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Systematic Review

Introduction
Chronic diseases are a worldwide phenomenon that 
accounts for 80% of all deaths.1 Liver diseases are the 
most common diseases known around the world.2 
Degeneration of liver tissue over time causes chronic 
liver disease (CLD).3 Non-alcoholic fatty liver disease 
(NAFLD) has been known to be the leading cause of 
CLD in developing countries.4 Other major risk factors 
of CLD are alcohol abuse, industrial toxins, diabetes, 
autoimmune diseases, malnutrition, use of certain drugs, 
and hepatotropic viruses.5,6 Because of the high incidence 
of complications of CLD, the quest for predictive and 
diagnostic biomarkers for CLD has received significant 
interest.7 

Phospholipids (PLs) are a class of lipids that consist 
of one molecule of alcohol, two molecules of fatty 

acids and one molecule of phosphate.8 Based on the 
alcohol group, several types of PLs existed, such as 
phosphatidylcholine (PC), lysophosphatidylcholine (LPC), 
phosphatidylethanolamine (PE), lysophosphatidylethanolamine 
(LPE), phosphatidylglycerol (PG), phosphatidylinositol (PI), 
or phosphatidylserine (PS).9 Different physiological and 
pathological states of the cells related to chronic diseases 
such as diabetes, kidney and liver diseases can lead to 
variations in PLs levels.10-12 Lower levels of PC and higher 
levels of PE have been shown in cases with NAFLD, non-
alcoholic steatohepatitis (NASH), and simple steatosis 
(SS).13 

Previous studies reported that in CLD patients, the 
total plasma PLs were decreased.14 However, high 
concentrations of PC, sphingomyelin (SM), and low 
levels of LPC were related to hepatoma in participants 
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ARTICLE INFO Abstract
Background: Chronic liver disease (CLD) influences the levels of diverse metabolites that may 
be related to its pathogenesis. The study aimed to indicate the relation between CLD and the 
levels of phospholipids.
Methods: In this systematic review, PRISMA guidelines were considered for reporting the results. 
Up to November 2024, the databases of MEDLINE (through PubMed), Scopus, Web of Science, 
and Google Scholar were searched. Case-control (CC) and cross-sectional (CS) studies explored 
the link between CLD and serum phospholipids. The Newcastle-Ottawa scale (NOS) for CC 
studies and the modified NOS scale for CS studies were applied to evaluate the quality of the 
included articles.
Results: A total of 11304 articles were included. Eleven thousand duplicates were removed, 
9304 studies were excluded, and 343 full-text articles were reviewed. Fifteen CC studies and 
four CS studies were included in this study. Quality assessment using NOS revealed most studies 
had low to moderate risk of bias, with scores ranging from 4 to 8 out of 9.The included studies 
verified a significant association between the levels of total PL (TPL), phosphatidylcholine (PC), 
phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylinositol (PI), phosphatidic 
acid (PA), lysophosphatidylcholine (LPC), lysophosphatidylinositol (LPI) and lysophosphatidic 
acid (LPA) and liver diseases., with reported odds ratios ranging from 1.44 to 2.51 and correlation 
coefficients from -0.58 to 0.62.
Conclusion: Phospholipid levels are associated with liver diseases. It is important to identify 
noninvasive ways to diagnose biological risk factors in patients with liver damage so they can 
be targeted for early treatment. Most of the included studies revealed significant alteration of 
phospholipid levels in CLD. Thus, the lipidome can predict liver dysfunction and prevent its 
attributed complications.
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with liver cirrhosis (LC).15 In a case-control (CC) study 
among children with NAFLD, an increase in PE and 
a decrease in PC, LPC, and LPE levels were observed.16 
Another CC study indicated that the risk of NAFLD was 
related directly to plasma PL total saturated fatty acid 
(SFA) and C20:3n-6 levels, while the relationship between 
PL containing C22:6n-3 and the disease risk was the 
opposite.17 Moreover, SM (d18:1/24:0) was determined 
as a serum biological marker for liver injury in patients 
with hepatitis B virus.18 Based on mass spectrometry (MS) 
methods, a noninvasive diagnosis of NASH was defined 
based on a set of lipids and metabolites.19 

Major gaps exist in the knowledge about consistent use 
of PLs as diagnostic biomarkers for CLD in the clinical 
setting despite the following findings. Current studies 
also show PL-pattern discrepancies between various 
liver diseases, populations, and measurement methods, 
which restrain the PL application in early detection and 
prevention strategies. There also exists a lack of integrative 
syntheses evaluating the PL-level association with CLD 
subtypes, thus impeding the path toward standardized 
noninvasive diagnostic tools. From a health promotion 
perspective, identifying reliable biomarkers like PLs is 
critical for enabling early intervention, reducing disease 
progression, and alleviating the global burden of CLD. 
Early detection through noninvasive means can empower 
individuals and healthcare systems to implement lifestyle 
modifications, such as dietary interventions targeting 
lipid metabolism, and facilitate timely therapeutic 
strategies to prevent complications like cirrhosis and 
hepatocellular carcinoma. To date, no systematic review 
has comprehensively assessed the relationship between 
PL levels and liver diseases, underscoring the necessity 
of this study to fill this gap and inform health promotion 
initiatives aimed at improving liver health outcomes.

This study contributes to identifying potential PL 
biomarkers that may enhance the detection and prevention 
of liver damage, supporting health promotion efforts 
to reduce CLD prevalence and its associated morbidity. 
By synthesizing evidence on PL alterations in CLD, 
this systematic review aims to provide a foundation for 
developing targeted screening programs and personalized 
interventions to promote liver health globally.

Methods 
Search strategy
In the current systematic review study, the Preferred 
Reporting Items for Systematic Reviews and 
Meta-Analyses (PRISMA) guideline was followed 
(Supplementary file 1, Table S1).20 MEDLINE (PubMed), 
Web of Science, Scopus databases, and Google Scholar 
were searched to find all observational studies evaluating 
the association of PLs levels with liver diseases up to 
October 2022 without any date restriction. These searches 
were updated up to November 2024. The search strategies 
for each mentioned databases are shown in Table S2. 
To facilitate the review process and manage citations, 

articles were exported to Endnote software (Version X9; 
Thomson Reuters, Philadelphia, PA, USA).

Eligibility criteria 
All original full-text English language articles that 
addressed the association between liver diseases and 
changes in levels of various PLs, including total PL 
(TPL), PC, PE, PS, PI, phosphatidic acid (PA), LPC, LPE, 
lysophosphatidic acid (LPA), lysophosphatidylinositol 
(LPI) and cephalin, were included in the present review. 
Studies were not included if they were intervention, 
cohort, review, or animal studies. Conference publications, 
book chapters, letters, editorials, posters, commentary, 
thesis, and the studies that their full-text versions were 
unavailable were excluded from the study.

Selection of the studies 
Two independent reviewers systematically screened the 
articles. Controversies were resolved by discussion with 
the third reviewer. After removing duplicate articles, 
researchers checked the titles and abstracts according 
to the inclusion and exclusion criteria, and the full text 
of available articles was obtained. Then, the full text of 
the papers was further evaluated, and studies that could 
not meet the predefined criteria or had insufficient 
information were excluded. The CC and CS study designs 
were the main inclusion criteria for this study. 

Data extraction
Two reviewers, ZSH and FGH, extracted the related 
characteristics using a pre-developed data extraction 
sheet. The sheet comprised the first author’s name, year 
of publication, country, study population, sample size, 
gender, age, method of measurement and changes in 
the levels of various PLs. Also, the third reviewer was 
involved to recheck the extracted data, ensuring accuracy 
and consistency. In case of discrepancies or conflicts 
between the two initial reviewers extracted data, it is 
reasonable to conclude that these were resolved through 
discussion involving the third reviewer, similar to the 
process described for study selection.

Quality assessment
The quality assessment of included CC articles was 
done using the Newcastle-Ottawa scale (NOS).21 NOS 
score range from 1 to 9, so the high-quality studies get 
higher scores. The risk of bias in the study is high if the 
participants receive five or fewer stars. The NOS scale 
contains three main sections: selection, comparability, 
outcome. The selection comprises four domains: 
	• Adequate definition of the case 
	• Representativeness of the cases
	• Selection of controls
	• Definition of controls. 

According to the design or analysis, cases and 
controls were compared. Exposure consists of three 
parts: ascertainment of exposure, same ascertainment 
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methods of cases and controls, and same non-response 
rate. Modified NOS was used to assess the quality of 
the included cross-sectional (CS) articles. The modified 
NOS scale contains three main sections: selection, 
comparability, and outcome. The selection comprises 
four domains: representativeness of the sample, sample 
size, ascertainment of exposure, and non-respondents. 
The items of comparability section are the comparability 
of subjects in different outcome groups based on the 
study design or analysis and controlling the confounding 
factors. The outcome comprised two sections: assessment 
of outcome and enough follow-up long for outcomes to 
occur.

Results
Study selection
In the preliminary search, a total of 11480records were 
found based on an electronic database search of PubMed 
(n = 988), Web of Science (n = 6713), Scopus (n = 1779), 
and Google Scholar (n = 2000). After eliminating 137 
duplicates, 11304 studies remained for further screening. 
Based on the title and abstract screening of the articles 
in the first stage, 11 000 articles were excluded because 
of being review, cohort, or animal studies. Then, the full 
text of the articles was critically assessed, of which 343 
remained. Finally, according to the inclusion criteria, 
17 studies were included in the current review. The 
search protocol was updated to extend the search period 
to November 2024. This update, conducted using the 
same search strategy and databases (Table S2), identified 
additional relevant studies, resulting in the inclusion of 
8 more CC and 1 additional CS studies. In total, 21 CC 

and 5 CS studies were included in this review. The flow 
chart outlining the study selection process, including the 
updated search, is presented in Figure 1. All included 
articles reported at least one metabolite’s association with 
liver diseases. The flow chart outlining the selection of the 
studies is presented in Figure 1. 

Study characteristics
The articles included in the present review were published 
between 1966 and 2024. Study populations had liver 
complications, and both genders participated in most of 
the studies except for three, which did not report the exact 
participant number of males and females,14,22,23 and in one 
study, all participants were females.24 The sample size of 
the studies was from 15 to 600, and neither the follow-
up periods nor the information on BMI was reported 
in any of the studies. The participants ‘s mean age was 
from 22.8 to 77.5 years, and only one study had not 
reported the mean age of the participants.14 There were 
ten studies performed in the China,17,25-33 two in Italy,14,34 
Japan,35,36 Canada,13,37 and one each in Germany,38 United 
States,22 United Kingdom,39 India,40 Nigeria,23 Denmark,41 
Norway,42 Brazil,37 Mexico43 and Wenzhou.44

Participants had the following liver disorders: hepatitis,23, 

25 cholestatic jaundice,23 LC,28, 34, 40, 41 hepatitis with LC,27 
NAFLD,13,17,29,35-37,43,44,NASH,13,33,36,38,44 CLD,14 acute liver 
failure (ALF),41 hepatocellular carcinoma (HCC),30 
metabolic dysfunction–associated steatotic liver disease 
(MASLD),31 hepatitis B virus-related acute-on-chronic 
liver failure (HBV-ACLF),32 primary biliary cholangitis 
(PBC)24 and drug-induced liver injury (DILI).26

Measurement of PLs was done by thin layer 

Figure 1. Flow diagram outlining included studies selection



Shahveghar Asl et al

Health Promot Perspect. 2025;15(2) 113

chromatography (TLC) in eight included 
studies.14,17,22,34,39,40,42 Yamamoto et al36 used liquid 
chromatography mass spectrometry (LC–MS). 
Electrospray ionization mass spectrometry (ESI–MS) 
assay was performed to analysis lipidom in two studies.22,38 
Ultra-high-performance liquid chromatography 
data combined with mass spectrometry (UPLC-MS) 
was applied in four studies.25-27,29 Other researchers 
performed gas liquid chromatography (GLC) and gas 
chromatography mass spectrometry (GC-MS),26,35,41 
ultra-performance liquid chromatography coupled to 
electrospray ionization quadrupole time-of-flight mass 
spectrometry (UPLC-Q-TOF MS),28,30,31 high performance 
liquid chromatography–mass spectrometry/ mass 
spectrometry (HPLC–MS/MS),32 liquid chromatography 
coupled with high-resolution mass spectrometry (LC-
HRMS),24 ultraperformance liquid chromatography 
- mass spectrometry/ mass spectrometry (UPLC−MS/
MS),33 ultra-high performance liquid chromatography-
mass spectrometry (UHPLC-QTOF/MS)44 and Nano 
electrospray infusion tandem mass spectrometry.13 Also, 
MS used to measure the metabolites.43 Only Ahaneku 
et al23 did not report the methodology of metabolite 
quantification. Characteristics of CC studies in this review 
are reported in Table 1. Table 2 presents the characteristics 
of included CS studies.

Quality assessment
Tables 3 and 4 show quality assessment tools for CC and 
CS studies, respectively. Decisions about the risk of bias 
for each item are shown as scores of stars across included 
CC and CS studies. Of note, a minor risk of bias exists 
based on the results of the included studies.

Association of metabolites with the liver diseases
Table 1 reports changes in different PLs in CC studies. 
Table 2 shows changes in the lipidome in CS studies.

Total phospholipid (TPL)
Eight CC studies measured TPL levels. In three CC studies, 
the levels of TPL increased,17,23,39 while five studies showed 
a decrease in TPL levels in the patient group compared 
to the control.14,34,40-42 In a CS study, Xiao et al22 found no 
statistically significant difference in TPL levels in ascites 
samples from subjects with ovarian cancer to those with 
non-malignant liver disorders.

Total phospholipid (SFA) positively associated with the 
risk of NAFLD (OR = 1.44, 95 %CI = 1.11–1.88).17 Among 
cholestatic jaundice patients, alanine amino-transferase 
correlated positively with TPL (r = 0.623, P < 0.05).23 
In red blood cells, a negative correlation (r = -0.4906, 
P < 0.05) was observed between the cholesterol: TPL ratio 
and the percent PE within TPL.34 Based on the Child-
Pugh system, the levels of platelet components (platelet 
count, cholesterol/TPL ratio, and total ATPases) in 
patients with liver cirrhosis were highly correlated with 
the degree of liver damage; Class A (rs = -0.4, P < 0.05), 

Class B (rs = -0.72, P < 0.02), Class C (rs = -0.54, P < 0.01).40 

Phosphatidylcholine (PC) 
Phosphatidylcholine levels were measured in nine CC 
studies.14,24,26,29-31,33,34,43 In two studies,14,34 there were no 
significant differences in PC levels between the control and 
liver disease, and in four studies,26,29,30,33 several PCs were 
significantly lower in cases compared to controls. Also, in 
two CC studies PC levels were higher than controls.24, 31 
Flores et al43 explored that levels of PC (17:0/18:1) and PC 
(17:0/18:2) were reduced, whereas total PC levels were not 
different. Among the CS studies, four studies measured 
levels of PC. Phosphatidylcholine levels were decreased 
in one study.13 Two studies38, 44 found that some species 
of PCs increased, while other PCs such as PC (SFA), PC 
polyunsaturated fatty acid (PUFA), PC (22:6/0:0), and PC 
(16:1/0:0) decreased across the progress of liver damage. 
Another CS study reported that PC levels in the patient 
group were raised.35

Strong positive correlations between PCs and TAGs, 
CEs, CERs, LPCs, and SMs were reported by Flores et 
al.43The lipid species in each of the subclasses had strong 
positive correlations with each other. Phosphatidylcholine 
(19:1) had a negative correlation (P < 0.05, rho = −0.473) 
with waist circumference, glutamyl transpeptidase, and 
serum levels of triglycerides.29 Krautbauer et al38 noted a 
positive association between PC 38:6 (r = 0.525, P = 0.015) 
in tumor tissue (r = 0.472, P = 0.031) with the serum levels. 
The PC/PE ratios in the erythrocytes and liver showed no 
significant correlation in patients and controls combined 
(Spearman’s r = 0.276, P = 0.203).13 A positive correlation 
exists between PC (14:0/18:2) and NAFLD activity score 
(NAS) (regression values: 0.43, P = 0.01). In contrast, a 
negative correlation between NAS and PCs (saturated or 
monounsaturated), such as PC (22:6/0:0), PC (20:4/0:0), 
and PC (16:1/0:0) (regression value: -0.56, -0.58 and 
-0.56, P = 0.001, 0.0006 and 0.001, respectively). The 
liver fibrosis score and PC (18:0/0:0) showed a positive 
correlation (regression value: 0.36, P = 0.04). Whereas 
PC (O-22:2/16:1) and PC (O-22:0/0:0) had a negative 
correlation with liver fibrosis scores (regression values: 
-0.45 and -0.41, P = 0.01 and 0.02, respectively).44

Phosphatidylethanolamine (PE) 
In seven CC studies,14,30,31,34,42,43,36 PE levels were measured. 
In three studies, PE levels were significantly lower in 
patients compared to normal ones.30,34,36 A decline in 
PE levels was observed in a CC study.31 Cantoni et al14 
reported reduced red blood cells’ PE concentration and no 
change in plasma levels in patients with CLD. There was 
no total PE level difference between patients and healthy 
people in another CC study.43 Three CS studies13,38,44 
measured PE levels. Levels of PE were increased in one CS 
study.44 In another study, researchers observed that some 
types of PEs were increased while some other types (alkyl/
alkenyl-PE (PE[O])) were decreased.38 Another CS study13 
reported that the PE levels in erythrocytes were similar 
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Table 1. Characteristics of included case-control studies and changes in levels of metabolites

Authers Country Study population
Male/
Female

Age (Case/control)
Method of 
Measurement 

Outcome

Cantoni et al 
197514 Italy

58 patients with CLD and 12 
control subjects

NR NR TLC

Red cell: 
↓ TPL, ↔PC, ↑LPC, ↓PE, ↓PS
Plasma:
↓TPL, ↔PC, ↔LPC, ↔PE, ↔PS

Zheng et al 
201217 China

100 NAFLD patients and 100 
healthy subjects

138/
62

NAFLD: 44.97 ± 11.27/
Healthy:43.37 ± 12.24

TLC ↑TPL (SFA)

Ahaneku et al 
199123 Nigeria

13 patients with hepatitis and 11 
patients with cholestatic jaundice 
and 20 healthy volunteers

NR* 

Hepatitis: 32.00 ± 14.80, 
Cholestatic jaundice: 
52.00 ± 17.70/ 
Healthy: 29.00 ± 06.90

NR ↑ TPL 

de Oliveira et 
al 202424 Brazil

30 PBC patients and 20 healthy 
controls

0/50
PBC: 38–82
Controls: 22–67

LC-HRMS

↓LPC(16:0), ↓LPC(16:1), 
↓LPC(18:0), ↓LPC(18:1),
↓LPC (18:2), ↓LPC (20:4)
↓LPC (22:6), ↓PC (22:0)
↑LPC (18:1), ↑LPC (20:1),
↑LPC (20:5), ↑LPE (16:1), 
↑PC (16:0/16:0), 
↑PC (20:3/16:0), 
↑PC (20:5/16:0)

Zhang et al 
201725 China

78 HBV patients and 19 Healthy 
volunteers

68/29

Group A: 56.40 ± 5.40,
Group B: 56.70 ± 6.20,
Group C: 55.30 ± 05.80,
Group LC: 56.30 ± 5.30/ 
Healthy:57.00 ± 6.10

UPLC-MS
↓LPC (16:0), ↓LPC (18:0), 
↓LPC (22:5)

Xie et al 
201926 China

56 DILI patients and 34 healthy 
controls

41/49

Non-severe group:
57.00 ± 14.00, Severe 
Group: 51.00 ± 15.00/ 
Healthy:51.00 ± 15.00

GC-MS and
UPLC-MS

↓PC (22:6/16:0), ↓PC (16:1/18:2), 
↓PC (18:0/20:3)

YE et al 
201727 China

83 HBV LC patients and 35 
healthy individuals

62/56

Group A: 53.82 ± 8.12, 
group B:52.93 ± 9 .24, 
group C: 57.19 ± 10.04/
Healthy:54.03 ± 7.53

UPLC-MS
↓LPC (16:0), ↓LPC (17:0),
↓LPC (18:0)

Huang et al 
201328 China

17 LC patients and 24 healthy 
individuals

28/31
LC: 51.71 ± 10.02/
Healthy:47.13 ± 8.08

UPLC-Q-TOF 
MS

↑LPC (16:0), ↑LPC (18:0), 
LPC (18:1), LPC (18:2)

Wang et al 
202229 China

149 NAFLD patients and 149 
healthy controls

211/ 87
NAFLD: 48.41 ± 9.11
/ Healthy:48.08 ± 10.83

UPLC-MS
↓LPC (24:1), ↓PC (19:1/0:0), ↑PC 
(14:1/16:1), ↑PS (16:0/18:0)

Lu et al 
201530 China

220 HCC patients and 224 normal 
controls

336/108

 ≤ 40 (n = 52)
41-50 (n = 123)
51-60 (n = 157)
 ≤ 60 (n = 112)

UPLC-Q-TOF 
MS

↓total PC, ↓total LPC, 
↓total PE, ↓total LPE,
↓PE (18:0/0:0), ↓PC (16:1/2:0),

Shao et al 
202431 China

200 nonobese MASLD obese, 200 
obese MASLD and 200 normal 
controls 

430/170

nonobese MASLD obese: 
40.7 ± 13.1/ 
obese MASLD: 41.0 ± 12.8/ 
Healthy:39.6 ± 10.0

UPLC-Q-TOF 
MS

↑PC, ↑PA, ↑PI, ↑PE 

Wang et al 
201732 China

86 HBV-non-ACLF, 74 HBV-ACLF 
and 20 healthy controls

145/35

HBV-non-ACLF:
37.15 ± 7.98/
HBV-ACLF:
38.83 ± 6.38/
Healthy:31.54 ± 4.45

HPLC–MS/MS ↓LPC 22:6

Zhang et al 
202433 China 21 NASH and 30 healthy subjects 26/25

NASH: 37.9 ± 13.8
Healthy: 34.2 ± 4.3

UPLC−MS/MS ↓PC, ↓PS, ↓LPC, ↑PI

Yamamoto et 
al 202136 Japan

31 patients with NAFLD (SS, 
n = 9; NASH, n = 27) and 8 healthy 
subjects

20/24
SS: 42.80 ± 16.40, 
NASH: 65.10 ± 14.00/ 
Healthy:22.80 ± 1.70

LC-MS

↓LPE (16:0), ↓LPE (18:0), ↓LPE 
(18:1), ↓LPE (18:2), ↓LPE (20:4), 
↓LPE (20:5), ↓LPE (22:6), 
↓PE (34:0), ↓PE (34:1),
 ↓PE (34:3), ↓PE (34:4),
↓PE 34:2 (16:0/18:2),
↓PE 36:1 (18:0/18:1), 
↓PE 36:2 (18:0/18:2), 
↓PE38:4(18:0/20:4), 
↓PE 38:5 (18:1/20:4), 
↓PE 40:6 (18:0/22:6)

Schwenger et 
al 202437 Canada

83 NAFLD patients, 42 NASH 
patients and 30 NLO individuals

27/128
NAFLD: 49 [43, 57] **/
NASH: 50 [43, 57]/
NLO: 48 [38, 52]

LC–MS/MS
↓LPC (16:0), ↓LPC (17:0),
↓LPC (18:2)

Cairns et al 
198339

United 
Kingdom

16 chronic alcoholics and 5 non-
insulin diabetic patients and 9 
control patients

15/15
chronic alcoholics: 77.50/ 
diabetic patients: 54.20

TLC ↑ TPL

Vijayalakshmi 
et al 200640 India

50 LC patients and 50 normal 
healthy volunteers

36/64 LC: 30-40/ Healthy:30-40 TLC ↓TPL
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in patients and healthy controls. Cephalin is the common 
name for phosphatidylethanolamine. Gjone et al42 showed 
that the cephalin concentrations were similar between 
patients with liver disease and healthy participants.

The percent PE within red cell phospholipids and the 
cholesterol: TPL molar ratio were shown to be negatively 
correlated (r = -0.4906, P < 0.05).36 Positive correlations 
existed between lipid species across the subclasses.43 The 

PC/PE ratios in the erythrocytes and liver of both patients 
and controls did not significantly correlate (Spearman’s 
r = 0.276, P = 0.203).13 Phosphatidylethanolamine 
species and T-staging were not associated. There was no 
correlation between PE level changes in the tumor and 
systemic levels.38 Positive correlations existed between PE 
(18:0/22:5) and PC (14:0/18:2) levels with NAS (regression 
values: 0.46 and 0.43, P = 0.01, respectively).44

Table 1. Continued.

Authers Country Study population
Male/
Female

Age (Case/control)
Method of 
Measurement 

Outcome

Clemmesen 
et al 200041 Denmark

7 patients with LC and 10 ALF and 
6 AOCLD and 11 healthy controls

18/15

LC: 49.00 ± 13.00,
AOCLD:
48.00 ± 90.00, ALF:
42.00 ± 13.00/
Healthy: 31.00 ± 90.00

GLC ↓ TPL

Gjone et al 
196642 Norway

23 patients with liver diseases 
and18 normal humans

20/21
liver diseases: 56.19/
Healthy:28.70

TLC ↓TPL, ↔cephalin

Flores et al 
202143 Mexico

98 NAFLD cases and 100 healthy 
controls

50/148

NAFLD: 59.90 
(57.80–62.00)/ 
Healthy: 61.50
(59.50–63.60)

MS

↓LPC (17:0), ↓LPC (15:0),
↓LPC (18:1),↓PC (17:0/18:1),
↓PC (17:0/18:2), ↔total PC, 
↔total PE, ↔total LPE

Alvaro et al 
198234 Italy

8 patients with alcoholic LC and 7 
healthy subjects

10/5
LC:33.00-59.00/
Healthy: 25.00-50.00

TLC ↓TPL, ↑PS, ↑PI, ↓PE, ↔PC

*NR, not reported; ** Median [IQR].
TPL, total phospholipid; LC, liver cirrhosis; TLC, Thin layer chromatography; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PS, phosphatidylserine; 
PI, phosphatidylinositol; LPC, lysophosphatidylcholine; LPE, lysophosphatidylethanolamine; MASLD, metabolic dysfunction–associated steatotic liver disease; 
CLD, chronic liver disease; ALF, acute liver failure; AOCLD, acute on chronic liver disease; LC-MS, Liquid chromatography/mass spectrometry; LC-MS/MS, 
liquid chromatography- mass spectrometry/ mass spectrometry; GC-MS, gas chromatography mass spectrometry; UPLC-Q-TOF MS, ultra-performance liquid 
chromatography coupled to electrospray ionization quadrupole time-of-flight mass spectrometry; UPLC-MS, Ultra-high-performance liquid chromatography 
data combined with mass spectrometry; DILI, drug-induced liver injury; NAFLD, non-alcoholic fatty liver diseases; SS, simple steatosis; NASH, non-alcoholic 
steatohepatitis; HBV, hepatitis B virus; GLC, gas liquid chromatography; NLO, normal liver obese; HBV-non-ACLF, hepatitis B virus -non-related acute-on-chronic 
liver failure; HBV-ACLF, hepatitis B virus -related acute-on-chronic liver failure; HPLC–MS/MS, high performance liquid chromatography–mass spectrometry/ 
mass spectrometry; PBC, Primary Biliary Cholangitis; LC-HRMS, liquid chromatography coupled with high-resolution mass spectrometry; UPLC−MS/MS, 
ultraperformance liquid chromatography - mass spectrometry/mass spectrometry.

Table 2. Characteristics of cross-sectional studies and changes in levels of metabolites

Authers Country Study population
Male/
Female

Age
Method of 
measurement

Outcome

Arendt et al 
201313 Canada

28 NAFLD patients and 9 
healthy controls

20/17

SS:
40.90 ± 2.20, NASH:
42.80 ± 3.20,
healthy:
40.40 ± 4.00

Nano 
electrospray 
infusion 
tandem mass 
spectrometry

Hepatic:
↓PC/PE ratio,
↓PC, ↑PE,
erythrocytes:
↓PC/PE ratio, ↔PE, ↓PC

Xiao et al 
200122

United 
States

15 patients with ovarian
cancer and 15 patients with 
benign liver diseases

NR

ovarian
cancer:
48.00–86.00
benign liver diseases:
43.00–74.00

TLC, ESI-MS

↑ acyl-LPA, ↑ alkyl-LPA,↑ alkenyl-LPA, 
↑LPI (16:0),↑LPI (18:0), ↔TPL,
↑LPC (17:0),↑LPC (6:0),↑LPC (8:0),
↑LPC (10:0),↑LPC (12:0), ↑LPC (14:0),
↑LPC (16:0),↑LPC (18:0),↑LPC (20:0),
↑LPC (22:0),↑LPC (24:0)

Ogawa et al 
202035 Japan

83 NAFLD patients non-
ballooning and 49 NAFLD 
patients with ballooning

65/67

patients non-ballooning:
 49 (17–76)
patients with ballooning:
59 (24–79)

GC/MS ↑PC, ↓LPC, ↓LPE

Krautbauer et al 
201638 Germany

6 patients with fatty liver 
and 4 with NASH and 11 
subjects without fatty liver

21/0
63.00
(47.00 – 84.00)

ESI–MS

PC:↑ PC (SFA), ↓ PC (PUFA),
LPC:↔total LPC,↔ LPC (SFA),
↓ LPC (PUFA),↑LPC (16:1),
↑LPC (20:3), ↓LPC (18:2),
↓LPC (20:4), ↓LPC (22:6),
PE:↓total PE, ↑ PE (SFA), ↓ PE (PUFA),
PI:↓total PI, ↓PI (38:4), ↓ PI (PUFA),
PS:↓Total PS, ↓ PS (SFA), ↓ PS (PUFA),
↓PS (36:1), ↓PS (40:6)

Wang et al 
202144 Wenzhou

30 NAFLD patients and 10 
cases of NASH

21/9
NAFL:
47.25 ± 11.04, NASH:
44.50 ± 10.92

UHPLC-QTOF/
MS

↑PC (22:0/18:1),↑PE (18:0/22:5),
↑PC (O-22:2/12:0),↑PC (26:1/11:0),
↓PC (22:6/0:0),↓PC (16:1/0:0),

NR, not reported; TPL, total phospholipid; LC, liver cirrhosis; TLC, Thin layer chromatography; TPL, total phospholipid; PC, phosphatidylcholine; 
PE, phosphatidylethanolamine; PS, phosphatidylserine; PI, phosphatidylinositol; LPA, lysophosphatidic acid; LPC, lysophosphatidylcholine; LPI, 
lysophosphatidylinositol; NAFLD, non-alcoholic fatty liver diseases; SS, simple steatosis; NASH, non-alcoholic steatohepatitis; ESI–MS, electrospray ionization 
mass spectrometry; PUFA, polyunsaturated fatty acid; SFA, saturated fatty acid; UHPLC-QTOF/MS, ultra-high performance liquid chromatography-mass 
spectrometry.; GC/MS, gas chromatography–mass spectrometry.
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Phosphatidylserine (PS)
The PS levels were measured in four CC studies.14,29,34 
Serum PS levels were significantly higher in NAFLD 
patients than in healthy individuals in two CC studies.29,34 
Cantoni et al14 observed that PS levels in the liver disease 
and control groups did not significantly differ. Reduced 
PS levels were reported in other CC studies.33 One CS 
study38 measured PS levels. Phosphatidylserine levels 
were reduced in the patients’ group and the p53 ratio 
negatively correlated with PS 36:1 (r = - 0.586, P = 0.005). 
Also, PS levels in the tumor were not associated with 
systemic levels.

Phosphatidylinositol (PI)
Three CC studies measured PI levels. Significantly high 
PI levels in patients compared to healthy ones were 
reported in these studies.31,33,34 One CS study38 reported 
that PI levels were reduced. Phosphatidylinositol species 
were not related to T-staging. The PI 38:4 levels and the 
p53 ratio did not correlate. Systemic levels of PI did not 
correlate with PI levels in the tumor. There was a clear 
association between PI and moderate to severe steatosis 
in patients (OR: 2.51; 95% CI: 1.93–4.81).31

Lysophosphatidylcholine (LPC)
In eleven CC studies,14,24,25,27-30,32,33,37,43 LPC levels were 

Table 3. Risk of bias indicating case control studies’ quality assessment at an individual level

Study

Selection Comparability Exposure

Total
Adequate 
definition 

of the 
case

Representativeness 
of the cases

Selection 
of controls

Definition 
of controls

Comparability of 
cases and controls Ascertainment 

of exposure

Cases and 
controls: same 
ascertainment 

method

Cases and 
controls: 

same non-
response rateDesign Analysis

Cantoni et al 197514 * * * * * * * - - 7/9

Zheng et al 201217 * * * * - - * - - 5/9

Ahaneku et al 199123 * * - * - - * * * 6/9

de Oliveira et al 202424 * * * * * * * * - 8/9

Zhang et al 201725 * * - * - - * * * 6/9

Xie et al 201926 * * * - - - * * * 6/9

YE et al 201727 * * - * - - * * - 5/9

Huang et al 201328 * * * * * * * * - 8/9

Wang et al 202229 * * - * * - * * - 6/9

Lu et al 201530 * * * * * * * * - 8/9

Shao et al 202431 * * * * - * * * - 7/9

Wang et al 201732 * * * - * * * * - 8/9

Zhang et al 202433 * * * - * * * - - 6/9

Yamamoto et al 202136 * * * * - - * - - 5/9

Schwenger et al 202437 * * - * * * * - - 6/9

Cairns et al 198339 * * - * * * * * - 7/9

Vijayalakshmi et al 200640 * * - * * * * * * 8/9

Clemmesen et al 200041 * * * * - - * - * 6/9

Gjone et al 196642 * * - * - - * - * 5/9

Flores et al 202143 * * * - * * * * - 7/9

Alvaro et al 198234 * * * * - - * - - 5/9

* = low risk; - = high risk.

Table 4. Risk of bias indicating cross sectional studies’ quality assessment at an individual level.

Study
Selection Comparability Outcome

TotalRepresentativeness 
of the sample

Sample size
Ascertainment 

of exposure
Non-

respondents
Design Analysis

Assessment of 
outcome

Adequacy of 
follow up

Arendt et al 201313 * - * * * * * * 7/8

Xiao et al 200122 * - - * * * * - 5/8

Ogawa et al 202035 * * - - * * * - 5/8

Krautbauer et al 201638 * - - - * * * - 4/8

Wang et al 202144 * - - - * * * - 4/8

* = low risk; - = high risk



Shahveghar Asl et al

Health Promot Perspect. 2025;15(2) 117

measured. As seen in Table 1, eight studies reported 
decreased LPC.25,27,29,30,32,33,37,43 In contrast, Huang et al28 
showed increased levels of LPC. In other CC studies, 
the levels for LPC in liver disease and control did not 
differ significantly from one another.14 Three CS studies 
measured LPC levels.22,35,38 One study showed increased 
LPC levels in malignant ascites compared to nonmalignant 
ascites.22 In contrast, another CS study showed a decline in 
LPC levels among the patients compared to the controls.35 
Moreover, Krautbauer et al38 demonstrated increased 
levels of LPC (16:1) and LPC (20:3) and decreased levels 
of LPC (PUFA), LPC (18:2), LPC (20:4) and LPC (22:6) 
and without any changes in total LPC and SFA LPC.

There was a correlation between LPC (16:0), LPC 
(18:0), and LPC (22:5) and HCC differentiation grades.25 
A correlation was found between changes in LPC levels 
(16:0, 17:0, 18:0, 18:1, 18:3, 18:1, 20:1, 20:3) with Child-
Pugh score.27 BMI, glucose, and triglycerides negatively 
correlated with LPC (24:0).29 Most LPCs, PCs, and SMs 
positively correlated with CEs and CERs. Furthermore, 
there was a positive correlation between PCs with SMs and 
LPCs. Positive correlations were observed between lipid 
species across the subclasses.43 In HCC tissues, changes 
in LPC 22:6 levels were correlated with serum levels. 
There was no relation between T-staging and any of the 
specific LPC species. Serum levels of LPC (22:6) and LPC 
(22:6) in tumor tissue had a positive association (r = 0.472, 
p = 0.031).38 Lysophosphatidylcholine (LPC)16:0 and 
LPC (18:0) showed a negative correlation with the Model 
for End-Stage Liver Disease (MELD) score. There is 
also a significant relationship between LPC (16:0) and 
LPC (18:0) (P < 0.0001; r = 0.942). Similarly, a positive 
correlation between PC (32:0) and ALT was reported 
(P = 0.0003; r = 0.431).32

Lysophosphatidylethanolamine (LPE)
Four CC studies reported LPE levels.24,30,43,36 In two studies, 
the patients’ LPE levels significantly reduced compared to 
the healthy volunteers, except LPE 18:0.30,36 Another study 
detected no difference in total LPE levels between patients 
with NAFLD and healthy ones.43 The R2 values for all 
of the LPE analyses were more than 0.9972. The LPE 
subclasses showed significant positive correlations with 
each other.43 Increased LPE levels were shown in patients 
compared to the controls in a CC study.24 Only one CS 
study reported a decrease in LPE levels.35

Lysophosphatidic acid (LPA) and Lysophosphatidylinositol 
(LPI)
In one CS study conducted by Xiao et al,22 the levels of LPA 
types and LPI were increased in ovarian cancer patients 
compared with subjects with benign liver diseases. 

Phosphatidic acid (PA)
Only one CC study indicated increased PA levels in 
MASLD obese patients compared to the controls.35

Discussion
The current systematic review summarized twenty-one 
CC and five CS studies. The findings showed that all CC 
and CS studies reported significant correlations between 
serum TPL, PC, PE, PS, PI, PA, LPC, and LPE with CLD. 

The liver is the main organ responsible for cholesterol, 
PL, triglyceride, and lipoprotein metabolism. The 
functional damage of the liver would lead to the 
decreased ability to synthesize many vital biomolecules, 
including lipids.40 Recent studies have shown a significant 
association between alteration in plasma PL pattern 
and the pathogenesis of CLD.45,46 Changes in the lipid 
composition of plasma lead to structural changes and 
transfer of PL from plasma to the liver, which disables 
PL biosynthesis and accelerates the severity of liver 
diseases.14,46 The dietary fat composition modifies gene 
transcription and signal transduction13 and affects 
membrane function, cell proliferation, and apoptosis, by 
regulating hepatic lipid metabolism.38

The alterations in the PL pattern in CLD can be justified 
in several ways. Abnormal fatty acid composition is 
caused by impaired fatty acid metabolism (beta-oxidation 
or intracellular fatty acid transport).41 In LC patients, 
defects in the conversion of linolenic acid to arachidonic 
acid34 increase Δ-9 desaturase and reduce elongase 
activity.47 Thus, changes in the fatty acid levels can lead 
to various PL patterns. Furthermore, reduction in biliary 
secretion of certain PLs,48 malnutrition, malabsorption, 
pancreatic insufficiency,49 dysfunction of pancreatic 
exocrine secretion,13 reduced secretion of phospholipase 
A2, imbalance of gut microflora,50 and the presence of 
lecithinase-positive bacteria in gut microflora51 contribute 
to changes in PLs pattern in CLD. In addition, the 
deterioration of the activity of enzymes such as lecithin 
cholesterol acyltransferase, phospholipases, hepatic 
lipase, endothelial lipase, and LPC acyltransferases alter 
lipid metabolism in LC patients.

Ahaneku et al23 reported a significant correlation 
between TPL, HDL-phospholipid, and phospholipid-to-
cholesterol ratio levels in cholestatic jaundice and acute 
viral hepatitis. The increase in HDL-phospholipid levels 
could be due to the rise in primary apolipoprotein E-rich 
HDL (LpE) observed in biliary obstruction. Cairns et al39 
indicated PLs alteration in the liver of diabetic and cirrhotic 
subjects does not mainly reflect the free fatty acids, dietary 
deficiency, or malabsorption of PUFAs; instead, changes 
in PL arrangement and decreased hepatocyte membrane 
fluidity. The cellulose response to hormones and drugs 
during cell division, and regeneration may also explain 
the relative decrease in the fluidity of the hepatocyte 
membrane. Zheng et al17 showed that plasma PL levels, 
total SFA, and C20:3n-6 had a positive association with the 
risk of obtaining NAFLD, and high plasma concentrations 
of PL C22:6n-3 had a negative relationship with the risk 
of obtaining NAFLD. The decline in delta-5 desaturase 
activity among patients with NAFLD may be related to 
the high levels of C20:3n-6. Additionally, in agreement 
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with previous studies, plasma PL fatty acid does not 
reflect actual dietary intake; it is the primary biomarker 
for investigating the association between fatty acid intake 
and disease risk. Cantoni et al14 reported that changes 
in plasma PLs may exhibit hepatocyte lipids disruption. 
However, liver cell PLs are significantly associated with 
those in the erythrocytes than the plasma. Alterations in 
plasma enzyme lecithin acyltransferase (LCAT), reduction 
in the biosynthesis of PL in liver diseases, alteration in the 
transformation of PL from plasma to the erythrocytes, 
enhanced bile salt concentrations in liver disorders, and 
inability to synthesize PLs for regenerating hepatocytes 
have been associated with changes in red blood cell PLs 
composition. The principal changes in PL pattern in 
severe and prolonged cases of parenchymatous and biliary 
duct obstructive jaundice liver diseases are due to the 
partial impairment of lysolecithin.42 In cirrhosis patients 
with hepatocellular carcinoma, plasma PL levels show a 
significant negative relationship with total bilirubin and 
alkaline phosphatase, explaining the increased levels of 
alkaline phosphatase and decreased levels of PLs.40

It has been mentioned that during hepatocyte injury, 
phosphatidylethanolamine-N-methyltransferase (PEMT) 
activity declines, which increases the disease severity 
and leads to reduced synthesis of PC.26 Subjects detected 
with PEMT functional single nucleotide polymorphism 
are prone to developing NAFLD.52 Phosphatidylcholine 
may also be depleted through adaptation to SM and 
diacylglycerol production.53 Ether-phospholipids are 
the byproducts of the liver. These changes may be due 
to the reduced dietary consumption of choline and 
ethanolamine during steatosis, as they are important 
for the synthesizing of ether-phospholipid.16 Low 
amounts of dietary choline elevate hepatocarcinogenesis 
and carcinogens such as diethylnitrosamine in animal 
models.54,55 On the other hand, diets supplemented with 
PC defend from acquiring HCC, partially by augmenting 
cellular apoptosis.56 Lysophosphatidylcholine species 14:0, 
20:3, and 22:6 are significantly altered in HCC plasma in 
comparison to cirrhotic patients.38

The reduced levels of lysolecithin in parenchymatous 
liver diseases reflect reduced synthesis. Low plasma 
lysolecithin may also be due to increased breakdown or 
acylation of lecithin. Increased acylation may occur in 
conditions with increased plasma-free fatty acid levels. 
This may explain the low plasma lysolecithin values 
observed in abnormal states.42

Arendt et al13 reported that PL metabolism and diet 
affect the PC to PE ratio, PC, and PE levels. PC homeostasis 
is based on choline obtained from diet and the hepatic 
conversion of PE to PC. These paths are controlled via 
interconnecting the metabolism of methionine and folate. 
Suboptimal choline, betaine, methionine, or folate intake 
could lead to reversible hepatic steatosis and apoptosis 
of hepatocytes. The lower PC/PE ratio may be due to 
decreased PEMT activity, which catalyzes the hepatic 
transformation of PE to PC by the PEMT gene mutation. 

This could indirectly result in the enhancement of PE 
substrates and/or more usage of PE in the membrane by 
hepatic cells for PC loss.13 

Cantoni et al14 reported that the red blood cell’s various 
plasma environment, due to the high bile salt content of 
liver diseases, is responsible for the reduced biosynthesis 
of PLs in liver diseases and may alter the transformation 
of the PL to the red blood cell from plasma.14 Krautbauer 
et al38 indicated that that several lipid species are altered 
during cancer in the liver, which could be responsible 
for tumor growth and survival. In this context, MUFA 
and PUFA PS species are markedly repressed in tumors, 
emphasizing their role in tumor growth. 

The PI determination in the membrane of erythrocytes is 
usually ignored due to the insufficient amounts in regular 
settings and the complications related to separating acidic 
PLs such as PS and PI.34,39 Alvaro et al34 recommend that 
the different lipid configurations of red blood cell plasma 
membranes may correlate with membrane PL circulation 
variations. Reduced PI levels may be due to mutations 
in the TP53-gene, which is related to decreased PI levels 
(38:4) and augmented PI levels (36:1). According to 
research, in HCC tissues, PI (38:4) and PI (36:2) declined 
significantly.38

In normal human circulation, LPC is the primary 
bioactive plasma lipid and the most abundant cellular 
PL, mostly correlated with albumin and lipoproteins.27,57 

Lysophosphatidylcholine is produced by the 
phospholipase A2 action on membrane PC.57 In fact, 
LCAT is responsible for catalyzing the transacylation of the 
PC fatty acid residues into free cholesterol. Subsequently, 
it results in the formation of LPC and cholesterol esters. 
Ye et al27 indicate that reduced LPC levels could be 
considered a precise index for assessing dietary conditions 
in hepatitis B cirrhosis. In contrast, Huang et al28 revealed 
a meaningful augment in fecal LPC levels among 
patients with cirrhosis. Fecal LPC mainly originates from 
phospholipase A2 or the gut microflora hydrolysis of PC, 
both dietary and biliary. LPC is the main constituent of 
dietary and biliary PL. In cirrhotic patients, the biliary PL 
secretion excretion is reduced.58 High levels of fecal LPC 
could be due to pancreatic, which inadequacy is supposed 
to be because of elevated LPC excretion in cystic fibrosis 
patients. Also, in these patients, pancreatic exocrine 
function is disrupted, which reduces phospholipase A2 
secretion and decreases PC digestion and absorption. The 
phospholipase A2 secretion impairment causes increased 
fecal LPC excretion in cirrhotic patients.59 Moreover, 
lecithinase-positive bacteria in the gut microflora are 
dietary-dependent. In addition, the elevated fecal LPC 
may be because of the gut microflora imbalance acquired 
during cirrhosis.60

The causes of decreased LPE levels were the high activity 
of lysophosphatidylcholine acyltransferase (LPCAT 3 
,4), lysophosphatidylethanolamine acyltransferase 1 
(LPEAT 1), and reduced levels of PE containing linolenic 
acid, arachidonic acid, and docosahexaenoic acid. 



Shahveghar Asl et al

Health Promot Perspect. 2025;15(2) 119

Inflammation leads to a rise in LPCAT3, 4, and LPEAT 
1 in the liver.61 Tanaka et al62 reported that high levels of 
inflammatory cytokines, tumor necrosis factor-α, and 
transforming growth factor-ß1 induce elevated levels 
of LPCAT 1, 2, 3, and 4 and decline LPC. Furthermore, 
PE comprises linolenic acid, arachidonic acid, and 
docosahexaenoic acid. Hence, it is possible that oxidative 
stress highly induces PE degradation.63 Also, since PE 
biosynthesis occurs in the endoplasmic reticulum,64 

endoplasmic reticulum stress induced in NAFLD patients 
may lead to lower levels of LPE.65

In Xiao et al’s study, the elevated levels of LPL content 
may not be due to the generalized overproduction of 
PLs.22 Lysophosphatidic acid stimulates tumor cell 
proliferation, and massive amounts of bioactive lipids 
play a major role in the development and metastasis of 
tumors. In fact, LPIs and total alkyl- and alkenyl-LPAs 
are significant determinants for distinguishing malignant 
from nonmalignant ascites.22 

Ten of the 26 articles reported incomplete results 
from the design and analysis. Some studies needed to 
explain the selection and definition of the control group 
fully. The eight studies should have mentioned the 
ascertainment method for the case and control groups. 
In most case-control studies, the nonresponse rate was 
not the same for the case and control groups. In four of 
the five cross-sectional studies included in this study, 
the exact calculation of the sample size should have 
been mentioned. Also, most studies did not say the 
ascertainment of exposure.

The strength of the present review was the high number 
of included studies, which made it possible to generalize 
the results. Furthermore, the quality of the studies 
was assessed based on the NOS, and most studies were 
demonstrated as high-quality. Nevertheless, this review 
had some limitations. Due to the studies’ heterogeneity, 
especially in outcomes and methods of analysis, 
conducting a meta-analysis was avoided. Omitting non-
English studies that may have added language bias and 
also the various methods reported for measuring PLs 
were other constraints of the study. Also, the authors 
did not register their systematic review protocol with an 
international registry.

Conclusion
This systematic review revealed that the PLs levels are 
possibly associated with various chronic liver dysfunctions. 
Most of the included studies demonstrated that the levels 
of PLs were different in patients with CLD in comparison 
to healthy individuals. The findings suggest that serum 
levels of PLs as a diagnostic biomarker that may help to 
improve the detection and prevention of biological liver 
disorders.

Acknowledgements
We would like to appreciate the Tabriz University of Medical 
Sciences for their support.

Authors’ Contribution
Conceptualization: Zahra Shahveghar. 
Data Curation: Zahra Shahveghar.
Formal analysis: Zahra Shahveghar.
Funding Acquisition: Zahra Shahveghar. 
Investigation: Zahra Shahveghar. 
Methodology: Zahra Shahveghar, Meysam Zarezadeh. 
Project administration: Zahra Shahveghar.
Resources: Zahra Shahveghar.
Software: Zahra Shahveghar.
Supervision: Alireza Ostad Rahimi, Zohreh Ghoreishi.
Validation: Zahra Shahveghar. 
Visualization: Zahra Shahveghar. 
Writing-original draft: Zahra Shahveghar.
Writing-review & editing: Zahra Shahveghar, Faezeh Ghalichi.

Competing Interests
The authors have no relevant financial or non-financial interests to 
disclose.

Data Availability Statement 
The authors confirm that the data supporting the findings of this 
study are available within the article [and/or] its supplementary 
materials.

Ethical Approval
Ethic declaration is in accordance with the Declaration of Helsinki. 
Ethical approval for this study was obtained from ethics committee of 
Tabriz University of Medical Sciences (ethics number: IR.TBZMED.
REC.1400.1102).

Funding
This is a self-funded study. No funding was received to assist with 
the preparation of this manuscript.

Supplementary Files
Supplementary file 1: The PRISMA guideline is shown in Table S1 
and the search strategies for databases are shown in Table S2. 

References
1. World Health Organization (WHO). World Health Statistics 

2012. Geneva: WHO; 2012.
2. Tripodi A, Mannucci PM. The coagulopathy of chronic liver 

disease. N Engl J Med. 2011;365(2):147-56. doi: 10.1056/
NEJMra1011170.

3. Dam-Larsen S, Franzmann M, Andersen IB, Christoffersen P, 
Jensen LB, Sørensen TI, et al. Long-term prognosis of fatty liver: 
risk of chronic liver disease and death. Gut. 2004;53(5):750-5. 
doi: 10.1136/gut.2003.019984.

4. Donati B, Valenti L. Telomeres, NAFLD and chronic liver 
disease. Int J Mol Sci. 2016;17(3):383. doi: 10.3390/
ijms17030383.

5. Sharma A, Nagalli S. Chronic liver disease. In: StatPearls 
[Internet]. Treasure Island, FL: StatPearls Publishing; 2021.

6. Zhu W, Shi P, Fu J, Liang A, Zheng T, Wu X, et al. Development 
and application of a novel model to predict the risk of non-
alcoholic fatty liver disease among lean pre-diabetics with 
normal blood lipid levels. Lipids Health Dis. 2022;21(1):149. 
doi: 10.1186/s12944-022-01752-5.

7. Niewczas MA, Mathew AV, Croall S, Byun J, Major M, 
Sabisetti VS, et al. Circulating modified metabolites and a risk 
of ESRD in patients with type 1 diabetes and chronic kidney 
disease. Diabetes Care. 2017;40(3):383-90. doi: 10.2337/
dc16-0173.

8. Kucerka N, Pencer J, Sachs JN, Nagle JF, Katsaras J. Curvature 
effect on the structure of phospholipid bilayers. Langmuir. 
2007;23(3):1292-9. doi: 10.1021/la062455t.

9. Tatulian SA. Ionization and ion binding. In: Cevc G, ed. 

https://doi.org/10.1056/NEJMra1011170
https://doi.org/10.1056/NEJMra1011170
https://doi.org/10.1136/gut.2003.019984
https://doi.org/10.3390/ijms17030383
https://doi.org/10.3390/ijms17030383
https://doi.org/10.1186/s12944-022-01752-5
https://doi.org/10.2337/dc16-0173
https://doi.org/10.2337/dc16-0173
https://doi.org/10.1021/la062455t


Shahveghar Asl et al

Health Promot Perspect. 2025;15(2)120

Phospholipid Handbook. New York: Marcel Dekker; 1993. p. 
511-52.

10. Sonoki K, Iwase M, Iino K, Ichikawa K, Ohdo S, Higuchi S, et 
al. Atherogenic role of lysophosphatidylcholine in low-density 
lipoprotein modified by phospholipase A2 and in diabetic 
patients: protection by nitric oxide donor. Metabolism. 
2003;52(3):308-14. doi: 10.1053/meta.2003.50049.

11. Han X, Holtzman DM, McKeel DW Jr, Kelley J, Morris JC. 
Substantial sulfatide deficiency and ceramide elevation in 
very early Alzheimer’s disease: potential role in disease 
pathogenesis. J Neurochem. 2002;82(4):809-18. doi: 
10.1046/j.1471-4159.2002.00997.x.

12. Michalczyk A, Dołęgowska B, Heryć R, Chlubek D, 
Safranow K. Associations between plasma lysophospholipids 
concentrations, chronic kidney disease and the type of renal 
replacement therapy. Lipids Health Dis. 2019;18(1):85. doi: 
10.1186/s12944-019-1040-5.

13. Arendt BM, Ma DW, Simons B, Noureldin SA, Therapondos 
G, Guindi M, et al. Nonalcoholic fatty liver disease is 
associated with lower hepatic and erythrocyte ratios of 
phosphatidylcholine to phosphatidylethanolamine. Appl 
Physiol Nutr Metab. 2013;38(3):334-40. doi: 10.1139/apnm-
2012-0261.

14. Cantoni L, Curri SB, Andreuzzi P, Rocchetti P. Plasma and red 
blood cell phospholipids in chronic liver diseases. Clin Chim 
Acta. 1975;60(3):405-8. doi: 10.1016/0009-8981(75)90086-
8.

15. Cotte AK, Cottet V, Aires V, Mouillot T, Rizk M, Vinault S, et al. 
Phospholipid profiles and hepatocellular carcinoma risk and 
prognosis in cirrhotic patients. Oncotarget. 2019;10(22):2161-
72. doi: 10.18632/oncotarget.26738.

16. Draijer LG, Froon-Torenstra D, van Weeghel M, Vaz FM, Bohte 
AE, Holleboom AG, et al. Lipidomics in nonalcoholic fatty 
liver disease: exploring serum lipids as biomarkers for pediatric 
nonalcoholic fatty liver disease. J Pediatr Gastroenterol Nutr. 
2020;71(4):433-9. doi: 10.1097/mpg.0000000000002875.

17. Zheng JS, Xu A, Huang T, Yu X, Li D. Low docosahexaenoic 
acid content in plasma phospholipids is associated with 
increased non-alcoholic fatty liver disease in China. Lipids. 
2012;47(6):549-56. doi: 10.1007/s11745-012-3671-4.

18. Zheng SJ, Qu F, Li JF, Zhao J, Zhang JY, Liu M, et al. Serum 
sphingomyelin has potential to reflect hepatic injury in chronic 
hepatitis B virus infection. Int J Infect Dis. 2015;33:149-55. 
doi: 10.1016/j.ijid.2015.01.020.

19. Zhou Y, Orešič M, Leivonen M, Gopalacharyulu P, Hyysalo 
J, Arola J, et al. Noninvasive detection of nonalcoholic 
steatohepatitis using clinical markers and circulating levels 
of lipids and metabolites. Clin Gastroenterol Hepatol. 
2016;14(10):1463-72.e6. doi: 10.1016/j.cgh.2016.05.046.

20. Golder S, Loke YK, Bland M. Meta-analyses of adverse effects 
data derived from randomised controlled trials as compared to 
observational studies: methodological overview. PLoS Med. 
2011;8(5):e1001026. doi: 10.1371/journal.pmed.1001026.

21. Wells GA, Shea B, O’Connell D, Peterson J, Welch V, Tugwell 
P, Losos M, et al. The Newcastle-Ottawa Scale (NOS) for 
Assessing the Quality of Nonrandomized Studies in Meta-
Analyses. Oxford, UK: Cochrane; 2000.

22. Xiao YJ, Schwartz B, Washington M, Kennedy A, Webster K, 
Belinson J, et al. Electrospray ionization mass spectrometry 
analysis of lysophospholipids in human ascitic fluids: 
comparison of the lysophospholipid contents in malignant vs 
nonmalignant ascitic fluids. Anal Biochem. 2001;290(2):302-
13. doi: 10.1006/abio.2001.5000.

23. Ahaneku JE, Olubuyide IO, Agbedana EO, Taylor GO. 
Changes in plasma high density lipoprotein cholesterol and 
phospholipid in acute viral hepatitis and cholestatic jaundice. 
J Intern Med. 1991;229(1):17-21. doi: 10.1111/j.1365-
2796.1991.tb00300.x.

24. de Oliveira JM, de Assis Lopes T, Castro A, De Favari 
Signini É, Catai AM, Ferreira AG, et al. Metabolomics-based 
investigation of primary biliary cholangitis: a cholestatic liver 
disease. Res Sq [Preprint]. January 30, 2024. doi: https://doi.
org/10.21203/rs.3.rs-3898120/v1.

25. Zhang L, Huang Y, Lian M, Fan Z, Tian Y, Wang Y, et al. 
Metabolic profiling of hepatitis B virus-related hepatocellular 
carcinoma with diverse differentiation grades. Oncol Lett. 
2017;13(3):1204-10. doi: 10.3892/ol.2017.5596.

26. Xie Z, Chen E, Ouyang X, Xu X, Ma S, Ji F, et al. Metabolomics 
and cytokine analysis for identification of severe drug-induced 
liver injury. J Proteome Res. 2019;18(6):2514-24. doi: 
10.1021/acs.jproteome.9b00047.

27. Ye Q, Yin W, Zhang L, Xiao H, Qi Y, Liu S, et al. The value of 
grip test, lysophosphatidlycholines, glycerophosphocholine, 
ornithine, glucuronic acid decrement in assessment of 
nutritional and metabolic characteristics in hepatitis B 
cirrhosis. PLoS One. 2017;12(4):e0175165. doi: 10.1371/
journal.pone.0175165.

28. Huang HJ, Zhang AY, Cao HC, Lu HF, Wang BH, Xie Q, et 
al. Metabolomic analyses of faeces reveals malabsorption 
in cirrhotic patients. Dig Liver Dis. 2013;45(8):677-82. doi: 
10.1016/j.dld.2013.01.001.

29. Wang X, Rao B, Wang H, Liu C, Ren Z, Yu Z. Serum 
metabolome alterations in patients with early nonalcoholic 
fatty liver disease. Biosci Rep. 2022;42(10):BSR20220319. 
doi: 10.1042/bsr20220319.

30. Lu X, Nie H, Li Y, Zhan C, Liu X, Shi X, et al. Comprehensive 
characterization and evaluation of hepatocellular carcinoma 
by LC-MS based serum metabolomics. Metabolomics. 
2015;11(5):1381-93. doi: 10.1007/s11306-015-0797-4.

31. Shao C, Ye J, Dong Z, Liao B, Feng S, Hu S, et al. 
Phospholipid metabolism-related genotypes of PLA2R1 and 
CERS4 contribute to nonobese MASLD. Hepatol Commun. 
2024;8(6):e0388. doi: 10.1097/hc9.0000000000000388.

32. Wang XF, Wu WY, Qiu GK, Wang H, Li WS, Wang YL, et 
al. Plasma lipidomics identifies novel biomarkers in patients 
with hepatitis B virus-related acute-on-chronic liver failure. 
Metabolomics. 2017;13(6):76. doi: 10.1007/s11306-017-
1215-x.

33. Zhang J, Zhang F, Zhang L, Zhang M, Liu S, Ma Y. Screening 
and molecular docking verification of feature genes related 
to phospholipid metabolism in hepatocarcinoma caused by 
hepatitis B. Lipids Health Dis. 2024;23(1):268. doi: 10.1186/
s12944-024-02253-3.

34. Alvaro D, Angelico M, Attili AF, De Santis A, Piéche U, 
Capocaccia L. Abnormalities in erythrocyte membrane 
phospholipids in patients with liver cirrhosis. Biochem Med. 
1982;28(2):157-64. doi: 10.1016/0006-2944(82)90066-7.

35. Ogawa Y, Kobayashi T, Honda Y, Kessoku T, Tomeno W, 
Imajo K, et al. Metabolomic/lipidomic-based analysis of 
plasma to diagnose hepatocellular ballooning in patients with 
non-alcoholic fatty liver disease: a multicenter study. Hepatol 
Res. 2020;50(8):955-65. doi: 10.1111/hepr.13528.

36. Yamamoto Y, Sakurai T, Chen Z, Furukawa T, Gowda SG, 
Wu Y, et al. Analysis of serum lysophosphatidylethanolamine 
levels in patients with non-alcoholic fatty liver disease by 
liquid chromatography-tandem mass spectrometry. Anal 
Bioanal Chem. 2021;413(1):245-54. doi: 10.1007/s00216-
020-02996-9.

37. Schwenger KJ, Sharma D, Ghorbani Y, Xu W, Lou W, Comelli 
EM, et al. Links between gut microbiome, metabolome, 
clinical variables and non-alcoholic fatty liver disease severity 
in bariatric patients. Liver Int. 2024;44(5):1176-88. doi: 
10.1111/liv.15864.

38. Krautbauer S, Meier EM, Rein-Fischboeck L, Pohl R, Weiss 
TS, Sigruener A, et al. Ceramide and polyunsaturated 
phospholipids are strongly reduced in human hepatocellular 

https://doi.org/10.1053/meta.2003.50049
https://doi.org/10.1046/j.1471-4159.2002.00997.x
https://doi.org/10.1186/s12944-019-1040-5
https://doi.org/10.1139/apnm-2012-0261
https://doi.org/10.1139/apnm-2012-0261
https://doi.org/10.1016/0009-8981(75)90086-8
https://doi.org/10.1016/0009-8981(75)90086-8
https://doi.org/10.18632/oncotarget.26738
https://doi.org/10.1097/mpg.0000000000002875
https://doi.org/10.1007/s11745-012-3671-4
https://doi.org/10.1016/j.ijid.2015.01.020
https://doi.org/10.1016/j.cgh.2016.05.046
https://doi.org/10.1371/journal.pmed.1001026
https://doi.org/10.1006/abio.2001.5000
https://doi.org/10.1111/j.1365-2796.1991.tb00300.x
https://doi.org/10.1111/j.1365-2796.1991.tb00300.x
https://doi.org/10.21203/rs.3.rs-3898120/v1
https://doi.org/10.21203/rs.3.rs-3898120/v1
https://doi.org/10.3892/ol.2017.5596
https://doi.org/10.1021/acs.jproteome.9b00047
https://doi.org/10.1371/journal.pone.0175165
https://doi.org/10.1371/journal.pone.0175165
https://doi.org/10.1016/j.dld.2013.01.001
https://doi.org/10.1042/bsr20220319
https://doi.org/10.1007/s11306-015-0797-4
https://doi.org/10.1097/hc9.0000000000000388
https://doi.org/10.1007/s11306-017-1215-x
https://doi.org/10.1007/s11306-017-1215-x
https://doi.org/10.1186/s12944-024-02253-3
https://doi.org/10.1186/s12944-024-02253-3
https://doi.org/10.1016/0006-2944(82)90066-7
https://doi.org/10.1111/hepr.13528
https://doi.org/10.1007/s00216-020-02996-9
https://doi.org/10.1007/s00216-020-02996-9
https://doi.org/10.1111/liv.15864


Shahveghar Asl et al

Health Promot Perspect. 2025;15(2) 121

carcinoma. Biochim Biophys Acta. 2016;1861(11):1767-74. 
doi: 10.1016/j.bbalip.2016.08.014.

39. Cairns SR, Peters TJ. Biochemical analysis of hepatic lipid in 
alcoholic and diabetic and control subjects. Clin Sci (Lond). 
1983;65(6):645-52. doi: 10.1042/cs0650645.

40. Vijayalakshmi S, Geetha A, Jeyachristy SA. A biochemical 
study on the level of lipids and glycoproteins in the serum 
and platelets of liver cirrhotic bleeders. Acta Biochim Pol. 
2006;53(1):213-20.

41. Clemmesen JO, Høy CE, Jeppesen PB, Ott P. Plasma 
phospholipid fatty acid pattern in severe liver disease. J Hepatol. 
2000;32(3):481-7. doi: 10.1016/s0168-8278(00)80400-6.

42. Gjone E, Orning OM. Plasma phospholipids in patients with 
liver disease. A quantitative thin layer chromatographic 
study. Scand J Clin Lab Invest. 1966;18(2):209-16. doi: 
10.3109/00365516609051816.

43. Flores YN, Amoon AT, Su B, Velazquez-Cruz R, Ramírez-
Palacios P, Salmerón J, et al. Serum lipids are associated with 
nonalcoholic fatty liver disease: a pilot case-control study in 
Mexico. Lipids Health Dis. 2021;20(1):136. doi: 10.1186/
s12944-021-01526-5.

44. Wang ZH, Zheng KI, Wang XD, Qiao J, Li YY, Zhang L, et 
al. LC-MS-based lipidomic analysis in distinguishing patients 
with nonalcoholic steatohepatitis from nonalcoholic fatty 
liver. Hepatobiliary Pancreat Dis Int. 2021;20(5):452-9. doi: 
10.1016/j.hbpd.2021.05.008.

45. Jiang Z, Hayashi T, Kashima K, Kurotani K, Shirouchi B, 
Mizoue T, et al. Alteration of serum phospholipid n-6 
polyunsaturated fatty acid compositions in nonalcoholic fatty 
liver disease in the Japanese population: a cross-sectional 
study. Lipids. 2020;55(6):599-614. doi: 10.1002/lipd.12251.

46. Arain SQ, Talpur FN, Channa NA, Ali MS, Afridi HI. Serum 
lipids as an indicator for the alteration of liver function in 
patients with hepatitis B. Lipids Health Dis. 2018;17(1):36. 
doi: 10.1186/s12944-018-0683-y.

47. Kalivianakis M, Minich DM, Bijleveld CM, van Aalderen WM, 
Stellaard F, Laseur M, et al. Fat malabsorption in cystic fibrosis 
patients receiving enzyme replacement therapy is due to 
impaired intestinal uptake of long-chain fatty acids. Am J Clin 
Nutr. 1999;69(1):127-34. doi: 10.1093/ajcn/69.1.127.

48. Nobili V, Alisi A, Liu Z, Liang T, Crudele A, Raponi M, et al. 
In a pilot study, reduced fatty acid desaturase 1 function was 
associated with nonalcoholic fatty liver disease and response 
to treatment in children. Pediatr Res. 2018;84(5):696-703. 
doi: 10.1038/s41390-018-0132-7.

49. Pynn CJ, Henderson NG, Clark H, Koster G, Bernhard W, 
Postle AD. Specificity and rate of human and mouse liver 
and plasma phosphatidylcholine synthesis analyzed in vivo. 
J Lipid Res. 2011;52(2):399-407. doi: 10.1194/jlr.D011916.

50. Al-Dbass A, Bacha AB, Moubayed NM, Bhat RS, Al-Mutairi 
M, Alnakhli OM, et al. Comparative studies on phospholipase 
A2 as a marker for gut microbiota-liver-brain axis in a rodent 
model of autism. Curr Proteomics. 2021;18(2):169-77. doi: 10
.2174/1570164617999200519100634.

51. Benno Y, Endo K, Mizutani T, Namba Y, Komori T, Mitsuoka 
T. Comparison of fecal microflora of elderly persons in 
rural and urban areas of Japan. Appl Environ Microbiol. 
1989;55(5):1100-5. doi: 10.1128/aem.55.5.1100-1105.1989.

52. Song J, da Costa KA, Fischer LM, Kohlmeier M, Kwock 
L, Wang S, et al. Polymorphism of the PEMT gene and 
susceptibility to nonalcoholic fatty liver disease (NAFLD). 

FASEB J. 2005;19(10):1266-71. doi: 10.1096/fj.04-3580com.
53. Puri P, Baillie RA, Wiest MM, Mirshahi F, Choudhury J, 

Cheung O, et al. A lipidomic analysis of nonalcoholic fatty 
liver disease. Hepatology. 2007;46(4):1081-90. doi: 10.1002/
hep.21763.

54. Kishida H, Nakae D, Kobayashi Y, Kusuoka O, Kitayama W, 
Denda A, et al. Enhancement of hepatocarcinogenesis initiated 
with diethylnitrosamine or N-nitrosobis(2-hydroxypropyl)
amine by a choline-deficient, L-amino acid-defined diet 
administered prior to the carcinogen exposure in rats. Exp 
Toxicol Pathol. 2000;52(5):405-12. doi: 10.1016/s0940-
2993(00)80071-8.

55. Zeisel SH, da Costa KA, Albright CD, Shin OH. Choline 
and hepatocarcinogenesis in the rat. Adv Exp Med Biol. 
1995;375:65-74. doi: 10.1007/978-1-4899-0949-7_6.

56. Sakakima Y, Hayakawa A, Nagasaka T, Nakao A. Prevention 
of hepatocarcinogenesis with phosphatidylcholine and 
menaquinone-4: in vitro and in vivo experiments. J Hepatol. 
2007;47(1):83-92. doi: 10.1016/j.jhep.2007.01.030.

57. Ryborg AK, Johansen C, Iversen L, Kragballe K. 
Lysophosphatidylcholine induces keratinocyte differentiation 
and upregulation of AP-1- and NF-kappaB DNA-binding 
activity. Acta Derm Venereol. 2004;84(6):433-8. doi: 
10.1080/00015550410016930.

58. Sarin SK, Lal K, Sachdeva G, Nanda R, Tandon RK. Biliary 
lipid composition in patients with non-cirrhotic portal fibrosis-
-a comparison with compensated cirrhosis of the liver. Liver. 
1987;7(1):38-42. doi: 10.1111/j.1600-0676.1987.tb00313.x.

59. Chen AH, Innis SM, Davidson AG, James SJ. 
Phosphatidylcholine and lysophosphatidylcholine excretion 
is increased in children with cystic fibrosis and is associated 
with plasma homocysteine, S-adenosylhomocysteine, and 
S-adenosylmethionine. Am J Clin Nutr. 2005;81(3):686-91. 
doi: 10.1093/ajcn/81.3.686.

60. Benno Y, Sawada K, Mitsuoka T. The intestinal microflora of 
infants: composition of fecal flora in breast-fed and bottle-
fed infants. Microbiol Immunol. 1984;28(9):975-86. doi: 
10.1111/j.1348-0421.1984.tb00754.x.

61. Hishikawa D, Shindou H, Kobayashi S, Nakanishi H, Taguchi 
R, Shimizu T. Discovery of a lysophospholipid acyltransferase 
family essential for membrane asymmetry and diversity. Proc 
Natl Acad Sci U S A. 2008;105(8):2830-5. doi: 10.1073/
pnas.0712245105.

62. Tanaka N, Matsubara T, Krausz KW, Patterson AD, Gonzalez 
FJ. Disruption of phospholipid and bile acid homeostasis 
in mice with nonalcoholic steatohepatitis. Hepatology. 
2012;56(1):118-29. doi: 10.1002/hep.25630.

63. Patel D, Witt SN. Ethanolamine and phosphatidylethanolamine: 
partners in health and disease. Oxid Med Cell Longev. 
2017;2017:4829180. doi: 10.1155/2017/4829180.

64. Viswanath P, Radoul M, Izquierdo-Garcia JL, Ong WQ, 
Luchman HA, Cairncross JG, et al. 2-hydroxyglutarate-
mediated autophagy of the endoplasmic reticulum leads to 
an unusual downregulation of phospholipid biosynthesis in 
mutant IDH1 gliomas. Cancer Res. 2018;78(9):2290-304. doi: 
10.1158/0008-5472.Can-17-2926.

65. Lebeaupin C, Vallée D, Hazari Y, Hetz C, Chevet E, Bailly-
Maitre B. Endoplasmic reticulum stress signalling and the 
pathogenesis of non-alcoholic fatty liver disease. J Hepatol. 
2018;69(4):927-47. doi: 10.1016/j.jhep.2018.06.008.

https://doi.org/10.1016/j.bbalip.2016.08.014
https://doi.org/10.1042/cs0650645
https://doi.org/10.1016/s0168-8278(00)80400-6
https://doi.org/10.3109/00365516609051816
https://doi.org/10.1186/s12944-021-01526-5
https://doi.org/10.1186/s12944-021-01526-5
https://doi.org/10.1016/j.hbpd.2021.05.008
https://doi.org/10.1002/lipd.12251
https://doi.org/10.1186/s12944-018-0683-y
https://doi.org/10.1093/ajcn/69.1.127
https://doi.org/10.1038/s41390-018-0132-7
https://doi.org/10.1194/jlr.D011916
https://doi.org/10.2174/1570164617999200519100634
https://doi.org/10.2174/1570164617999200519100634
https://doi.org/10.1128/aem.55.5.1100-1105.1989
https://doi.org/10.1096/fj.04-3580com
https://doi.org/10.1002/hep.21763
https://doi.org/10.1002/hep.21763
https://doi.org/10.1016/s0940-2993(00)80071-8
https://doi.org/10.1016/s0940-2993(00)80071-8
https://doi.org/10.1007/978-1-4899-0949-7_6
https://doi.org/10.1016/j.jhep.2007.01.030
https://doi.org/10.1080/00015550410016930
https://doi.org/10.1111/j.1600-0676.1987.tb00313.x
https://doi.org/10.1093/ajcn/81.3.686
https://doi.org/10.1111/j.1348-0421.1984.tb00754.x
https://doi.org/10.1073/pnas.0712245105
https://doi.org/10.1073/pnas.0712245105
https://doi.org/10.1002/hep.25630
https://doi.org/10.1155/2017/4829180
https://doi.org/10.1158/0008-5472.Can-17-2926
https://doi.org/10.1016/j.jhep.2018.06.008

