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Integrative phosphatidylcholine metabolism through
phospholipase A, in rats with chronic kidney disease

Yan-ni Wang'?, Zhi-hao Zhang? Hong-jiao Liu?, Zhi-yuan Guo?, Liang Zou*, Ya-mei Zhang® and Ying-yong Zhao'>>

Dysregulation in lipid metabolism is the leading cause of chronic kidney disease (CKD) and also the important risk factors for high
morbidity and mortality. Although lipid abnormalities were identified in CKD, integral metabolic pathways for specific individual
lipid species remain to be clarified. We conducted ultra-high-performance liquid chromatography-high-definition mass

spectrometry-based lipidomics and identified plasma lipid species and therapeutic effects of Rheum officinale in CKD rats. Adenine-
induced CKD rats were administered Rheum officinale. Urine, blood and kidney tissues were collected for analyses. We showed that
exogenous adenine consumption led to declining kidney function in rats. Compared with control rats, a panel of differential plasma
lipid species in CKD rats was identified in both positive and negative ion modes. Among the 50 lipid species, phosphatidylcholine

(PC), lysophosphatidylcholine (LysoPC) and lysophosphatidic acid (LysoPA) accounted for the largest number of identified
metabolites. We revealed that six PCs had integral metabolic pathways, in which PC was hydrolysed into LysoPC, and then
converted to LysoPA, which was associated with increased cytosolic phospholipase A, protein expression in CKD rats. The lower
levels of six PCs and their corresponding metabolites could discriminate CKD rats from control rats. Receiver operating
characteristic curves showed that each individual lipid species had high values of area under curve, sensitivity and specificity.
Administration of Rheum officinale significantly improved impaired kidney function and aberrant PC metabolism in CKD rats. Taken
together, this study demonstrates that CKD leads to PC metabolism disorders and that the dysregulation of PC metabolism is

involved in CKD pathology.
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INTRODUCTION
Chronic kidney injury contributes to renal dysfunction and high
patient morbidity in a myriad of clinical settings ranging from
chronic kidney insufficiency to end-stage renal disease (ESRD) or
kidney transplantation [1-3]. Renal injury leads to various
extracellular and intracellular disorders, including alterations in
kidney haemodynamics and tubular epithelial cell injury as well as
the activation of signalling molecules such as the renin-
angiotensin system, transforming growth factor-f1 (TGF-f1),
Whnt, aryl hydrocarbon receptor, and lipid metabolism [4-8].
Recent studies have implicated lipid metabolism dysregulation
in chronic kidney disease (CKD) [9]. Lipids, which account for over
70% of endogenous metabolites, are a major component in
plasma. Lipids are diverse and abundant metabolites that play
important cellular and biological roles, including composing
membrane bilayers, mediating signal transduction, and generat-
ing functional implementations of membrane proteins and their
potential interactions [10]. Circulating lipids mainly consist of
glycerolipids, glycerophospholipids, phosphatidylcholines (PCs),
lysophosphatidylcholines (LysoPCs) and sterol lipids transported
by lipoproteins or albumin. Previously, lipid analysis in CKD

hindered the determination of the alterations of a limited number
of lipids, including triglycerides, total cholesterol, high-density
lipoprotein cholesterol and low-density lipoprotein cholesterol,
with contradictory findings in the relationship between CKD and
dyslipidaemia [11, 12]. Owing to the limited methods, the effect of
CKD on various intraclass alterations of these lipid classes and the
changes in other classes of lipids on CKD remains enigmatic.
Recently, advanced lipidomics has provided characteristic lipid
signatures and revealed biochemical mechanisms in a variety of
diseases, including CKD [13]. Several studies have demonstrated
that changes in lipid levels can classify patients in the early and
advanced stages of disease, such as chronic kidney insufficiency
and ESRD [8, 14, 15]. Our previous work and that of others
suggested that PC and LysoPC were among the most abundant
circulating phospholipids in patients with CKD in addition to
polyunsaturated fatty acids [14-16]. These findings provide proof-
of-principle of the clinical applicability of these candidate
biomarkers for risk prediction.

Despite convincing evidence of their biological importance, to
our knowledge, there has been no systematic study aimed at
identifying the metabolic pathways of individual lipid species in
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CKD. Extensive studies have demonstrated that phospholipase A,
(PLA,) catalyses the hydrolysis of acyl ester bonds at the sn-2
position of phospholipids and produces active metabolites,
including lysophospholipids and arachidonic acid (AA), that alter
various cell functions [17, 18]. This activity releases mainly
cis-unsaturated fatty acids and the corresponding lysophospholi-
pids in mammalian cells. Increasing enzyme activity leads to
membrane phospholipid turnover and alters membrane fluidity
and has been demonstrated to be the rate-limiting step for AA
mobilization to trigger the eicosanoid cascade [19]. Two major
classes of PLA, have an important effect on human cells and
tissues [20]. Cytosolic PLA, (cPLA,) is cardinal candidate for the
regulation of PC metabolism [21], and cPLA; is activated in renal
injury [22, 23]. Interestingly, adenine provokes an imbalance
between lipid synthesis and decomposition, and adenine-induced
CKD in rats causes metabolic abnormalities similar to human
kidney disease in clinical settings [24]. Using a rat model of CKD
induced by adenine, this study comprehensively identified
metabolic pathways of individual plasma lipid species to reveal
CKD-associated biochemical mechanisms using ultra-high-
performance liquid chromatography-high-definition mass spectro-
metry (UPLC-HDMS), which is considered to be suitable for lipid
profiling, especially large-scale unbiased lipid profiling in terms of
its selectivity, reproducibility and sensitivity [25]. In addition, we
investigated the intervening effects of Rheum officinale on
individual lipid species within the identified metabolic pathways.

MATERIALS AND METHODS

Reagents and chemicals

Adenine was obtained from Sigma Chemical Company (St. Louis,
Missouri, USA). Acetonitrile was obtained from Baker Company
(Phillipsburg, New Jersey, USA). All other reagents were of
analytical grade, and their purity was above 99.5%. Primary
antibodies, including those for alpha-smooth muscle actin
(a-SMA), collagen |, fibronectin and cPLA,, were obtained from
Abcam Company (Cambridge, United Kingdom). The goat anti-
rabbit secondary antibody was obtained from Abbkine Scientific
Company (California, USA). The method of ethyl acetate
extraction (EAA) for R. officinale is presented in a previous
publication [26].

Animal experiment and sample collection

Male Sprague-Dawley rats were obtained from the Central
Animal Breeding House of Xi'an Jiaotong University (Xi‘an,
China). The rats (initially weighing 190-210 g) were maintained
with free access to water under standard conditions with a
standard rodent diet and housed in a humidity-controlled room
(approximately 60%) and temperature (approximately 23 °C)
with a 12 h light/dark cycle. The rat CKD model was induced by
adenine as described previously [27]. Rats were randomly
divided into control, CKD, EAA-treated control, EAA-treated
CKD and uraemic clearance granule-treated CKD groups
(n=8/group). The CKD rats were given a dose of 200 mg/kg
body weight adenine dissolved in 1% (w/v) gum acacia solution
by oral gavage once a day for 3 weeks. The EAA (100, 200,
400 mg/kg) or uraemic clearance granules were given to CKD
rats by oral gavage once a day for 6 weeks. The control rats were
given an equal volume of gum acacia solution. In addition, EAA
(200 mg/kg) was administered to control rats by oral gavage
once a day for 6 weeks. In week 6, the rats were placed in
metabolic cages (1 rat/cage) to collect urine for 24 h. The rats
were anaesthetized with 60 mg/kg sodium pentobarbital by
intraperitoneal injection. Blood and kidney tissue samples were
obtained and then stored at —80°C for further analysis. All
experiments involving animals were conducted according to the
ethical policies and procedures approved by the ethics
committee of Northwest University, China.
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Clinical biochemistry parameters

Clinical features, including serum creatinine, urea, uric acid, total
cholesterol and triglyceride as well as urine creatinine, were
determined according to manufacturer guidelines by using an
Olympus AU640 automatic analyser. The creatinine clearance rate
(CCr) was calculated.

Immunohistochemical analysis

For histological analysis, paraffin-embedded rat kidney tissues
(5pum) were prepared according to a standard approach.
Immunohistochemical staining was carried out by using a
previous method [28]. The tissue sections were then incubated
overnight at 4°C with primary antibodies against a-SMA,
collagen | and fibronectin. All pathological analyses were
evaluated in ten randomly chosen nonoverlapping fields at
X400 magnification.

Western blot analysis

Total protein was extracted from kidney tissues by using RIPA
buffer, and the protein concentration was determined with a
Pierce™ BCA Protein Assay Kit (23227, Thermo Scientific, USA).
Total proteins (20-30 pg) were isolated via Tris-glycine gel and
then transferred to PVDF membranes (0.45 um). After incubation
for 2 h in 5% nonfat milk blocking buffer, the membranes were
incubated with anti-cPLA, overnight at 4°C. The membranes
were further incubated with anti-rabbit secondary antibodies
(1:8000, A21120, Abbkine, USA) at room temperature for 2 h.
Bands were visualized with enhanced chemiluminescence
reagent for Western blot analysis. The intensities of the
immunoblots were quantified by Image) software. Band
densities were normalized to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH).

Lipid extraction

Total lipids were extracted by using an Ostro 96-well plate via a
single-step in-well extraction. Plasma (100 pL) was added to each
well in a 2mL Ostro plate fitted onto a vacuum manifold. Then,
300 pL of chloroform/methanol (1/1, v/v) was added to each well
and mixed using aspiration mixing with a micropipette. The
abovementioned extraction procedure was repeated two times.
The extracts were dried under nitrogen and reconstituted in
200 pL of chloroform/methanol (1:1, v/v) for UPLC-HDMS analysis.

Lipid species detected by UPLC-HDMS

The plasma extracts were analysed on a Waters Acquity™ Ultra
Performance LC system (Waters Corporation, Milford, MA, USA)
equipped with a Waters Xevo™ G2 QTof mass spectrometer
(Waters MS Technologies, Manchester, UK). Chromatographic
separation was performed at 45 °C with an ACQUITY UPLC HSS
T3 column (2.1 mm x 100 mm, 1.8 um). A gradient procedure was
used with 10 MM ammonium formate in 2-propanol/acetonitrile
(90/10) in 0.1% formic acid (A) and 10 MM ammonium formate in
ACN/H,O (60/40) in 0.1% formic acid (B) as follows: a linear
gradient of 0-10min, 40.0%-99.0% A and 10.0-12.0 min,
99.0%-40.0% A. The flow rate was 0.5 mL/min. The temperatures
of the autosampler and chromatographic column were main-
tained at 4 °C and 55 °C, respectively. Two microlitres of solution
was injected into the UPLC-HDMS system.

The raw mass spectrometry data were collected by using a
quadrupole time-of-flight synapt high-definition mass spectro-
meter. The scan range was from 50 to 1200 m/z in both positive
and negative ion modes. The cone and capillary voltages were set
at 45V and 2.5 kV, respectively. The flow rate of the desolvation
gas was set at 900 L/h at a temperature of 550 °C. The flow rate of
the cone gas was set at 50 L/h, and the source temperature was
120°C. The data acquisition rate was set to 0.1s with a 0.1s
interscan delay. All analyses were obtained by using lockspray to
ensure accuracy and reproducibility. All acquisition data were

Acta Pharmacologica Sinica (2023) 44:393 - 405



analysed by Prognosis QI and MarkerLynx XS (Waters Corporation,
MA, USA).

Lipid identification

Lipid species were identified by combining accurate MS, isotopic
pattern and MSE fragment information in both positive and
negative ion modes obtained from UPLC-HDMS analysis with several
databases (HMDB (http://www.hmdb.ca/), MASSBANK (http://
www.massbank.jp), Chemspider (http://www.chemspider.com/) and
KEGG (http://www.kegg.com/)) following previous identification
approaches applied by our group and others [27-31].

Pattern recognition analysis and data processing

Fold change (FC) was calculated according to the mean ratios for
the CKD/control groups. Chemometrics analysis, including princi-
pal component analysis (PCA) and orthogonal partial least square-
discriminant analysis (OPLS-DA), and hierarchical clustering
analysis, including heatmap and dendrogram, were performed
by using MetaboAnalyst software (version 5.0). Pathway was
performed on metabolomics pathway analysis. The metabolic
pathways in CKD were analysed with a quantitative enrichment
analysis algorithm from Lipid Maps.

Receiver operating characteristic (ROC) curve

A partial least square-discriminant analysis (PLS-DA)-based ROC
curve was performed to analyse the predictive performance of the
selected lipid species. The values of area under the curve (AUC),
sensitivity, specificity and 95% confidence interval (Cl) were
calculated by using SPSS software version 25 (SPSS Inc. IBM, USA).

Statistical analysis

All statistical analyses were performed by using GraphPad Prism v
6.0 and SPSS software. The number of replicates was eight groups
for each dataset, and the results are expressed as the mean + SEM.
Comparisons between two groups were analysed by either
unpaired two-tailed Student’s t test or two-tailed Mann-Whitney
U test. The results in the different experimental groups with more
than two groups were compared by using one-way analysis of
variance (ANOVA) followed by Dunnett’s post-hoc test. P < 0.05
was considered to indicate a significant difference.

RESULTS

Adenine leads to renal function decline

The final metabolite of adenine is uric acid. Under normal
physiological conditions, the levels of adenine are very low in the
blood and urine. When adenine is present in excess, adenine can
be oxidized to 2,8-dihydroxyadenine via the intermediate
8-hydroxyadenine through the action of xanthine dehydrogenase
[32, 33]. These metabolites are excreted to urine. However, 2,8-
dihydroxyadenine has very low solubility and precipitates in renal
tubules [32]. Figure 1a shows a lowered CCr in rats induced by
adenine, indicating that adenine leads to renal damage and a
decline in renal function.

Multivariate analysis and identification of important differential
lipid species

UPLC-HDMS was used to obtain lipid profiles in both positive and
negative ion modes. Initially, features were selected according to a
value of P<0.05. Fig. 2b shows the distribution of statistical
significance by the log2 mean fold change of the features in CKD
versus control rats. A total of 710 and 89 features from plasma
samples had P values less than 0.05 in positive ion mode and
negative ion mode, respectively (Fig. 1b). The OPLS-DA score plots
showed that 710 and 89 features could both discriminate CKD rats
from control rats (Fig. 1c, d). After excluding xenobiotics and
different fragment ions with the same identified lipid species, 44
and 6 lipid species were identified based on our previously
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published approaches in positive ion mode and negative ion
mode, respectively (Table 1) [28]. The lipids were mainly classified
as PC, lysophosphatidic acid (LysoPA), LysoPC, triacylglycerol (TG),
phosphatidic acid (PA), lysophosphatidylethanolamine (LysoPE),
phosphatidylethanolamine (PE), diacylglycerol (DG) and mono-
acylglycerol (MG) (Fig. 1e). The levels of the total lipids remained
essentially unaltered in CKD rats compared with control rats
(Fig. 1f). The levels of total PC, LysoPC, LysoPA, DG, MG, PA and PE
were markedly decreased in CKD rats, while the levels of total TGs
and LysoPE were markedly increased in CKD rats compared with
control rats (Fig. 1f).

Hierarchical clustering analyses, including heatmap and dendro-
gram, showed that 50 lipid species exhibited very high discrimina-
tion between the CKD and control rats, with a combination of the
identified positively and negatively charged lipid species providing
the best discrimination (Fig. 2a, b), which was further demon-
strated by chemometrics analyses such as PCA and OPLS-DA
(Fig. 2¢, d). To understand the functional role of these plasma lipid
species, the KEGG metabolic library was analysed. We tested for
both the overrepresentation of changed lipid species in a pathway
based on the hypergeometric tests and the impact of altered lipid
species on the function of the pathway via changes in key junction
points of the pathway based on relative betweenness centrality.
The 82 rat pathways from KEGG are presented together to show
the most significant metabolic pathways by p value from the
hypergeometric test (indicated by the vertical axis in shades of red)
and the impact (indicated by the horizontal axis as circles with
different diameters) (Fig. 2e). The top three pathways by impact
(top one) or p value (top two) are presented, including the
following: (1) glycerophospholipid metabolism, (2) a-linolenic acid,
and (3) linoleic acid metabolism (Table 2). Alterations in these
pathways during CKD suggest that perturbation of certain central
lipid species could have an impact on multiple metabolic pathways
that are interconnected. The results revealed that glyceropho-
spholipid metabolism was the most altered pathway in CKD
induced by adenine (Fig. 2e). In addition, alterations in a-linolenic
acid and linoleic acid metabolism suggest that CKD also leads to
the dysregulation of biosynthesis of unsaturated fatty acids.
Among glycerophospholipid metabolism pathways, enrichment
analysis further demonstrated the dysregulation of glyceropho-
sphocholines as the most important changes in CKD (Fig. 2f). This
result demonstrated that adenine-induced renal injury might have
a critical effect on PC metabolism, which is consistent with the
identified lipid species (Table 1). Collectively, these findings
indicated that exogenous adenine-induced CKD leads to significant
alterations in metabolic lipid profiles and that aberrant PC
metabolism is involved in CKD.

Adenine induces an impaired PC metabolism pathway in CKD

In 50 lipid species, PC, LysoPC and LysoPA were among the 3 most
important classes of lipids that could be used for separating CKD
rats from control rats, as they had the largest number of
metabolites (Table 1 and Fig. 1e). Therefore, these lipid species
are the major altered components in the plasma of adenine-
induced CKD rats. PLA, enzymes hydrolyse the sn-2 acyl bond of
PC to release fatty acids and LysoPC. LysoPC is converted into
LysoPA by lysophospholipase D (LPLD). Here, we take PC(42:8) as
an example to illustrate the PC metabolism process (Fig. 3a).
Based on PC metabolism, a total of six PCs, including PC(42:8),
PC(38:8), PC(32:1), PC(34:1), PC(42:1) and PC(42:11), were found in
the identified lipid species (Fig. 3b). Except for significantly
increased LysoPA(18:3) levels and unaltered LysoPC(24:1) and
LysoPA(18:1) levels in CKD rats, significantly decreased levels of
individual PC and their metabolites, including LysoPC and LysoPA,
were found in CKD rats compared with control rats (Fig. 3b). To
further demonstrate whether PLA, expression is associated with
PC metabolism, we detected PLA, protein expression levels by
Western blotting. The results showed significantly increased PLA,
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Fig. 1 Adenine leads to renal function decline and altered lipid profiles in CKD rats. a Creatinine clearance rate in control and CKD rats
induced by adenine. b The geometric mean ratio of each variable in CKD rats versus control rats is presented in positive and negative ion
modes. ¢ OPLS-DA of 710 variables with P < 0.05 by using two-tailed unpaired Student’s t test between two groups in positive electrospray
ionization mode. d OPLS-DA of 89 variables with P<0.05 by using two-tailed unpaired Student’s t test between two groups in negative
electrospray ionization mode. e Dendrogram analysis based on 50 lipid species identified in positive and negative ion modes. f The levels of
total lipids and intraclass comparison of the distribution of 50 lipid species. *P < 0.05, **P < 0.01 compared with CKD rats.

protein expression levels in adenine-induced CKD rats compared Impaired PC metabolism contributes to CKD

with control rats (Fig. 3¢, d). These results demonstrate that Based on 18 lipid species, including six PCs and their metabolites,
adenine-induced CKD is accompanied by disordered PC metabo- both PCA score plots and dendrogram displays showed that CKD
lism associated with PLA, expression. rats were separated from control rats (Fig. 4a, b). The ROC curves
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Table 1. Identification of differential lipid species in serum of control and adenine-induced CKD rats.
Metabolite FC? PP P Class lon mode
LysoPA(24:1) 0.285 3.60x107* 2.00x1073 Glycerophospholipids NEG
PA(31:0) 0.214 489%x10°* 2.00x10°3 Glycerophospholipids POS
MG(13:0) 0.200 241x1073 5.00x107° Glycerolipids POS
PC(42:8) 0.641 295x1073 3.00x1073 Glycerophospholipids POS
DG(35:0) 0.641 295%x 1072 3.00x 1072 Glycerolipids POS
TG(58:1) 2018 3.62x1073 2.00x1073 Glycerolipids POS
TG(54:4) 1.897 426x1073 3.00x 1073 Glycerolipids POS
TG(58:9) 3.552 4.98x103 1.20x 1072 Glycerolipids POS
LysoPC(20:5) 0.422 569%x 102 1.60x 102 Glycerophospholipids POS
PC(38:8) 0.558 6.59x1073 6.00x 103 Glycerophospholipids POS
MG(10:0) 0.455 6.59x 1073 1.20x 1072 Glycerolipids POS
PC(40:3) 0.555 7.23x1073 1.60x 102 Glycerophospholipids POS
PA(33:2) 0.430 7.46x 1073 1.20x 102 Glycerophospholipids POS
LysoPC(18:1) 0611 7.59%x 1072 6.00x 1073 Glycerophospholipids POS
LysoPA(18:0) 0.728 7.61x10°3 2.10x1072 Glycerophospholipids POS
LysoPE(18:2) 1.522 8.58x 1073 1.60% 1072 Glycerophospholipids NEG
LysoPA(20:4) 2.013 9.40x 1073 1.20x 102 Glycerophospholipids NEG
LysoPA(18:2) 0.639 1.05% 102 1.20x 102 Glycerophospholipids POS
PE(32:4) 0.352 1.15x 1072 2.10%x 1072 Glycerophospholipids POS
LysoPE(18:1) 0.390 1.19%x 102 3.60x 102 Glycerophospholipids POS
PE(34:4) 0.443 1.46x 1072 1.60x 1072 Glycerophospholipids POS
PC(32:1) 0.471 1.54% 1072 2.10x1072 Glycerophospholipids POS
LysoPE(22:0) 2.586 1.55% 1072 3.60x 1072 Glycerophospholipids NEG
LysoPC(20:3) 0.677 1.55%x 1072 2.70x1072 Glycerophospholipids POS
LysoPA(20:5) 0.556 1.60x 102 3.60x 102 Glycerophospholipids POS
LysoPE(22:1) 0.589 1.62x 1072 2.70x1072 Glycerophospholipids POS
PE(35:4) 0.345 1.68x10 2 270x10°2 Glycerophospholipids POS
PA(42:11) 0.460 1.78x 1072 1.80x 1072 Glycerophospholipids NEG
LysoPA(20:3) 0.595 1.81x 102 1.20x 102 Glycerophospholipids POS
MG(24:1) 0.269 1.82x1072 3.60x 1072 Glycerolipids POS
LysoPC(15:0) 0.399 1.85%x 1072 9.00x1073 Glycerophospholipids POS
PC(36:8) 0.586 1.85x 1072 2.70x 1072 Glycerophospholipids POS
PE(30:2) 0273 1.94x 1072 1.20x 1072 Glycerophospholipids POS
LysoPA(18:3) 3.025 237x1072 450% 1072 Glycerophospholipids POS
Linoleic acid 0321 239x1072 5.90x1072 Fatty acyls NEG
TG(60:14) 2.282 242x1072 1.60x 1072 Glycerolipids POS
PC(35:5) 0.565 249%1072 2.70x 1072 Glycerophospholipids POS
TG(64:12) 2445 270x 1072 2.10x1072 Glycerolipids POS
DG(40:2) 0.502 277x1072 3.60x 102 Glycerolipids POS
TG(59:2) 2.057 3.03x10°2 3.60x 1072 Glycerolipids POS
PC(34:1) 0618 3.16x 1072 270x1072 Glycerophospholipids POS
PC(42:1) 0.535 355x10°2 1.60x 102 Glycerophospholipids POS
LysoPC(18:0) 0415 3.92x1072 520x1072 Glycerophospholipids POS
DG(42:8) 0.635 3.94x 1072 2.70%x 1072 Glycerolipids POS
PA(23:0) 0714 4.14%x102 460x 102 Glycerophospholipids POS
PC(42:11) 0.768 463%x1072 4.60x1072 Glycerophospholipids POS
PA(35:5) 0.762 4.78x 1072 2.70x 1072 Glycerophospholipids POS
LysoPC(18:3) 0.805 4.86x1072 3.60x 1072 Glycerophospholipids POS
LysoPC(24:1) 0.786 538x10°2 7.40x 1072 Glycerophospholipids POS
LysoPA(18:1) 0.737 1.83x10°" 3.60x 102 Glycerophospholipids POS
2FC was obtained by comparing those lipid species in CRF rats with control rats; FC with a value >1 indicated a relatively higher intensity present in CRF rats,
whereas a value <1 indicated a relatively lower intensity compared with control rats.
PP values from one-way ANOVA.
P values from Mann-Whitney U-test.
Table 2. Pathway analysis of altered plasma lipid species from CKD rats compared with control rats.
Pathway Name Match status p -log(p) Holm p FDR Impact
Glycerophospholipid metabolism 4/36 13%x10°° 5.87 1.1x107% 1.1x107% 36x107"
a-Linolenic acid metabolism 2/13 6.8x10°* 3.17 56x102 28x1072 33x107"
Linoleic acid metabolism 1/5 1.6x107° 1.78 1.0 46x107" 0.0
Glycosylphosphatidylinositol-anchor biosynthesis 114 46x102 134 1.0 87x10" 40%x10°°
Glycerolipid metabolism 1/16 52x102 1.28 1.0 87x10" 1.2x1072
Phosphatidylinositol signalling system 1/28 9.0x1072 1.05 1.0 1.0 15%x107°
Arachidonic acid metabolism 1/36 1.1%x107" 0.94 1.0 1.0 0.0
Biosynthesis of unsaturated fatty acids 1/36 1.1%x107" 0.94 1.0 1.0 0.0
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individually.

showed that the combination of the 18 lipid species had AUC
(95% ClI), sensitivity and specificity values of 0.609, 56.3% and
65.3%, respectively (Fig. 4c). Similarly, the combination of the 6
PCs, 6 LysoPCs or 6 LysoPAs had AUC values >0.600 (Fig. 4d). The
ROC curves show that each individual lipid species has high AUC
(95% Cl), sensitivity and specificity values (Fig. 4e and Table 3). The
AUC value of each individual lipid species was higher than that of
the combination of the lipid species. These results demonstrate
that individual lipid species are robust in distinguishing CKD rats

SPRINGER NATURE

from control rats. CKD might have an important effect on the
dysregulation of these lipid species.

PC metabolism might be a therapeutic target for CKD

The understanding of disease molecular mechanisms aims to
discover novel therapeutic agents and strategies. To further
demonstrate whether the restoration of the levels of 18 lipid
species from PC metabolism is related to improving kidney
function, we chose R. officinale, a well-known natural product with
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Table 3. Analysis of PLS-DA-based ROC curves of each individual PC,
LysoPC or LysoPA.

Metabolites  AUC  95%CI Sensitivity (%)  Specificity (%)
LysoPA(24:1)  0.953  0.720-1.000 75.0 100.0
PC(42:8) 0.938 0.698-0.998 100.0 87.5
LysoPC(18:1) 0.906 0.656-0.993 100.0 75.0
PC(38:8) 0.906 0.656-0.993 100.0 75.0
LysoPA(20:3) 0.875 0.617-0.984 75.0 100.0
LysoPC(20:5) 0.859 0.598-0.979 75.0 87.5
PC(42:1) 0.859 0.598-0.979 87.5 87.5
LysoPA(18:0) 0.844 0.579-0.973 75.0 100.0
PC(32:1) 0.844 0.579-0.973 100.0 62.5
LysoPC(20:3) 0.828 0.561-0.967 50.0 100.0
PC(34:1) 0.828 0.561-0.967 50.0 100.0
LysoPA(18:1) 0.813  0.544-0.960 62.5 100.0
LysoPA(20:5) 0.813  0.544-0.960 87.5 75.0
LysoPC(18:3) 0.813  0.544-0.960 62.5 100.0
LysoPA(18:3) 0.797 0.526-0.952 75.0 87.5
PC(42:11) 0.797  0.526-0.952 62.5 100.0
LysoPC(18:0) 0.789 0.518-0.948 100.0 62.5
LysoPC(24:1) 0.766  0.493-0.936 50.0 100.0

a renoprotective effect, to assess its effects on 18 lipid species in
adenine-induced CKD rats. As shown in Fig. 5a, the levels of
creatinine, urea, uric acid, total cholesterol and triglycerides in
serum were significantly increased in adenine-induced CKD rats
compared with control rats. EAA treatment significantly improved
the levels of these biochemical indexes, resulting in a significant
reduction in their levels in a dose-dependent manner. Therefore,
the 200 mg/kg EAA showed a strong intervention effect compared
with the 100 mg/kg dose of EAA, whereas the intervention effect
of the 400 mg/kg dose was similar to the intervention effect of the
200 mg/kg dose. Immunohistochemical analysis showed that
treatment with the three doses of EAA significantly ameliorated
the protein expression of collagen |, a-SMA and fibronectin and
further alleviated renal fibrosis (Fig. 5b). Therefore, the 200 mg/kg
dose of EAA was chosen as the optimal dose for further
experiments.

To further determine whether EAA has an effect on PC
metabolism, we next examined the effects of EAA on the levels
of 18 lipid species. As shown in Fig. 6a, the PCA score plot could
distinguish among the control, CKD and EAA-treated CKD groups.
It can also be seen that the EAA-treated CKD group was located
between the CKD group and the control group but much closer to
the control group, which was demonstrated by using a heatmap
and dendrogram (Fig. 6b, c). Although EAA treatment restored the
levels of 18 lipid species, the abnormal levels of five PCs, PC(42:8),
PC(38:8), PC(32:1), PC(42:1) and PC(42:11), as well as LysoPC(20:3)
and LysoPA(20:3), were also significantly reversed by EAA
treatment (Fig. 6d). These results demonstrated that EAA
treatment can improve aberrant PC metabolism, indicating that
EAA treatment has an important effect on the PC metabolic
pathway.

DISCUSSION

CKD, with increasing rates of morbidity and mortality, is associated
with a variety of risk factors, such as hypertension, hypercholes-
terolemia, obesity and smoking [34-36]. Although patients with
CKD are treated by many regimens, patients inevitably develop
ESRD and require renal replacement therapies such as dialysis and
transplantation [37-39]. Dyslipidaemia contributes to the
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increased risk of morbidity and mortality of renal diseases and
its complications, but until recently, most differentially regulated
lipid studies in CKD have mainly focused on the balance of several
lipoproteins and determined the total levels of major classes. To
test the hypothesis that molecular information of specific lipid
species would highlight novel details of lipid metabolism disorder
in CKD, we used an unbiased lipidomics search strategy that
allowed the identification of the differentially regulated lipid
species that can distinguish CKD rats from healthy controls. In this
study, the levels of total PC, LysoPC, LysoPA, DG, MG, PA and PE
were significantly decreased in CKD rats. Earlier studies have
found that compared with healthy controls, plasma levels of total
PC and/or LysoPC were significantly lower [40, 41], whereas the
levels of total PE and LysoPA were significantly increased in
haemodialysis patients [40]. The latest study reported that in CKD
patients, the levels of total PC and LysoPC tended to decrease
from CKD stages 2-3 to CKD stages 4-5 to finally ESRD maintained
on haemodialysis [15]. These findings are consistent with the
results of the current study, which showed lower plasma levels of
total PC and LysoPC in CKD rats. Associations with clinical
features have been previously demonstrated: the levels of total
PC and LysoPC were reduced with the rise in serum creatinine
levels, whereas these levels were increased with the levels of
serum albumin, calcium, phosphate and protein. More impor-
tantly, the levels of total LysoPC presented the strongest
correlations with many clinical data [15]. Michalczyk et al.
demonstrated that plasma LysoPA levels were significantly
increased in patients treated conservatively with peritoneal
dialysis and in renal transplant recipients compared with healthy
controls, whereas LysoPA levels were not different in haemodia-
lysis patients [41].

In an animal model study, Tsutsumi et al. reported lower levels
of total LysoPC and LysoPA in rats with unilateral ureteral
obstruction [42]. Mirzoyan et al. reported that LysoPA levels were
significantly increased in the urine but not the plasma of mice
with subtotal nephrectomy and were remarkably correlated with
albuminuria and tubulointerstitial fibrosis [43]. Collectively, our
current findings are consistent with previous studies reporting
significantly decreased levels of lipid classes, such as PC, LysoPC
and LysoPA, that are involved in the PC metabolic pathway in
both patients and animal models.

In the present study, we identified a total of 50 lipid species that
could distinguish between CKD and control rats. There was a
decrease in 6 PCs and their corresponding metabolites, including
6 LysoPCs and 5 LysoPAs, in CKD rats compared with control rats.
Natural products have been considered an important source for
new drugs in treating kidney diseases by targeting various
signalling pathways [44-50]. Our recent study shows that R.
officinale improves the dysregulation of these lipid species in
adenine-induced CKD rats. PC, LysoPC and LysoPA are important
bioactive components that have a variety of biological functions,
such as cell survival, proliferation, apoptosis and cytoskeletal
construction, in various diseases, including CKD [51-53]. An
increasing number of publications suggested that the dysregula-
tion of PC, LysoPC and LysoPA is implicated in CKD
[14, 15, 41, 52, 54]. Structurally, PCs are composed of a wide
range of fatty acyl chains that change in length and double bond
position. PCs are typically composed of a saturated fatty acyl chain
at the sn-1 position and a polyunsaturated fatty acid at the sn-2
position [51]. PC is the most abundant phospholipid and accounts
for 40%-50% of total cellular phospholipids in all mammals [51].
In mammalian cells, two pathways synthesize PCs de novo.
The major pathway is the cytidine diphosphate-choline pathway
in all nucleated cells [53]. This pathway requires choline
and includes 3 enzyme catalytic steps for PC synthesis [53, 55].
PC can also be synthesized in a second pathway through three
sequential methylations of PE via phosphatidylethanolamine
N-methyltransferase [55]. Therefore, pathways with impaired PC
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synthesis or metabolism might be associated with lower PC levels
in CKD [56].

Several previous studies have demonstrated lower PC and/or
LysoPC levels in patients at different stages of CKD and/or
haemodialysis [14-16, 57, 58]. Our previous study showed lower
levels of PC(36:0), PC(44:3), PC(48:0) and LysoPC(14:0) in CKD
patients than in healthy controls, whereas the levels of PC(40:2),
PC(46:0), LysoPC(18:2), LysoPC(20:4) and LysoPC(24:1) were
increased [59]. Our previous study further demonstrated signifi-
cantly increased LysoPA(18:2) levels in CKD patients and two
animal models, including adenine- and 5/6 nephrectomized-
induced CKD rats, while LysoPA(16:0) levels were significantly
increased in adenine-induced CKD rats [60]. Several previous

SPRINGER NATURE

studies have demonstrated the dysregulation of PC metabolism in
diabetic kidney disease [52]. Grove et al. reported increased
LysoPC(18:0) and LysoPA(18:0) levels in the kidney tissues of
eNOS™ db/db mice [61]. In addition, another study demonstrated
no change in PC and LysoPC levels in patients with prehaemo-
dialysis CKD compared with healthy controls [62]. Duranton’s
study further found that the LysoPC(20:3) and LysoPC(20:4) levels
progressively decreased in patients from CKD 2-3 to ESRD
maintained on haemodialysis, whereas altered LysoPC(20:3) and
LysoPC(18:2) levels showed strong correlations with many clinical
parameters and were related to the occurrence of transition to
haemodialysis or even death [15]. Rhee et al. showed that low
LysoPC(18:2) levels were related to CKD progression [56]. Similarly,
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Fig. 6 Treatment with EAA improves PC metabolism in CKD rats induced by adenine. a PCA of 18 lipid species, including 6 PCs, 6 LysoPCs
and 6 LysoPAs, in control, CKD and CKD-+EAA (200 mg/kg) rats. b Heatmap clustering analysis based on 18 lipid species, including 6 PCs, 6
LysoPCs and 6 LysoPAs, in control, CKD and CKD-+EAA (200 mg/kg) rats. ¢ Dendrogram of hierarchical clustering analysis based on 18 lipid
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PCs, 6 LysoPCs and 6 LysoPAs, in the different rats. *P < 0.05, **P <0.01 compared with control rats; *P < 0.05, #P <0.01 compared with

CKD rats

low LysoPC(20:3) and LysoPC(18:2) levels were also observed in
metabolic syndrome, heart failure and hepatic cancer [63-65],
which is in line with the significantly decreased levels of 6
LysoPCs, including LysoPC(20:3), in our current study. Therefore,
our current and previous work and that of others suggested
impaired PC metabolism in CKD. It has been reported that the
LysoPC/albumin ratio does not show a significant change in
patients at different stages of CKD and haemodialysis although it
remains related to a better outcome [15], indicating that plasma
LysoPC levels are related to the risk of mortality independent of
clinical biochemical parameters such as albumin levels, which
might be an alternative predictor of mortality related to LysoPC
levels. These findings elucidate that although the clinical
biochemistry data may not appear abnormal [66-68], individual
lipid species are significantly altered in CKD. The current work and
that of others suggested that low levels of LysoPCs, such as
LysoPC(20:3), are found in rats and patients with CKD. Therefore,
our current animal experiments confirm previous clinical findings
[15, 59]. Our study further shows that EAA treatment partly
improves the levels of individual PCs and their metabolites. In
particular, EAA treatment significantly increased the levels of
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PC(42:8), LysoPC(20:3) and LysoPA(20:3), which are involved in the
PC(42:8) metabolic pathway. Taken together, these findings
showed that PC metabolism, demonstrated by the lower levels
of PCs and their metabolites, is the major pathway in aberrant
lipid metabolism.

The molecular mechanisms of PC metabolism may be
associated with altered enzymatic activities. Several earlier studies
have demonstrated that PLA, expression in PC metabolism was
activated in animal models of kidney injury, such as polycystic
kidney disease, remnant kidney and diabetic kidney disease
[20, 69, 70]. PC can also breakdown LysoPC by the enzymatic
activities of endothelial lipase and lecithin:cholesterol acyl
transferase (LCAT) [71, 72]. Both increased PLA, and deficient
LCAT activity have been demonstrated in CKD patients [73, 74].
PLA, and LCAT have major roles in LysoPC production, or
alternatively, increased LysoPC decomposition by LPLD led to
decreased LysoPC levels in patients with renal disease [15].
Duranton’s study found a lower molar ratio of plasma LysoPC/PC
in haemodialysis patients, indicating that when PC levels were
lower, LysoPC production was further reduced [15]. Although
Sasagawa et al. demonstrated lower levels of plasma PC and
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LysoPC in haemodialysis patients than in healthy controls, a higher
molar ratio of plasma LysoPC/PC was observed. In addition, a
strong correlation was found between plasma LysoPA and LysoPC
levels [40]. However, another study demonstrated no significant
correlation between plasma LysoPA and LysoPC levels in
conservatively treated haemodialysis and peritoneal dialysis
patients and renal transplant recipients [41]. Our current study
shows that PLA, protein expression in the kidney tissues of
adenine-induced CKD rats is increased, which may be associated
with PC metabolism. Taking these findings together, we conclude
that impaired PC metabolism is involved in CKD and that PC
metabolism is one of the pathways influenced by R. officinale.
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