphotransferase.

ob mice (Wu et al, 2012). Clinical trials reported that serum
choline levels from fasted subjects were inversely associated with
the patient’s body weight or BMI (Kochhar et al., 2006; Chen
et al., 2015). The results of animal experiments and clinical trials
contradicted, possibly because animal experiments could strictly
restrict choline intake through diet, while it was challenging to
limit choline intake in subjects of clinical trials completely. In
addition, the serum choline levels may not accurately reflect
dietary choline intake (Gao et al., 2016). Gender also affects the
relationship between choline and body composition. Serum
choline was inversely and positively associated with BMI and
body fat in male and female subjects, respectively (Gao et al.,
2018). As a result, the relationship between circulating choline
level and body composition needs to be discussed within the
context of a specific gender, fasting state, or dietary conditions.

Choline might also influence metabolic functions by regulating
host intestinal microbiota. Chronic HFD feeding altered the
physiological ~structure of the intestinal epithelium, which
increased the ability of Escherichia coli to break down choline.
Choline is converted to trimethylamine and trimethylamine
and hepatic drug-
metabolizing enzymes (Yoo et al, 2021). Trimethylamine

N-oxide by intestinal microorganisms
N-oxide binds to and activates the protein kinase R-like

endoplasmic reticulum kinase (PERK), which causes endoplasmic
reticulum (ER) stress and phosphorylates the transcription factor
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FOXOL1 (Chen et al, 2019), leading to insulin resistance (Zhang
et al., 2013). Therefore, choline and its metabolites play a complex
role in metabolic disorders by affecting mitochondrial function,
inflammation, and microbiota function (Figure 4).

Metabolism and function of ethanolamine
and phosphoethanolamine

could be
interconverted via ethanolamine kinase and PHOSPHOI.

Ethanolamine and  phosphoethanolamine
Ethanolamine, a rich component of bacterial cell membranes,
plays an integral role in dietary lipid nutrients (Zhou et al,
2017). Ethanolamine was considered a carbon and nitrogen
source to influence the number and ratio of colonic
microorganisms (Patel and Witt, 2017), affecting the homeostasis
of host metabolism (Zhou et al., 2018).

The cellular membrane fluidity influenced glucose

transporter 1 (GLUT1) translocation to the cell membrane

(Perona, 2017). Ethanolamine treatment increased its
conversion to phosphatidylethanolamine (PE), which
decreased cellular membrane fluidity, impairing

GLUT! translocation and glucose uptake in tumor cells
(Garlapati et al., 2021). The altered membrane fluidity also
influenced mitochondrial structure and function. As a result
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of
dysfunction, tumor cells, otherwise dependent on glucose

impaired glucose utilization and mitochondrial
function, increase lipolysis as an alternative energy source
(Garlapati et al, 2021). In addition, several studies have
that inhibits

respiration and

confirmed phosphoethanolamine

mitochondrial (Modica-Napolitano
Renshaw, 2004). Succinate was an endogenous substrate of
11,

negatively controlled mitochondrial activity by directly

mitochondrial complex and phosphoethanolamine
competing with succinate in mitochondrial complex II
(succinate dehydrogenase) (Fontana et al., 2020). The above
the of

and regulating

findings indicated role

important
phosphoethanolamine ethanolamine in
intestinal microbiome, membrane fluidity, mitochondrial

function, and energy metabolism (Figure 4).

Metabolism and function of betaine

Betaine, also known as trimethylglycine, is metabolized from
choline. Betaine is a vital methyl donor, which generates
dimethylglycine (DMG) catalyzed by betaine-homocysteine
S-methyltransferase (BHMT). Homocysteine (Hcy) receives a
methyl group from betaine and generates L-methionine and
DMG (Zhao et al, 2018). Methionine and ATP generated
S-adenosylmethionine (SAMs) in the presence of methionine
SAM is
S-adenosylhomocysteine (SAH) by methyltransferase. SAH is

adenosyltransferase. catalyzed to
converted to Hcy by the action of S-adenosyl homocysteine
hydrolase (SAHH), which is then converted to cysteine and
the antioxidant glutathione by vitamin B6 and cystathionine-
B-synthase (CBS) (Cavallaro et al., 2017). Thus, betaine inhibited
superoxide-induced free radical generation and had anti-
inflammatory functions by inhibiting the NF-kB pathway (Go
et al., 2005) and NLRP3 inflammasome activation (Kim et al.,
2017). Betaine also ameliorated hepatocyte insulin resistance by
enhancing tyrosine phosphorylation of IRS-1 and thus activating
PKB/AKT signaling (Kathirvel et al., 2010).

Betaine  supplementation reduced hepatic lipid
accumulation, subcutaneous and visceral white fat mass,
improved insulin sensitivity and increased white adipose
tissue mitochondrial content in HFD-fed mice (Wang et al.,
2010; Du et al.,, 2018). Betaine enhanced fatty acid oxidation
inhibited fatty by

polyunsaturated fatty acids as ligands to activate PPARa

and acid  synthesis increasing
and decreasing sterol regulatory element-binding protein-1c
(SREBP-1c¢) expression (Echeverria et al., 2016), which in turn
reduced intracellular lipid accumulation in HFD-fed mice. In
addition, betaine activated AMPK by generating SAM that
could directly bind to the CBS structural domain of AMPK.
On the other hand, SAM was converted to SAH, which

produced Hcy and AMP, leading to an enhancement in the
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AMP/ATP ratio and thus activating AMPK and the catabolic
pathways (Carling, 2017) (Figure 4).

Metabolism and function of
phosphatidylserine

PC consists of 95% of the total choline pool in animals (Li
and Vance, 2008). The inner lipid bilayer of the cell membrane of
most eukaryotic cells consists of phosphatidylserine (PS) and PE,
while the outer lipid bilayer consists of PC and sphingolipids
(SM) (Hafez and Cullis, 2001). In addition, PE could be
converted to PC by
N-methyltransferase (PEMT).

Several studies have demonstrated that PC was involved

phosphatidylethanolamine

in regulating energy metabolism. Cellular experiments had
shown that inhibition of PC affected ER
morphology and was accompanied by impaired protein

synthesis

transport in the Golgi complex (Testerink et al., 2009). PC
was the major phospholipid component on the surface of
lipoproteins such as VLDL and LDL. Therefore, impaired
hepatic PC biosynthesis significantly reduced circulating
VLDL levels and alleviated hyperlipidemia, but caused
MAFLD due to VLDL reduction (Van Der Veen et al.,
2017; Packard and Taskinen, 2020). As an adipose tissue
immune cell population, macrophages were involved in
insulin resistance during obesity development. Adipose
tissue macrophages produced PC in large quantities by
activating phosphocholine cytidylyltransferase a (CCTa).
The reduced PC conversion in macrophages from mice
with macrophage-specific knockout of CCT« increased the
half-life of PC, which was able to incorporate more
reduced ER
mitigated adipose inflammation
resistance (Robblee et al., 2016; Petkevicius et al., 2019).
Clinical studies have discovered that the levels of PC and its
derivatives were associated with energy metabolism. Serum levels of
diacyl-phosphatidylcholine ~ C36:1, C383 and C40:5 in
27,548 participants were associated with their future risk of T2D
(Floegel et al., 2013). The serum level of diacyl-phosphatidylcholine
C32:1 was positively associated with healthy metabolic parameters,
whereas those of diacyl-phosphatidylcholine C32:2 and C34:2 were
positively associated with unhealthy metabolic parameters in obese

polyunsaturated fatty acids, stress, and

tissue and insulin

subjects (Bagheri et al., 2018; Blither, 2020). A serum metabolomics
study reported a positive connection between BAT activity and
serum acyl-lysophosphatidylcholine levels in male subjects (Boon
et al,, 2017). Lower fasting serum lysophosphatidylcholine levels
could predict impaired glucose tolerance as well as the hazard of
developing T2D (Wang-Sattler et al.,, 2012). Therefore, PC-regulated
phospholipid components could impact ER function and insulin
sensitivity, further influencing the development of metabolic
disorders (Figure 4).
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Knockdown of phospholipids-regulating genes in THP-1
macrophages alters lipid droplets morphology induced by oleic
acid. Five features of lipid droplets were selected and scaled to
generate z-scores (Mejhert et al., 2020) and the heatmap.

Metabolism and function of
phosphatidylethanolamine

PE, an important component of the cell membrane, is
synthesized through the CDP-ethanolamine Kennedy pathway
(Gibellini and Smith, 2010). Ethanolamine is phosphorylated to
produce phosphoethanolamine via ethanolamine kinase (EK). The
second step of the Kennedy pathway is the rate-limiting step, in
which CTP-phospholipid amide cell transferase (Pcyt2) transferred
CTP to phosphoethanolamine to form CDP-ethanolamine. Finally,
CDP-ethanolamine is catalyzed by 1, 2-diacylglycerol ethanolamine-
phosphotransferase (EPT) to condense with diacylglycerol to
produce PE. Pcyt2 is the rate-limiting enzyme for PE synthesis
(Bakovic et al., 2007). In addition, phosphatidylserine decarboxylase
(PISD) can decarboxylate PS that is taken from the ER to the
mitochondria to produce PE (Vance, 1990).

Pcyt2 gene is essential for embryo development, whose deletion
could cause embryonic lethality (Singh et al., 2012). Although the
rate of PE biosynthesis is decreased in Pcyt2" mice, a single Pcyt2
allele maintains phospholipid homeostasis. Thus, young Pcyt2""
mice were asymptomatic. However, the reduced CDP-ethanolamine
in Pcyt2”~ mice prevented the efficient synthesis of PE from
ethanolamine and diglycerides, increasing triglyceride synthesis
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and inhibiting fatty acid oxidation (Fullerton et al.,, 2009). Thus,
aged Pcyt2”"mice gradually developed defects in fatty acid
metabolism, which led to obesity, MAFLD, and insulin resistance
(Grapentine et al., 2022). Supplementation with PE reversed the
MAFLD and hepatic inflammation in Pcyf2"~ mice (Grapentine
et al, 2022). The addition of choline to drinking water reduced
triglyceride synthesis, elevated fatty acid oxidation, increased muscle
glycogen stores, and restored insulin sensitivity in skeletal muscle of
Pcyt2" mice. Choline treatment inhibited mTOR phosphorylation
by activating AMPK and AKT, thereby restoring muscle glucose
metabolism in insulin-resistant Pcyt2"~ mice (Taylor et al.,, 2017).
These outcomes suggested an essential role of the Pcyt2 and CDP-
ethanolamine Kennedy pathway in the progression of MAFLD
(Figure 4).

The balanced ratio of phosphatidylserine
and phosphatidylethanolamine plays an
essential role in energy metabolism

In addition to their absolute levels, the balanced ratio of PC
and PE also plays a critical role in energy metabolism. PC and PE
function differently as membrane structural components. PC tends
to form cylindrical molecules that are polymerized into mobile
lipid bilayers with connected tails and hydrophilic polar head
groups, whereas PE forms conical molecules that increase
membrane curvature and affect membrane outgrowth, division,
fusion, and membrane protein embedding (Van Meer and De
Kroon, 2011). Thus, the ratio of PC/PE influenced ER homeostasis,
mitochondrial function, and lipid droplet fusion and fission.

PEMT converts PE to PC. PEMT knockout mice exhibited
elevated oxygen consumption rates, reduced hepatic
gluconeogenesis, and suppressed HFD-induced obesity and insulin
resistance. However, PEMT ablation decreased the PC/PE ratio and
reduced the synthesis and secretion of VLDL, which ultimately
caused ER stress and MAFLD (Wan et al, 2019; Gao et al,
2015). Lipidomics studies revealed a higher PC/PE ratio in obese
mice than in lean mice. Chronic ER stress was also presented in the
obese mice livers. Inhibiting hepatic PEMT expression in obese mice
corrected the PC/PE ratio and alleviated ER stress (Fu et al., 2011).
The altered PC/PE ratio disrupted membrane lipid homeostasis and
resulted in lipid bilayer stress, which activated inositol-requiring
enzyme 1 (IERI) to induce ER stress (Gao et al., 2015; Ishiwata-
Kimata et al., 2022). Therefore, the amounts of PC and PE need to be
maintained in a delicate balance to avoid ER stress.

In addition, the PC/PE ratio impacted mitochondrial
PE s
decarboxylase or ethanolamine kinase and is exported from

functions. synthesized by phosphatidylserine
mitochondria to mitochondria-associated membranes and ER,
where it is converted to PC by PEMT (Vance, 1990). Inhibition of
PEMT in mouse 3T3-L1 mature adipocytes and PEMT knockout
mice increased mitochondrial CoQ content (Park et al., 2010)
and produced more ATP (Van Der Veen et al., 2014). PEMT
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deficiency altered the concentration of single-carbon metabolites
in mitochondria, elevated the SAM: SAH ratio, and increased
mitochondrial methylation capacity and CoQ synthesis, which
accelerated respiratory chain electron transport and ATP
production (Turunen et al., 2004).

The ratio of PC/PE also influenced lipid droplet fusion and
fission. PC works as a surfactant to prevent the fusion of lipid
droplets. PE could produce larger lipid droplets because PE
destabilizes the lipid droplet membrane and induces lipid
droplet fusion (Krahmer et al, 2011; Cohen et al., 2015). The
decreased ratio of PC/PE promoted lipid droplet fusion, which
reduced the total surface area of lipid droplets in white adipose
tissue (Guo et al., 2008). Thus, the small surface area of lipid
droplets in white adipose tissue restricted their contact with lipase,
resulting in inefficient lipolysis (Nishimoto and Tamori, 2017).

To sum up, the PC/PE ratio is essential in influencing the
function of mitochondria and lipid droplets. Although inhibition of
PEMT ameliorated insulin resistance in HFD-fed mouse models, it
also resulted in MAFLD development due to lower secretion of
VLDL. In addition, an increased level of either PC or PE alters the
PC/PE ratio, which might cause ER stress. Therefore, inhibiting the
production of PC or PE alone is likely to fail to improve the
metabolic phenotype, as the ratio of PC/PE needs to be precisely
balanced to avoid ER stress and MAFLD development (Figure 4).

Effects of knocking down phospholipid-
related enzymes on lipid droplet
parameters in human THP-1 macrophages

Overloading macrophages with lipid droplets is one main reason
for insulin resistance (Lee YS et al, 2018). The lipid droplet
knowledge portal database collected genes that modify lipid
storage in human THP-1 macrophages based on RNAi screen
results (Mejhert et al, 2020). We searched the database with
phospholipid-regulating genes mentioned in this review. The Z
scores of five dimensions, including the number, size, shape,
intensity, and dispersion of lipid droplets, of lipid storage from
knockdown of phospholipid-regulating genes were present as a
heatmap (Figure 5). Knockdown of PEMT in THP-1
macrophages resulted in a larger size of lipid droplets when fed
with oleic acid compared with those of control cells. The phenotype
could be due to PEMT-silencing induced PE accumulation, which
promoted lipid fusion and resulted in larger lipid droplets.

Summary and outlook

Previous studies on PHOSPHO1 mainly focused on bone
mineralization, while recent studies identified novel functions of
PHOSPHOL1 and its regulated phospholipid homeostasis on energy
metabolism, which in turn serve as potential therapeutic candidates
for the metabolic disorders, including obesity, T2D, and MAFLD.
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This review summarized the structure and upstream regulatory
of PHOSPHOI, outlined the functions of
PHOSPHOL1 and its related phospholipid metabolites in metabolic
disorders, and examined mechanistic evidence of phospholipid
regulation of mitochondrial and lipid droplets in the context of
metabolic homeostasis. The recent development of metabolic flux

mechanisms

tracing and spatial metabolomics enable monitoring the temporal
and spatial phospholipids metabolism pathways to identify key
enzymes that contribute to metabolic dysfunctions and provide
therapeutic opportunities to restore metabolic functions. Future
utilizing tissue-specific  PHOSPHOI  knockout
transgenic mouse models could dissect the role of PHOSPHOL1 in
metabolically active tissues and organs, such as adipose tissue, liver

studies and

and skeletal muscle. At the same time, it is also necessary to carefully
evaluate the effect and mechanism of PHOSPHOI1 inhibitors on
energy metabolism to provide novel strategies for the prevention and
treatment of chronic metabolic disorders that plague human beings
in the era of the obesity pandemic.

Author contributions

MJ conceptualized the review. YL, YW, and MJ wrote the first
draft. YL prepared figures. MJ reviewed and edited the final
version of the manuscript. All authors contributed to the article
and approved the submitted version.

Funding

The authors acknowledge the financial support of the
National Natural Science Foundation of China Grant
82000807 (to M]J), the Beijing Municipal Natural Science
Foundation Grant 7212148 (to M]J), and the R&D Program
Grant

of Beijing Municipal Education Commission

KM202110025023 (to MJ).

Acknowledgments

The authors would like to thank Alan J. Stewart from the
University of St Andrews and Ralf Schmid from the University of
Leicester for enlightening us about the simulated structure of
PHOSPHOL1. Also, we would like to thank Tobias Walther from
Harvard Medical School for technical assistance with the Lipid
Droplet Knowledge Portal database.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

frontiersin.org


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.935195

Liu et al.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

Allen, K. N., and Dunaway-Mariano, D. (2009). Markers of fitness in a successful
enzyme superfamily. Curr. Opin. Struct. Biol. 19, 658-665. doi:10.1016/j.sbi.2009.
09.008

Bagheri, M., Farzadfar, F., Qi, L., Yekaninejad, M. S., Chamari, M., Zeleznik, O.
A, et al. (2018). Obesity-related metabolomic profiles and discrimination of
metabolically unhealthy obesity. J. Proteome Res. 17, 1452-1462. doi:10.1021/
acs.jproteome.7b00802

Bakovic, M., Fullerton, M. D., and Michel, V. (2007). Metabolic and molecular
aspects of ethanolamine phospholipid biosynthesis: The role of CTP:
phosphoethanolamine  cytidylyltransferase (Pcyt2). Biochem. Cell Biol. 85,
283-300. doi:10.1139/007-006

Barchetta, I, Guglielmi, C., Bertoccini, L., Manfrini, S., Calella, D., Secchi, C., et al.
(2015). Therapy with proton pump inhibitors in patients with type 2 diabetes is
independently associated with improved glycometabolic control. Acta Diabetol. 52,
873-880. doi:10.1007/500592-015-0721-4

Barrett, T., Wilhite, S. E., Ledoux, P., Tomashevsky, M., Evangelista, C., Kim, I F.,
etal. (2013). NCBI GEO: Archive for functional genomics data sets--update. Nucleic
Acids Res. 41, D991-D995. doi:10.1093/nar/gks1193

Benchamana, A., Mori, H., Macdougald, O. A., and Soodvilai, S. (2019).
Regulation of adipocyte differentiation and metabolism by lansoprazole. Life Sci.
239, 116897. d0i:10.1016/;.1fs.2019.116897

Binder, J. X., Pletscher-Frankild, S., Tsafou, K., Stolte, C., O’'Donoghue, S. I,
Schneider, R,, et al. (2014). Compartments: Unification and visualization of protein
subcellular localization evidence. Database 2014, bau012. doi:10.1093/database/
bau012

Blither, M. (2020). Metabolically healthy obesity. Endocr. Rev. 41, bnaa004.
doi:10.1210/endrev/bnaa004

Bobryshev, Y. V., Orekhov, A. N., Sobenin, I, and Chistiakov, D. A. (2014). Role
of bone-type tissue-nonspecific alkaline phosphatase and PHOSPO1 in vascular
calcification. Curr. Pharm. Des. 20, 5821-5828. doi:10.2174/
1381612820666140212193011

Bohnert, M., Stroud, D. A, von der Malsburg, K., Wenz, L-S., Zerbes, R. M.,,
Horvath, S. E., et al. (2012). Role of mitochondrial inner membrane organizing
system in protein biogenesis of the mitochondrial outer membrane. Mol. Biol. Cell
23, 3948-3956. doi:10.1091/mbc.E12-04-0295

Boj-Carceller, D., Bocos-Terraz, P., Moreno-Vernis, M., Sanz-Paris, A., Trincado-
Aznar, P., and Albero-Gamboa, R. (2011). Are proton pump inhibitors a new
antidiabetic drug? A cross sectional study. World J. Diabetes 2, 217-220. doi:10.
4239/wjd.v2.i12.217

Boon, M. R, Bakker, L. E. H., Prehn, C., Adamski, J., Vosselman, M. J., Jazet, I. M.,
et al. (2017). LysoPC-acyl C16:0 is associated with Brown adipose tissue activity in
men. Metabolomics 13, 48. doi:10.1007/s11306-017-1185-z

Bozkus, Y., Mousa, U,, 1yidir, 0., Kirnap, N., Demir, C. C., Nar, A,, et al. (2020).
Short-term effect of hypergastrinemia following esomeprazole treatment on well-
controlled type 2 diabetes mellitus: A prospective study. Endocr. Metab. Immune
Disord. Drug Targets 20, 1090-1096. doi:10.2174/1871530320666200129124555

Brand, M. D. (2000). Uncoupling to Survive? The Role of Mitochondrial
Inefficiency in Ageing. Exper. Gerontol. 35, 811-820. doi:10.1016/50531-5565(00)
00135-2

Bravo, Y., Teriete, P., Dhanya, R-P., Dahl, R,, Lee, P. S, Kiffer-Moreira, T., et al.
(2014). Design, synthesis and evaluation of benzoisothiazolones as selective
inhibitors of PHOSPHOLI. Bioorg. Med. Chem. Lett. 24, 4308-4311. doi:10.1016/
j.bmcl.2014.07.013

Burroughs, A. M., Allen, K. N., Dunaway-Mariano, D., and Aravind, L. (2006).
Evolutionary genomics of the HAD superfamily: Understanding the structural
adaptations and catalytic diversity in a superfamily of phosphoesterases and allied
enzymes. J. Mol. Biol. 361, 1003-1034. doi:10.1016/j.jmb.2006.06.049

Carling, D. (2017). AMPK signalling in health and disease. Curr. Opin. Cell Biol.
45, 31-37. doi:10.1016/j.ceb.2017.01.005

Cavallaro, R. A., Nicolia, V., Fiorenza, M. T., Fuso, A., and Scarpa, S. (2017).
S-adenosylmethionine and superoxide dismutase 1 synergistically counteract

Frontiers in Physiology

1

10.3389/fphys.2022.935195

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

alzheimer’s disease features progression in TgCRNDS8 mice. Antioxidants 6, E76.
doi:10.3390/antiox6040076

Chambers, J. C., Loh, M., Lehne, B., Drong, A., Kriebel, J., Motta, V., et al. (2015).
Epigenome-wide association of DNA methylation markers in peripheral blood
from Indian asians and Europeans with incident type 2 diabetes: A nested case-
control study. Lancet. Diabetes Endocrinol. 3, 526-534. doi:10.1016/s2213-8587(15)
00127-8

Chen, S., Henderson, A., Petriello, M. C., Gearing, M., Romano, K. A., Miao, .,
et al. (2019). Trimethylamine N-oxide binds and activates PERK to promote
metabolic dysfunction. Cell Metab. 30, 1141-1151. e5. doi:10.1016/j.cmet.2019.
08.021

Chen, X,, Qiu, H,, Wang, C,, Yuan, Y., Tickner, J., Xu, J., et al. (2017). Molecular
structure and differential function of choline kinases CHKa and CHKp in
musculoskeletal system and cancer. Cytokine Growth Factor Rev. 33, 65-72.
doi:10.1016/j.cytogfr.2016.10.002

Chen, Y-M,, Liu, Y., Wang, X,, Liu, Y-H., Guan, K., and Zhu, H. L. (2015). Higher
serum concentrations of betaine rather than choline is associated with better profiles
of DXA-derived body fat and fat distribution in Chinese adults. Int. J. Obes. 39,
465-471. doi:10.1038/ij0.2014.158

Cheng, L., Wang, J., Dai, H,, Duan, Y., An, Y., Shi, L., et al. (2021). Brown and
beige adipose tissue: A novel therapeutic strategy for obesity and type 2 diabetes
mellitus. Adipocyte 10, 48-65. doi:10.1080/21623945.2020.1870060

Chew, P., Yuen, D. Y. C,, Stefanovic, N., Pete, J., Coughlan, M. T., Jandeleit-
Dahm, K. A,, et al. (2010). Antiatherosclerotic and renoprotective effects of ebselen
in the diabetic apolipoprotein E/GPx1-double knockout mouse. Diabetes 59,
3198-3207. doi:10.2337/db10-0195

Cohen, B-C., Shamay, A., and Argov-Argaman, N. (2015). Regulation of lipid
droplet size in mammary epithelial cells by remodeling of membrane lipid
composition-a potential mechanism. PLoS One 10, e0121645. doi:10.1371/
journal.pone.0121645

Dayeh, T., Tuomi, T., Almgren, P., Perfilyev, A., Jansson, P. A., de Mello, V. D,
et al. (2016). DNA methylation of loci within ABCGI and PHOSPHOLI in blood
DNA is associated with future type 2 diabetes risk. Epigenetics 11, 482-488. doi:10.
1080/15592294.2016.1178418

Deng, S., Li, J., Du, Z., Wu, Z,, Yang, J., Cai, H,, et al. (2022). Rice ACID
PHOSPHATASE 1 regulates Pi stress adaptation by maintaining intracellular Pi
homeostasis. Plant Cell Environ. 45, 191-205. doi:10.1111/pce.14191

Dillon, S., Staines, K. A., Millan, J. L., and Farquharson, C. (2019). How to build a
bone: PHOSPHOI, biomineralization, and beyond. JBMR plus 3, €10202. doi:10.
1002/jbm4.10202

Du, J., Shen, L., Tan, Z.,, Zhao, X., Zhang, P., Xu, Y., et al. (2018). Betaine
supplementation enhances lipid metabolism and improves insulin resistance in
mice fed a high-fat diet. Nutrients 10, E131. doi:10.3390/nu10020131

Echeverria, F.,, Ortiz, M., Valenzuela, R,, and Videla, L. A. (2016). Long-chain
polyunsaturated fatty acids regulation of PPARs, signaling: Relationship to tissue
development and aging. Prostagl. Leukot. Essent. Fat. Acids 114, 28-34. doi:10.1016/
j-plefa.2016.10.001

Floegel, A., Stefan, N., Yu, Z., Miihlenbruch, K., Drogan, D., Joost, H. G., et al.
(2013). Identification of serum metabolites associated with risk of type 2 diabetes
using a targeted metabolomic approach. Diabetes 62, 639-648. doi:10.2337/db12-
0495

Fontana, D., Mauri, M., Renso, R., Crespiatico, I., Docci, M., Rost, L. M., et al.
(2020). ETNKI1 mutations induce a mutator phenotype that can be reverted with
phosphoethanolamine. Nat. Commun. 11, 5938. doi:10.1038/s41467-020-19721-w

Fu, S, Yang, L., Li, P., Hofmann, O., Dicker, L., Hide, W, et al. (2011). Aberrant
lipid metabolism disrupts calcium homeostasis causing liver endoplasmic reticulum
stress in obesity. Nature 473, 528-531. doi:10.1038/nature09968

Fullerton, M. D., Hakimuddin, F., Bonen, A., and Bakovic, M. (2009). The
development of a metabolic disease phenotype in CTP:phosphoethanolamine
cytidylyltransferase-deficient mice. J. Biol. Chem. 284, 25704-25713. doi:10.1074/
jbc.M109.023846

frontiersin.org


https://doi.org/10.1016/j.sbi.2009.09.008
https://doi.org/10.1016/j.sbi.2009.09.008
https://doi.org/10.1021/acs.jproteome.7b00802
https://doi.org/10.1021/acs.jproteome.7b00802
https://doi.org/10.1139/o07-006
https://doi.org/10.1007/s00592-015-0721-4
https://doi.org/10.1093/nar/gks1193
https://doi.org/10.1016/j.lfs.2019.116897
https://doi.org/10.1093/database/bau012
https://doi.org/10.1093/database/bau012
https://doi.org/10.1210/endrev/bnaa004
https://doi.org/10.2174/1381612820666140212193011
https://doi.org/10.2174/1381612820666140212193011
https://doi.org/10.1091/mbc.E12-04-0295
https://doi.org/10.4239/wjd.v2.i12.217
https://doi.org/10.4239/wjd.v2.i12.217
https://doi.org/10.1007/s11306-017-1185-z
https://doi.org/10.2174/1871530320666200129124555
https://doi.org/10.1016/s0531-5565(00)00135-2
https://doi.org/10.1016/s0531-5565(00)00135-2
https://doi.org/10.1016/j.bmcl.2014.07.013
https://doi.org/10.1016/j.bmcl.2014.07.013
https://doi.org/10.1016/j.jmb.2006.06.049
https://doi.org/10.1016/j.ceb.2017.01.005
https://doi.org/10.3390/antiox6040076
https://doi.org/10.1016/s2213-8587(15)00127-8
https://doi.org/10.1016/s2213-8587(15)00127-8
https://doi.org/10.1016/j.cmet.2019.08.021
https://doi.org/10.1016/j.cmet.2019.08.021
https://doi.org/10.1016/j.cytogfr.2016.10.002
https://doi.org/10.1038/ijo.2014.158
https://doi.org/10.1080/21623945.2020.1870060
https://doi.org/10.2337/db10-0195
https://doi.org/10.1371/journal.pone.0121645
https://doi.org/10.1371/journal.pone.0121645
https://doi.org/10.1080/15592294.2016.1178418
https://doi.org/10.1080/15592294.2016.1178418
https://doi.org/10.1111/pce.14191
https://doi.org/10.1002/jbm4.10202
https://doi.org/10.1002/jbm4.10202
https://doi.org/10.3390/nu10020131
https://doi.org/10.1016/j.plefa.2016.10.001
https://doi.org/10.1016/j.plefa.2016.10.001
https://doi.org/10.2337/db12-0495
https://doi.org/10.2337/db12-0495
https://doi.org/10.1038/s41467-020-19721-w
https://doi.org/10.1038/nature09968
https://doi.org/10.1074/jbc.M109.023846
https://doi.org/10.1074/jbc.M109.023846
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.935195

Liu et al.

Gamil, N. M., Abd El Fattah, M. A., Ahmed, M. A. E., Maklad, Y. A, Eid, N. L., and
Gamal El Din, A. A. (2020). Lansoprazole enhances the antidiabetic effect of
dapagliflozin in fortified diet-fed streptozotocin-treated diabetic rats. J. Biochem.
Mol. Toxicol. 34, €22451. doi:10.1002/jbt.22451

Gao, X,, Randell, E., Zhou, H., and Sun, G. (2018). Higher serum choline and
betaine levels are associated with better body composition in male but not female
population. PloS one 13, €0193114. [Online]. doi:10.1371/journal.pone.0193114

Gao, X., Van Der Veen, J. N., Vance, J. E., Thiesen, A., Vance, D. E., and Jacobs, R.
L. (2015). Lack of phosphatidylethanolamine N-methyltransferase alters hepatic
phospholipid composition and induces endoplasmic reticulum stress. Biochim.
Biophys. Acta 1852, 2689-2699. doi:10.1016/j.bbadis.2015.09.006

Gao, X,, Wang, Y., Randell, E., Pedram, P, Yi, Y., Gulliver, W, et al. (2016).
Higher dietary choline and betaine intakes are associated with better body
composition in the adult population of newfoundland, Canada. PLoS One 11,
€0155403. doi:10.1371/journal.pone.0155403

Garlapati, C., Joshi, S., Turaga, R. C., Mishra, M., Reid, M. D., Kapoor, S., et al.
(2021). Monoethanolamine-induced glucose deprivation promotes apoptosis
through metabolic rewiring in prostate cancer. Theranostics 11, 9089-9106.
doi:10.7150/thno.62724

Gibellini, F., and Smith, T. K. (2010). The Kennedy pathway--De novo synthesis
of phosphatidylethanolamine and phosphatidylcholine. IUBMB Life 62, 414-428.
doi:10.1002/iub.337

Giddings, M. C., Risk, B, and Scherer, P. E. (2011). A user’s guide to the
encyclopedia of DNA elements (ENCODE). PLoS Biol. 9, €1001046. doi:10.1371/
journal.pbio.1001046

Gliniak, C. M., and Scherer, P. E. (2020). PHOSPHOL! puts the breaks on
thermogenesis in Brown adipocytes. Proc. Natl. Acad. Sci. U. S. A. 117,
16726-16728. doi:10.1073/pnas.2011052117

Glotov, A. S., Zelenkova, L. E., Vashukova, E. S., Shuvalova, A. R., Zolotareva, A.
D., Polev, D. E,, et al. (2022). RNA sequencing of whole blood defines the signature
of high intensity exercise at altitude in elite speed skaters. Genes (Basel) 13, 574.
doi:10.3390/genes13040574

Go, E. K, Jung, K. J,, Kim, J. Y., Yu, B. P, and Chung, H. Y. (2005). Betaine
suppresses proinflammatory signaling during aging: The involvement of nuclear
factor-kappaB via nuclear factor-inducing kinase/TkappaB kinase and mitogen-
activated protein kinases. J. Gerontol. A Biol. Sci. Med. Sci. 60, 1252-1264. doi:10.
1093/gerona/60.10.1252

Grapentine, S., Singh, R. K,, Basu, P,, Sivanesan, S., Oresajo, O., Mattos, G., et al.
(2022). Pcyt2 deficiency causes age-dependant development of nonalcoholic
steatohepatitis and insulin resistance that could be attenuated with
phosphoethanolamine. Sci. Rep. 12, 1048. doi:10.1038/541598-022-05140-y

Gul, M., Dundar, S., Bozoglan, A., Ozcan, E. C,, Tekin, S., Yildirim, T. T, et al.
(2022). Evaluation of the effects of the systemic proton pump inhibitor-omeprazole
on periimplant bone regeneration and osseointegration: An experimental study.
J. Oral Biol. Craniofac. Res. 12, 381-384. doi:10.1016/j.jobcr.2022.04.006

Guo, Y., Walther, T. C,, Rao, M., Stuurman, N., Goshima, G., Terayama, K,, et al.
(2008). Functional genomic screen reveals genes involved in lipid-droplet formation
and utilization. Nature 453, 657-661. doi:10.1038/nature06928

Hafez, I. M., and Cullis, P. R. (2001). Roles of lipid polymorphism in intracellular
delivery. Adv. Drug Deliv. Rev. 47, 139-148. doi:10.1016/s0169-409x(01)00103-x

Houston, B., Paton, I. R, Burt, D. W., and Farquharson, C. (2002). Chromosomal
localization of the chicken and mammalian orthologues of the orphan phosphatase
PHOSPHO1 gene. Anim. Genet. 33, 451-454. doi:10.1046/j.1365-2052.2002.
00900.x

Houston, B., Seawright, E., Jefferies, D., Hoogland, E., Lester, D., Whitehead, C.,
et al. (1999). Identification and cloning of a novel phosphatase expressed at high
levels in differentiating growth plate chondrocytes. Biochim. Biophys. Acta 1448,
500-506. doi:10.1016/s0167-4889(98)00153-0

Hove, K. D., Ferch, K., Bédvarsdottir, T. B., Karlsen, A. E., Petersen, J. S., and
Vaag, A. (2010). Treatment with a proton pump inhibitor improves glycaemic
control in type 2 diabetic patients - a retrospective analysis. Diabetes Res. Clin. Pract.
90, e72-e74. doi:10.1016/j.diabres.2010.09.007

Huang, N. ], Lin, Y-C,, Lin, C-Y., Pishesha, N., Freinkman, E., Lewis, C. A,, et al.
(2018). Enhanced phosphocholine metabolism is essential for terminal
erythropoiesis. Blood 131, 2955-2966. doi:10.1182/blood-2018-03-838516

Hunter, S., Apweiler, R., Attwood, T. K., Bairoch, A., Bateman, A., Binns, D., et al.
(2009). InterPro: The integrative protein signature database. Nucleic Acids Res. 37,
D211-D215. doi:10.1093/nar/gkn785

Ishiwata-Kimata, Y., Le, Q. G., and Kimata, Y. (2022). Induction and aggravation
of the endoplasmic-reticulum stress by membrane-lipid metabolic intermediate
phosphatidyl-N-monomethylethanolamine. Front. Cell Dev. Biol. 9, 743018. doi:10.
3389/fcell.2021.743018

Frontiers in Physiology

10.3389/fphys.2022.935195

Javaheri, B., Staines, K. A., Chang, Y-M., Carriero, A., Houston, D. A., Oldknow,
K. J., et al. (2015). Phosphol deficiency transiently modifies bone architecture yet
produces consistent modification in osteocyte differentiation and vascular porosity
with ageing. Bone 81, 277-291. doi:10.1016/j.bone.2015.07.035

Jiang, M., Chavarria, T. E., Yuan, B., Lodish, H. F., and Huang, N. J. (2020).
Phosphocholine accumulation and PHOSPHO1 depletion promote adipose tissue
thermogenesis. Proc. Natl. Acad. Sci. U. S. A. 117, 15055-15065. doi:10.1073/pnas.
1916550117

Jimenez, V., Jambrina, C., Casana, E., Sacristan, V., Munoz, S., Darriba, S., et al.
(2018). FGF21 gene therapy as treatment for obesity and insulin resistance. EMBO
Mol. Med. 10, €8791. doi:10.15252/emmm.201708791

Jumper, J., Evans, R,, Pritzel, A., Ronneberger, O., Green, T., Figurnov, M., et al.
(2021). Highly accurate protein structure prediction with AlphaFold. Nature 596,
583-589. doi:10.1038/s41586-021-03819-2

Kathirvel, E., Morgan, K., Nandgiri, G., Sandoval, B. C., Caudill, M. A., Bottiglieri,
T., et al. (2010). Betaine improves nonalcoholic fatty liver and associated hepatic
insulin resistance: A potential mechanism for hepatoprotection by betaine. Am.
J. Physiol. Gastrointest. Liver Physiol. 299, G1068-G1077. doi:10.1152/ajpgi.00249.
2010

Kazak, L., Chouchani, E. T., Jedrychowski, M. P., Erickson, B. K., Shinoda, K.,
Cohen, P., et al. (2015). A creatine-driven substrate cycle enhances energy
expenditure and thermogenesis in beige fat. Cell 163, 643-655. doi:10.1016/j.cell.
2015.09.035

Kiffer-Moreira, T., Yadav, M. C., Zhu, D., Narisawa, S., Sheen, C., Stec, B., et al.
(2013). Pharmacological inhibition of PHOSPHOL1 suppresses vascular smooth
muscle cell calcification. J. Bone Min. Res. 28, 81-91. doi:10.1002/jbmr.1733

Kim, D. H,, Kim, S. M., Lee, B., Lee, E. K, Chung, K. W., Moon, K. M,, et al.
(2017). Effect of betaine on hepatic insulin resistance through FOXO1-induced
NLRP3 inflammasome. J. Nutr. Biochem. 45, 104-114. doi:10.1016/j.jnutbio.2017.
04.014

Kochhar, S., Jacobs, D. M., Ramadan, Z., Berruex, F., Fuerholz, A., and Fay, L. B.
(2006). Probing gender-specific metabolism differences in humans by nuclear
magnetic resonance-based metabonomics. Anal. Biochem. 352, 274-281. doi:10.
1016/j.ab.2006.02.033

Krahmer, M., Guo, Y., Wilfling, F., Hilger, M., Lingrell, S., Heger, K., et al. (2011).
Phosphatidylcholine synthesis for lipid droplet expansion is mediated by localized
activation of CTP:phosphocholine cytidylyltransferase. Cell Metab. 14, 504-515.
doi:10.1016/j.cmet.2011.07.013

Kyo, S., and Nakayama, K. (2020). Endometrial cancer as a metabolic disease with
dysregulated PI3K signaling: Shedding light on novel therapeutic strategies. Int.
J. Mol. Sci. 21, 6073. doi:10.3390/ijms21176073

Lachmann, A., Mazloom, A. R,, Ma’ayan, A., Xu, H., Krishnan, J., and Berger, S. I.
(2010). ChEA: Transcription factor regulation inferred from integrating genome-
wide ChIP-X experiments. Bioinformatics 26, 2438-2444. doi:10.1093/
bioinformatics/btq466

Leblanc, B., Zuber, V., Andreassen, B. K., Zeng, L., Witoelar, A., Bettella, F., et al.
(2016). Identifying novel gene variants in coronary artery disease and shared genes
with several cardiovascular risk factors. Circ. Res. 118, 83-94. doi:10.1161/
circresaha.115.306629

Lee, M., Katerelos, M., Gleich, K., Mount, P. F., Galic, S., Kemp, B. E., et al. (2018).
Phosphorylation of acetyl-CoA carboxylase by AMPK reduces renal fibrosis and is
essential for the anti-fibrotic effect of metformin. J. Am. Soc. Nephrol. 29,
2326-2336. doi:10.1681/ASN.2018010050

Lee, S., Birukov, K. G., Romanoski, C. E., Springstead, J. R., Lusis, A. J., and
Berliner, J. A. (2012). Role of phospholipid oxidation products in atherosclerosis.
Circ. Res. 111, 778-799. doi:10.1161/CIRCRESAHA.111.256859

Lee, Y. S, Wollam, J.,, and Olefsky, J. M. (2018). An integrated view of
immunometabolism. Cell 172, 22-40. doi:10.1016/j.cell.2017.12.025

Lehti, T. M., Silvennoinen, M., Kivelid, R., Kainulainen, H., and Komulainen,
J. (2006). Effects of streptozotocin-induced diabetes and physical training on
gene expression of extracellular matrix proteins in mouse skeletal muscle. Am.
J. Physiol. Endocrinol. Metab. 290, E900-E907. doi:10.1152/ajpendo.00444.
2005

Li, Z., and Vance, D. E. (2008). Phosphatidylcholine and choline homeostasis.
J. Lipid Res. 49, 1187-1194. doi:10.1194/j1r.R700019-JLR200

Li, Z., Wang, W,, Tian, X, Duan, H., Xu, C., and Zhang, D. (2021). Bivariate
genome-wide association study (GWAS) of body mass index and blood pressure
phenotypes in northern Chinese twins. PLoS One 16, €0246436. doi:10.1371/
journal.pone.0246436

Liu, W., Baker, S. S., Baker, R. D., Nowak, N. J., and Zhu, L. (2011). Upregulation
of hemoglobin expression by oxidative stress in hepatocytes and its implication in
nonalcoholic steatohepatitis. PLoS One 6, €24363. doi:10.1371/journal.pone.
0024363

frontiersin.org


https://doi.org/10.1002/jbt.22451
https://doi.org/10.1371/journal.pone.0193114
https://doi.org/10.1016/j.bbadis.2015.09.006
https://doi.org/10.1371/journal.pone.0155403
https://doi.org/10.7150/thno.62724
https://doi.org/10.1002/iub.337
https://doi.org/10.1371/journal.pbio.1001046
https://doi.org/10.1371/journal.pbio.1001046
https://doi.org/10.1073/pnas.2011052117
https://doi.org/10.3390/genes13040574
https://doi.org/10.1093/gerona/60.10.1252
https://doi.org/10.1093/gerona/60.10.1252
https://doi.org/10.1038/s41598-022-05140-y
https://doi.org/10.1016/j.jobcr.2022.04.006
https://doi.org/10.1038/nature06928
https://doi.org/10.1016/s0169-409x(01)00103-x
https://doi.org/10.1046/j.1365-2052.2002.00900.x
https://doi.org/10.1046/j.1365-2052.2002.00900.x
https://doi.org/10.1016/s0167-4889(98)00153-0
https://doi.org/10.1016/j.diabres.2010.09.007
https://doi.org/10.1182/blood-2018-03-838516
https://doi.org/10.1093/nar/gkn785
https://doi.org/10.3389/fcell.2021.743018
https://doi.org/10.3389/fcell.2021.743018
https://doi.org/10.1016/j.bone.2015.07.035
https://doi.org/10.1073/pnas.1916550117
https://doi.org/10.1073/pnas.1916550117
https://doi.org/10.15252/emmm.201708791
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1152/ajpgi.00249.2010
https://doi.org/10.1152/ajpgi.00249.2010
https://doi.org/10.1016/j.cell.2015.09.035
https://doi.org/10.1016/j.cell.2015.09.035
https://doi.org/10.1002/jbmr.1733
https://doi.org/10.1016/j.jnutbio.2017.04.014
https://doi.org/10.1016/j.jnutbio.2017.04.014
https://doi.org/10.1016/j.ab.2006.02.033
https://doi.org/10.1016/j.ab.2006.02.033
https://doi.org/10.1016/j.cmet.2011.07.013
https://doi.org/10.3390/ijms21176073
https://doi.org/10.1093/bioinformatics/btq466
https://doi.org/10.1093/bioinformatics/btq466
https://doi.org/10.1161/circresaha.115.306629
https://doi.org/10.1161/circresaha.115.306629
https://doi.org/10.1681/ASN.2018010050
https://doi.org/10.1161/CIRCRESAHA.111.256859
https://doi.org/10.1016/j.cell.2017.12.025
https://doi.org/10.1152/ajpendo.00444.2005
https://doi.org/10.1152/ajpendo.00444.2005
https://doi.org/10.1194/jlr.R700019-JLR200
https://doi.org/10.1371/journal.pone.0246436
https://doi.org/10.1371/journal.pone.0246436
https://doi.org/10.1371/journal.pone.0024363
https://doi.org/10.1371/journal.pone.0024363
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.935195

Liu et al.

Liu, Y., Grimm, M., Dai, W-T., Hou, M. C,, Xiao, Z-X., and Cao, Y. (2020). CB-
dock: A web server for cavity detection-guided protein-ligand blind docking. Acta
Pharmacol. Sin. 41, 138-144. doi:10.1038/s41401-019-0228-6

Lu, X,, Solmonson, A., Lodi, A., Nowinski, S. M., Sentandreu, E., Riley, C. L., et al.
(2017). The early metabolomic response of adipose tissue during acute cold
exposure in mice. Sci. Rep. 7, 3455. d0i:10.1038/s41598-017-03108-x

Lynes, M. D., Shamsi, F., Sustarsic, E. G., Leiria, L. O., Wang, C. H., Su, S. C,, et al.
(2018). Cold-activated lipid dynamics in adipose tissue highlights a role for
cardiolipin in thermogenic metabolism. Cell Rep. 24, 781-790. doi:10.1016/j.
celrep.2018.06.073

Madsen, M. S, Siersbaek, R., Boergesen, M., Mandrup, S., and Nielsen, R. (2014).
Peroxisome proliferator-activated receptor y and C/EBPa synergistically activate
key metabolic adipocyte genes by assisted loading. Mol. Cell. Biol. 34, 939-954.
doi:10.1128/MCB.01344-13

Marcher, A-B., Loft, A, Nielsen, R., Vihervaara, T., Madsen, J. G. S., Sysi-Aho, M.,
et al. (2015). RNA-seq and mass-spectrometry-based lipidomics reveal extensive
changes of glycerolipid pathways in Brown adipose tissue in response to cold. Cell
Rep. 13, 2000-2013. doi:10.1016/j.celrep.2015.10.069

Mefford, I. N, and Wade, E. U. (2009). Proton pump inhibitors as a treatment method
for type II diabetes. Med. Hypotheses 73, 29-32. doi:10.1016/j.mehy.2009.02.010

Mejhert, N., Kuruvilla, L., Gabriel, K. R,, Elliott, S. D., Guie, M. A., Wang, H,, et al.
(2020). Partitioning of MLX-family transcription factors to lipid droplets regulates
metabolic gene expression. Mol. Cell 77, 1251-1264. €9. doi:10.1016/j.molcel.2020.01.014

Mills, E. L., Pierce, K. A., Jedrychowski, M. P., Garrity, R., Winther, S., Vidoni, S.,
et al. (2018). Accumulation of succinate controls activation of adipose tissue
thermogenesis. Nature 560, 102-106. doi:10.1038/s41586-018-0353-2

Mirotsou, M., Dzau, V. ], Pratt, R. E., and Weinberg, E. O. (2006). Physiological
genomics of cardiac disease: Quantitative relationships between gene expression
and left ventricular hypertrophy. Physiol. Genomics 27, 86-94. doi:10.1152/
physiolgenomics.00028.2006

Mitchell, A., Chang, H-Y., Daugherty, L., Hunter, S., Lopez, R., Fraser, M., et al.
(2015). The InterPro protein families database: The classification resource after
15 years. Nucleic Acids Res. 43, D213-D221. doi:10.1093/nar/gkul243

Mitsuhashi, S., Ohkuma, A., Talim, B., Karahashi, M., Koumura, T., Aoyama, C,,
et al. (2011). A congenital muscular dystrophy with mitochondrial structural
abnormalities caused by defective De novo phosphatidylcholine biosynthesis.
Am. J. Hum. Genet. 88, 845-851. doi:10.1016/j.ajhg.2011.05.010

Modica-Napolitano, J. S., and Renshaw, P. F. (2004). Ethanolamine and
phosphoethanolamine inhibit mitochondrial function in vitro: Implications for
mitochondrial dysfunction hypothesis in depression and bipolar disorder. Biol.
Psychiatry 55, 273-277. doi:10.1016/s0006-3223(03)00784-4

Nagashima, T., Oikawa, S., Hirayama, Y., Sekikawa, A., Tokita, Y., Ishigaki, Y.,
et al. (2002). Increase of serum phosphatidylcholine hydroperoxide dependent on
glycemic control in type 2 diabetic patients. Diabetes Res. Clin. Pract. 56, 19-25.
doi:10.1016/s0168-8227(01)00353-9

Nishimoto, Y., and Tamori, Y. (2017). CIDE family-mediated unique lipid
droplet morphology in white adipose tissue and Brown adipose tissue
determines the adipocyte energy metabolism. J. Atheroscler. Thromb. 24,
989-998. doi:10.5551/jat.RV17011

Notredame, C., Higgins, D. G., and Heringa, J. (2000). T-coffee: A novel method
for fast and accurate multiple sequence alignment. J. Mol. Biol. 302, 205-217. doi:10.
1006/jmbi.2000.4042

Oelkrug, R,, Kutschke, M., Meyer, C. W., Heldmaier, G., and Jastroch, M. (2010).
Uncoupling protein 1 decreases superoxide production in Brown adipose tissue
mitochondria. J. Biol. Chem. 285, 21961-21968. doi:10.1074/jbc.M110.122861

Onono, F. O, and Morris, A. J. (2020). “Phospholipase D and choline
metabolism,” in Lipid signaling in human diseases. Editors J. Gomez-
Cambronero and M. A. Frohman (Cham: Springer International Publishing).

Packard, C.J., Boren, J., and Taskinen, M-R. (2020). Causes and consequences of
hypertriglyceridemia. Front. Endocrinol. (Lausanne) 11, 252. doi:10.3389/fendo.
2020.00252

Palomino-Schitzlein, M., Mayneris-Perxachs, J., Caballano-Infantes, V.,
Rodriguez, M. A., Palomo-Buitrago, M-E., Xiao, X,, et al. (2020). Combining
metabolic profiling of plasma and faeces as a fingerprint of insulin resistance in
obesity. Clin. Nutr. 39, 2292-2300. doi:10.1016/j.cInu.2019.10.022

Park, Y. S, Huang, Y., Park, Y. J., David, A. E., White, L., He, H,, et al. (2010).
Specific down regulation of 3T3-L1 adipocyte differentiation by cell-permeable
antisense HIFlalpha-oligonucleotide. J. Control. Release 144, 82-90. doi:10.1016/j.
jeonrel.2010.01.026

Patel, D., and Witt, S. N. (2017). Ethanolamine and phosphatidylethanolamine:
Partners in health and disease. Oxid. Med. Cell. Longev. 2017, 4829180. doi:10.1155/
2017/4829180

Frontiers in Physiology

10.3389/fphys.2022.935195

Pernes, G., Morgan, P. K., Huynh, K., Mellett, N. A., Meikle, P. J., Murphy, A. J.,
etal. (2021). Characterization of the circulating and tissue-specific alterations to the
lipidome in response to moderate and major cold stress in mice. Am. J. Physiol.
Regul. Integr. Comp. Physiol. 320, R95-R104. doi:10.1152/ajpregu.00112.2020

Perona, J. S. (2017). Membrane lipid alterations in the metabolic syndrome and
the role of dietary oils. Biochim. Biophys. Acta. Biomembr. 1859, 1690-1703. doi:10.
1016/j.bbamem.2017.04.015

Petkevicius, K., Virtue, S., Bidault, G., Jenkins, B., Cubuk, C., Morgantini, C., et al.
(2019). Accelerated phosphatidylcholine turnover in macrophages promotes
adipose tissue inflammation in obesity. Elife 8, €47990. doi:10.7554/eLife.47990

Petrosino, M., Novak, L., Pasquo, A., Capriotti, E., Chiaraluce, R., Turina, P., et al.
(2021). Analysis and interpretation of the impact of missense variants in cancer. Int.
J. Mol. Sci. 22, 5416. doi:10.3390/ijms22115416

Polianskyte-Prause, Z., Tolvanen, T. A., Lindfors, S., Kon, K., Hautala, L. C,,
Wang, H., et al. (2022). Ebselen enhances insulin sensitivity and decreases oxidative
stress by inhibiting SHIP2 and protects from inflammation in diabetic mice. Int.
J. Biol. Sci. 18, 1852-1864. doi:10.7150/ijbs.66314

Robblee, M. M., Kim, C. C., Abate, J. P., Valdearcos, M., Sandlund, K. L. M.,
Shenoy, M. K., et al. (2016). Saturated fatty acids engage an IREla-dependent
pathway to activate the NLRP3 inflammasome in myeloid cells. Cell Rep. 14,
2611-2623. doi:10.1016/j.celrep.2016.02.053

Roberts, S., Narisawa, S., Harmey, D., Millan, J. L., and Farquharson, C. (2007).
Functional involvement of PHOSPHOI1 in matrix vesicle-mediated skeletal
mineralization. J. Bone Min. Res. 22, 617-627. doi:10.1359/jbmr.070108

Roberts, S. J., Owen, H. C., and Farquharson, C. (2008). Identification of a novel
splice variant of the haloacid dehalogenase: PHOSPHOL. Biochem. Biophys. Res.
Commun. 371, 872-876. doi:10.1016/j.bbrc.2008.04.163

Roberts, S. J., Stewart, A. J., Sadler, P. J., and Farquharson, C. (2004). Human
PHOSPHOL1 exhibits high specific phosphoethanolamine and phosphocholine
phosphatase activities. Biochem. J. 382, 59-65. doi:10.1042/bj20040511

Sanchez-Gurmaches, J., Tang, Y., Jespersen, N. Z., Wallace, M., Martinez
Calejman, C., Gujja, S., et al. (2018). Brown fat AKT2 is a cold-induced kinase
that stimulates ChREBP-mediated De novo lipogenesis to optimize fuel storage and
thermogenesis. Cell Metab. 27, 195-209. e6. doi:10.1016/j.cmet.2017.10.008

Sanchez-Lopez, E.,, Zhong, Z., Stubelius, A., Sweeney, S. R, Booshehri, L. M., Antonucci,
L, et al. (2019). Choline uptake and metabolism modulate macrophage IL-1p and IL-18
production. Cell Metab. 29, 1350-1362. €7. doi:10.1016/j.cmet.2019.03.011

Sayols-Baixeras, S., Subirana, I., Lluis-Ganella, C., Civeira, F., Roquer, J., Do,
A. N, et al. (2016). Identification and validation of seven new loci showing
differential DNA methylation related to serum lipid profile: An epigenome-
wide approach. The REGICOR study. Hum. Mol. Genet. 25, 4556-4565. doi:10.
1093/hmg/ddw285

Schenkel, L. C,, Sivanesan, S., Zhang, J., Wuyts, B, Taylor, A., Verbrugghe, A.,
et al. (2015). Choline supplementation restores substrate balance and alleviates
complications of Pcyt2 deficiency. J. Nutr. Biochem. 26, 1221-1234. doi:10.1016/j.
jnutbio.2015.05.014

Schuler, M. H., Di Bartolomeo, F., Béttinger, L., Horvath, S. E., Wenz, L. S., Daum,
G, et al. (2015). Phosphatidylcholine affects the role of the sorting and assembly
machinery in the biogenesis of mitochondrial B-barrel proteins. J. Biol. Chem. 290,
26523-26532. doi:10.1074/jbc.M115.687921

Seifried, A., Schultz, J., and Gohla, A. (2013). Human HAD phosphatases:
Structure, mechanism, and roles in health and disease. Febs J. 280, 549-571.
doi:10.1111/j.1742-4658.2012.08633.x

Sher, R. B., Aoyama, C., Huebsch, K. A, Ji, S., Kerner, ], Yang, Y., et al. (2006). A
rostrocaudal muscular dystrophy caused by a defect in choline kinase beta, the first
enzyme in phosphatidylcholine biosynthesis. J. Biol. Chem. 281, 4938-4948. doi:10.
1074/jbc.M512578200

Singh, R. K., Fullerton, M. D., Vine, D., and Bakovic, M. (2012). Mechanism of
hypertriglyceridemia in CTP:phosphoethanolamine cytidylyltransferase-deficient
mice. J. Lipid Res. 53, 1811-1822. doi:10.1194/jlr.M021881

Sinnott-Armstrong, N., Tanigawa, Y., Amar, D., Mars, N., Benner, C., Aguirre,
M., etal. (2021). Genetics of 35 blood and urine biomarkers in the UK Biobank. Nat.
Genet. 53, 185-194. doi:10.1038/s41588-020-00757-z

Skorupa, A., Ponski, M., Ciszek, M., Cichon, B., Klimek, M., Witek, A., et al.
(2021). Grading of endometrial cancer using 1H HR-MAS NMR-based
metabolomics. Sci. Rep. 11, 18160. doi:10.1038/s41598-021-97505-y

Steri, M., Idda, M. L., Whalen, M. B,, and Orru, V. (2018). Genetic variants in mRNA
untranslated regions. Wiley Interdiscip. Rev. RNA 9, e1474. doi:10.1002/wrna.1474

Stewart, A. J., Schmid, R, Blindauer, C. A, Paisey, S. J., and Farquharson, C.
(2003). Comparative modelling of human PHOSPHOI reveals a new group of
phosphatases within the haloacid dehalogenase superfamily. Protein Eng. 16,
889-895. doi:10.1093/protein/gzgl26

frontiersin.org


https://doi.org/10.1038/s41401-019-0228-6
https://doi.org/10.1038/s41598-017-03108-x
https://doi.org/10.1016/j.celrep.2018.06.073
https://doi.org/10.1016/j.celrep.2018.06.073
https://doi.org/10.1128/MCB.01344-13
https://doi.org/10.1016/j.celrep.2015.10.069
https://doi.org/10.1016/j.mehy.2009.02.010
https://doi.org/10.1016/j.molcel.2020.01.014
https://doi.org/10.1038/s41586-018-0353-2
https://doi.org/10.1152/physiolgenomics.00028.2006
https://doi.org/10.1152/physiolgenomics.00028.2006
https://doi.org/10.1093/nar/gku1243
https://doi.org/10.1016/j.ajhg.2011.05.010
https://doi.org/10.1016/s0006-3223(03)00784-4
https://doi.org/10.1016/s0168-8227(01)00353-9
https://doi.org/10.5551/jat.RV17011
https://doi.org/10.1006/jmbi.2000.4042
https://doi.org/10.1006/jmbi.2000.4042
https://doi.org/10.1074/jbc.M110.122861
https://doi.org/10.3389/fendo.2020.00252
https://doi.org/10.3389/fendo.2020.00252
https://doi.org/10.1016/j.clnu.2019.10.022
https://doi.org/10.1016/j.jconrel.2010.01.026
https://doi.org/10.1016/j.jconrel.2010.01.026
https://doi.org/10.1155/2017/4829180
https://doi.org/10.1155/2017/4829180
https://doi.org/10.1152/ajpregu.00112.2020
https://doi.org/10.1016/j.bbamem.2017.04.015
https://doi.org/10.1016/j.bbamem.2017.04.015
https://doi.org/10.7554/eLife.47990
https://doi.org/10.3390/ijms22115416
https://doi.org/10.7150/ijbs.66314
https://doi.org/10.1016/j.celrep.2016.02.053
https://doi.org/10.1359/jbmr.070108
https://doi.org/10.1016/j.bbrc.2008.04.163
https://doi.org/10.1042/bj20040511
https://doi.org/10.1016/j.cmet.2017.10.008
https://doi.org/10.1016/j.cmet.2019.03.011
https://doi.org/10.1093/hmg/ddw285
https://doi.org/10.1093/hmg/ddw285
https://doi.org/10.1016/j.jnutbio.2015.05.014
https://doi.org/10.1016/j.jnutbio.2015.05.014
https://doi.org/10.1074/jbc.M115.687921
https://doi.org/10.1111/j.1742-4658.2012.08633.x
https://doi.org/10.1074/jbc.M512578200
https://doi.org/10.1074/jbc.M512578200
https://doi.org/10.1194/jlr.M021881
https://doi.org/10.1038/s41588-020-00757-z
https://doi.org/10.1038/s41598-021-97505-y
https://doi.org/10.1002/wrna.1474
https://doi.org/10.1093/protein/gzg126
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.935195

Liu et al.

Suchacki, K. J., Morton, N. M., Vary, C., Huesa, C., Yadav, M. C,, Thomas, B. J.,
et al. (2020). PHOSPHOL is a skeletal regulator of insulin resistance and obesity.
BMC Biol. 18, 149. doi:10.1186/s12915-020-00880-7

Sun, X.,, Seidman, J. S., Zhao, P., Spann, N. J., Troutman, T. D., Que, X,, et al.
(2020). Neutralization of oxidized phospholipids ameliorates non-alcoholic
steatohepatitis. Cell Metab. 31, 189-206. e8. doi:10.1016/j.cmet.2019.10.014

Swamy, V., Setty, R. S., Shankaraiah, M. M, Jyothi, T., and Rajendra, S. (2010). A
study on drug-drug interaction of esomeprazole and anti-diabetic drugs. J. Young
Pharm. 2, 424-427. doi:10.4103/0975-1483.71624

Tangvarasittichai, S. (2015). Oxidative stress, insulin resistance, dyslipidemia and
type 2 diabetes mellitus. World J. Diabetes 6, 456-480. doi:10.4239/wjd.v6.i3.456

Tannert, M., May, A,, Ditfe, D., Balcke, S., Berger, S., Tissier, A., et al. (2018). Pi
starvation-dependent  regulation ~ of  ethanolamine  metabolism by
phosphoethanolamine phosphatase PECP1 in Arabidopsis roots. J. Exp. Bot. 69,
467-481. doi:10.1093/jxb/erx408

Taylor, A., Schenkel, L. C., Yokich, M., and Bakovic, M. (2017). Adaptations to
excess choline in insulin resistant and Pcyt2 deficient skeletal muscle. Biochem. Cell
Biol. 95, 223-231. doi:10.1139/bcb-2016-0105

Testerink, N., Van Der Sanden, M. H. M., Houweling, M., Helms, J. B., and
Vaandrager, A. B. (2009). Depletion of phosphatidylcholine affects endoplasmic
reticulum morphology and protein traffic at the Golgi complex. J. Lipid Res. 50,
2182-2192. doi:10.1194/jlr.M800660-JLR200

Troshin, P. V., Procter, J. C., and Barton, G.J. (2011). Java bioinformatics analysis
web services for multiple sequence alignment—JABAWS:MSA. Bioinformatics 27,
2001-2002. doi:10.1093/bioinformatics/btr304

Tseng, C-C.,, Wong, M-C, Liao, W-T., Chen, C. ], Lee, S. C, Yen, J. H, et al. (2021).
Genetic variants in transcription factor binding sites in humans: Triggered by natural
selection and triggers of diseases. Int. J. Mol. Sci. 22, 4187. doi:10.3390/ijms22084187

Turunen, M., Olsson, J., and Dallner, G. (2004). Metabolism and function of coenzyme
Q. Biochim. Biophys. Acta 1660, 171-199. doi:10.1016/j.bbamem.2003.11.012

Van Der Veen, J. N, Kennelly, J. P, Wan, S., Vance, D. E.,, and Jacobs, R. L.
(2017). The critical role of phosphatidylcholine and phosphatidylethanolamine
metabolism in health and disease. Biochim. Biophys. Acta. Biomembr. 1859,
1558-1572. doi:10.1016/j.bbamem.2017.04.006

Van Der Veen, J. N, Lingrell, S., Da Silva, R. P., Jacobs, R. L., and Vance, D. E.
(2014). The concentration of phosphatidylethanolamine in mitochondria can
modulate ATP production and glucose metabolism in mice. Diabetes 63,
2620-2630. doi:10.2337/db13-0993

Van Meer, G., and De Kroon, A. I. P. M. (2011). Lipid map of the mammalian cell.
J. Cell Sci. 124, 5-8. doi:10.1242/jcs.071233

Vance, J. E. (1990). Phospholipid synthesis in a membrane fraction associated with
mitochondria. J. Biol. Chem. 265, 7248-7256. doi:10.1016/S0021-9258(19)39106-9

Wan, S., Van Der Veen, N. ], Bakala N’goma, J-C., Nelson, R. C,, Vance, D. E,,
and Jacobs, R. L. (2019). Hepatic PEMT activity mediates liver health, weight gain,
and insulin resistance. Faseb J. 33, 10986-10995. doi:10.1096/fj.201900679R

Wang, H,, Liu, D., Song, P., Jiang, F., Chi, X, and Zhang, T. (2021). Exposure to
hypoxia causes stress erythropoiesis and downregulates immune response genes in
spleen of mice. BMC Genomics 22, 413. doi:10.1186/s12864-021-07731-x

Wang, Q., Kangas, A. J., Soininen, P., Tiainen, M., Tynkkynen, T., Puukka, K.,
et al. (2015). Sex hormone-binding globulin associations with circulating lipids and
metabolites and the risk for type 2 diabetes: Observational and causal effect
estimates. Int. J. Epidemiol. 44, 623-637. doi:10.1093/ije/dyv093

Frontiers in Physiology

14

10.3389/fphys.2022.935195

Wang, W., Kim, R, Jancarik, J., Yokota, H., and Kim, S. H. (2001). Crystal
structure of phosphoserine phosphatase from Methanococcus jannaschii, a
hyperthermophile, at 1.8 A resolution. Structure 9, 65-71. doi:10.1016/s0969-
2126(00)00558-x

Wang, X,, Yun, J-W., and Lei, X. G. (2014). Glutathione peroxidase mimic ebselen
improves glucose-stimulated insulin secretion in murine islets. Antioxid. Redox
Signal. 20, 191-203. doi:10.1089/ars.2013.5361

Wang, Z., Yao, T., Pini, M., Zhou, Z., Song, Z., and Fantuzzi, G. (2010).
Betaine improved adipose tissue function in mice fed a high-fat diet: A
mechanism for hepatoprotective effect of betaine in nonalcoholic fatty liver
disease. Am. J. Physiol. Gastrointest. Liver Physiol. 298, G634-G642. doi:10.
1152/jpgi.00249.2009

Wang-Sattler, R., Yu, Z.,, Herder, C., Messias, A. C., Floegel, A, He, Y., et al.
(2012). Novel biomarkers for pre-diabetes identified by metabolomics. Mol. Syst.
Biol. 8, 615. doi:10.1038/msb.2012.43

Warden, C. H., and Friedkin, M. (1985). Regulation of choline kinase activity and
phosphatidylcholine biosynthesis by mitogenic growth factors in 3T3 fibroblasts.
J. Biol. Chem. 260, 6006-6011. doi:10.1016/s0021-9258(18)88929-3

Wu, G., Zhang, V., Li, T., Lopaschuk, G., Vance, D. E., and Jacobs, R. L. (2012).
Choline deficiency attenuates body weight gain and improves glucose tolerance in
ob/ob mice. J. Obes. 2012, 319172. doi:10.1155/2012/319172

Wu, L. N. Y, Genge, B. R, Kang, M. W., Arsenault, A. L., and Wuthier, R. E.
(2002). Changes in phospholipid extractability and composition accompany
mineralization of chicken growth plate cartilage matrix vesicles. J. Biol. Chem.
277, 5126-5133. doi:10.1074/jbc.M107899200

Wu, Y., Duan, H,, Tian, X,, Xu, C., Wang, W,, Jiang, W, et al. (2018). Genetics of
obesity traits: A bivariate genome-wide association analysis. Front. Genet. 9, 179.
doi:10.3389/fgene.2018.00179

Xu, Z., You, W., Zhou, Y., Chen, W., Wang, Y., and Shan, T. (2019). Cold-induced
lipid dynamics and transcriptional programs in white adipose tissue. BMC Biol. 17,
74. doi:10.1186/s12915-019-0693-x

Yoo, W., Zieba, J. K., Foegeding, N. J., Torres, T. P., Shelton, C. D., Shealy, N. G,,
et al. (2021). High-fat diet-induced colonocyte dysfunction escalates microbiota-
derived trimethylamine N-oxide. Science 373, 813-818. doi:10.1126/science.aba3683

Yousf, S, Sardesai, D. M., Mathew, A. B., Khandelwal, R, Acharya, J. D., Sharma,
S., et al. (2019). Metabolic signatures suggest o-phosphocholine to UDP-N-
acetylglucosamine ratio as a potential biomarker for high-glucose and/or
palmitate exposure in pancreatic (-cells. Metabolomics 15, 55. doi:10.1007/
s11306-019-1516-3

Zhang, W., Hietakangas, V., Wee, S., Lim, S. C., Gunaratne, J., and Cohen, S. M.
(2013). ER stress potentiates insulin resistance through PERK-mediated FOXO
phosphorylation. Genes Dev. 27, 441-449. doi:10.1101/gad.201731.112

Zhao, G., He, F, Wu, C, Li, P, Li, N, Deng, ], et al. (2018). Betaine in
inflammation: Mechanistic aspects and applications. Front. Immunol. 9, 1070.
doi:10.3389/fimmu.2018.01070

Zhou, J., Xiong, X., Wang, K., Zou, L, Lv, D.,, and Yin, Y. (2017).
Ethanolamine metabolism in the mammalian gastrointestinal tract:
Mechanisms, patterns, and importance. Curr. Mol. Med. 17, 92-99. doi:10.
2174/1566524017666170331161715

Zhou, J., Xiong, X., Wang, K. X,, Zou, L. J,, Ji, P, and Yin, Y. L. (2018).
Ethanolamine enhances intestinal functions by altering gut microbiome and
mucosal anti-stress capacity in weaned rats. Br. J. Nutr. 120, 241-249. doi:10.
1017/S0007114518001101

frontiersin.org


https://doi.org/10.1186/s12915-020-00880-7
https://doi.org/10.1016/j.cmet.2019.10.014
https://doi.org/10.4103/0975-1483.71624
https://doi.org/10.4239/wjd.v6.i3.456
https://doi.org/10.1093/jxb/erx408
https://doi.org/10.1139/bcb-2016-0105
https://doi.org/10.1194/jlr.M800660-JLR200
https://doi.org/10.1093/bioinformatics/btr304
https://doi.org/10.3390/ijms22084187
https://doi.org/10.1016/j.bbamem.2003.11.012
https://doi.org/10.1016/j.bbamem.2017.04.006
https://doi.org/10.2337/db13-0993
https://doi.org/10.1242/jcs.071233
https://doi.org/10.1016/S0021-9258(19)39106-9
https://doi.org/10.1096/fj.201900679R
https://doi.org/10.1186/s12864-021-07731-x
https://doi.org/10.1093/ije/dyv093
https://doi.org/10.1016/s0969-2126(00)00558-x
https://doi.org/10.1016/s0969-2126(00)00558-x
https://doi.org/10.1089/ars.2013.5361
https://doi.org/10.1152/ajpgi.00249.2009
https://doi.org/10.1152/ajpgi.00249.2009
https://doi.org/10.1038/msb.2012.43
https://doi.org/10.1016/s0021-9258(18)88929-3
https://doi.org/10.1155/2012/319172
https://doi.org/10.1074/jbc.M107899200
https://doi.org/10.3389/fgene.2018.00179
https://doi.org/10.1186/s12915-019-0693-x
https://doi.org/10.1126/science.aba3683
https://doi.org/10.1007/s11306-019-1516-3
https://doi.org/10.1007/s11306-019-1516-3
https://doi.org/10.1101/gad.201731.112
https://doi.org/10.3389/fimmu.2018.01070
https://doi.org/10.2174/1566524017666170331161715
https://doi.org/10.2174/1566524017666170331161715
https://doi.org/10.1017/S0007114518001101
https://doi.org/10.1017/S0007114518001101
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.935195

	The emerging roles of PHOSPHO1 and its regulated phospholipid homeostasis in metabolic disorders
	Introduction
	Conservation of the PHOSPHO1 gene
	The deoxyribonucleic acid and protein structures of PHOSPHO1
	Regulatory mechanisms of the PHOSPHO1 gene
	The function of PHOSPHO1 in energy metabolism
	Potential role of PHOSPHO1 inhibitors in treating metabolic disorders

	PHOSPHO1-regulated phospholipid metabolism in mammalian metabolic disorders
	Metabolism and function of phosphocholine
	Metabolism and function of choline
	Metabolism and function of ethanolamine and phosphoethanolamine
	Metabolism and function of betaine
	Metabolism and function of phosphatidylserine
	Metabolism and function of phosphatidylethanolamine
	The balanced ratio of phosphatidylserine and phosphatidylethanolamine plays an essential role in energy metabolism
	Effects of knocking down phospholipid-related enzymes on lipid droplet parameters in human THP-1 macrophages

	Summary and outlook
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


