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Identification and characterization 
of lysophosphatidylcholine 14:0 
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Drug‑induced interstitial lung disease (DILD) occurs when drug exposure causes inflammation of the 
lung interstitium. DILD can be caused by different types of drugs, and some DILD patterns results 
in a high mortality rate; hence, DILD poses a serious problem in clinical practice as well as drug 
development, and strategies to diagnose and distinguish DILD from other lung diseases are necessary. 
We aimed to identify novel biomarkers for DILD by performing lipidomics analysis on plasma samples 
from patients with acute and recovery phase DILD. Having identified lysophosphatidylcholines 
(LPCs) as candidate biomarkers for DILD, we determined their concentrations using validated liquid 
chromatography/mass spectrometry biomarker assays. In addition, we evaluated the ability of 
LPCs to discriminate patients with acute phase DILD from those with recovery phase DILD, DILD‑
tolerant, or other lung diseases, and characterized their association with clinical characteristics. 
Lipidomics analysis revealed a clear decrease in LPC concentrations in the plasma of patients with 
acute phase DILD. In particular, LPC(14:0) had the highest discriminative index against recovery 
phase and DILD‑tolerant patients. LPC(14:0) displayed no clear association with causal drugs, or 
subjects’ backgrounds, but was associated with disease severity. Furthermore, LPC(14:0) was able 
to discriminate between patients with DILD and other lung diseases, including idiopathic interstitial 
pneumonia and lung disease associated with connective tissue disease. LPC(14:0) is a promising 
biomarker for DILD that could improve the diagnosis of DILD and help to differentiate DILD from other 
lung diseases, such as idiopathic interstitial pneumonia and connective tissue disease.
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NSIP  Non-specific interstitial pneumonia
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LuCa  Lung cancer
CTD  Lung disease associated with connective tissue disease
BaPn  Bacterial pneumonia
NoMy  Nontuberculous mycobacteriosis
COPD  Chronic obstructive pulmonary disease
BrAs  Bronchial asthma
NIHS  National Institute of Health Science
FDR  False discovery rate
LC  Liquid chromatography
MS  Mass spectrometry
AUC   Area under the curve
ROC  Receiver operating characteristic
CRP  C-reactive protein
BMI  Body mass index
LPA  Lysophosphatidic acid
IPF  Idiopathic pulmonary fibrosis

Drug-induced interstitial lung disease (DILD) is a group of diffuse parenchymal lung disorders. DILD is 
caused by inflammation of the lung interstitium following exposure to over 380 known drugs, including cancer 
chemotherapy agents (e.g., paclitaxel and gemcitabine), amiodarone, and monoclonal antibody therapies (e.g., 
nivolumab and pembrolizumab)1–4. Although DILD exhibits numerous patterns in histological diagnosis, typi-
cally, diffuse alveolar damage (DAD), organizing pneumonia (OP), non-specific interstitial pneumonia (NSIP), 
eosinophilic pneumonia, and hypersensitivity pneumonia are  observed5,6. These histopathological patterns as 
well as clinical phenotypes and computed tomography (CT) images of DILD vary significantly, even between 
patients receiving the same drug. As DILD is a serious adverse drug reaction that poses problems in drug devel-
opment and clinical practice, new approaches are urgently required to specifically diagnose DILD. In addition, 
the variability of DILD properties makes distinguishing DILD from other related lung diseases complicated, 
including interstitial pneumonias caused by other  factors4–7. Thus, along with DILD diagnosis, approaches to 
distinguish DILD from other lung diseases, especially idiopathic interstitial pneumonia (IIP), are also required.

DILD is traditionally diagnosed through comprehensive clinical evaluations, including laboratory tests for 
basic blood parameters and known lung biomarkers, chest radiography and/or high-resolution CT (HRCT), 
pulmonary function testing, and, if necessary, invasive procedures such as  bronchoscopy4–8. Since biomarker 
tests have particular advantages in terms of low cost, minimal invasiveness, and ease of handling by general 
physicians, they are playing an increasingly important role in clinical drug use and development. The known 
lung biomarkers used to assist the diagnosis of DILD are surface protein-D (SP-D) and Krebs von den Lungen-6 
(KL-6), which are glycoproteins produced by type II  pneumocytes9–11. A prospective study revealed that KL-6 
levels are increased in 53% of patients with DILD, which correlates with DAD and extensive lung  involvement12. 
Meanwhile, it has been reported that SP-D can be used to discriminate between everolimus-treated patients with 
(n = 12) and without (n = 13)  DILD13. However, these known biomarkers have also been shown to be changed by 
other lung diseases, such as lung cancer (LuCa), IIP, and lung disease associated with connective tissue disease 
(CTD)12,14–16. Since DILD can be caused by a broad spectrum of drugs and the underlying lung diseases vary 
between DILD patients, more specific biomarkers are required to facilitate the diagnosis of DILD and select 
appropriate treatments in a timely manner.

Technical advances in omics approaches have allowed the comprehensive analysis of circulating molecules, 
including RNA, proteins, and metabolites, to improve the discovery of candidate biomarkers. Lipidomics is a 
relatively recent omics approach that targets  lipids17–19, a major class of metabolites that constitute the structural 
components of cells, organelles, and vesicle membranes, and act as a source of energy and/or cell signaling 
molecules. Accordingly, lipids are considered suitable targets for biomarker development. In this study, we used 
lipidomics analysis to obtain novel biomarkers for DILD, from plasma samples obtained from patients with 
acute and recovery phase DILD. Having identified lysophosphatidylcholines (LPCs) as candidate biomarkers for 
DILD, we validated these biomarkers in DILD-tolerant patients prescribed with DILD-causing drugs for at least 
12 weeks. In addition, we verified the association between LPC(14:0), the most promising biomarker candidate 
for DILD, and the clinical characteristics of patients with DILD, as well as their ability to discriminate between 
DILD and other lung diseases.

Materials and methods
Subjects. All patients were recruited from Shinshu University, Nippon Medical School, Chiba University, 
and Hiroshima University. Healthy volunteers were recruited from the Yaesu Sakura-Dori Clinic. DILD was 
diagnosed by respiratory specialists according to the following Japanese diagnostic  criteria6 that ameliorated the 
diagnostic criteria reported by Camus et al.5: 1) History of ingestion of a drug known to induce lung injury; 2) 
the clinical manifestations have been reported to be induced by a drug; 3) other causes of the clinical manifesta-
tions could be ruled out; and 4) improvement of the clinical manifestations after drug discontinuation.

Based on HRCT findings, DILD was classified into four patterns: DAD, NSIP, OP, and others, by respiratory 
specialists at each hospital. Some patients displayed multiple patterns.

DILD recovery was determined at least two weeks after the onset of DILD by respiratory specialists at each 
hospital, based on the improvement of clinical symptoms, lung imaging findings (e.g., HRCT), and oxygenation 
status (e.g.,  SpO2). Patients who were prescribed DILD-causing drugs without DILD for at least 12 weeks were 
enrolled in the DILD-tolerant group. Differences in general and background diseases and clinical characteristics 
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among DILD groups were evaluated using Student’s t-test for numerical factors and the chi-square test for cat-
egorical factors. Patients with LuCa, bacterial pneumonia (BaPn), nontuberculous mycobacteriosis (NoMy), 
IIP, CTD, chronic obstructive pulmonary disease (COPD), or bronchial asthma (BrAs) were also diagnosed by 
respiratory specialists.

Sample collection. Blood samples were collected into vacuum blood collection tubes containing 7  mL 
EDTA-2Na by venipuncture (Venoject II, Terumo, Tokyo, Japan) and were immediately centrifuged at 2500 × g 
and 4 °C for 10 min. Plasma was dispensed into screw-capped polypropylene tubes and stored at − 80 °C within 
2–4 h of drawing blood.

Lipidomics and candidate biomarker discovery. Lipidomics was performed as described  previously20. 
The processed lipid level data are presented in Supplementary information 2. Lipids confirmed by fragment ions 
were used for data analysis. Significant differences in lipid levels were assessed using the false discovery rate 
(FDR)-adjusted Welch’s t-test, and candidate biomarkers were identified using the effect size (Hedge’s g).

LPC validated liquid chromatography/mass spectrometry (LC/MS) biomarker assay and bio‑
marker validation and characterization. A validated LC/MS biomarker assay was performed on the 
LPCs as described  previously21, with some modifications. The modified details and validated assay parameters 
and performance are described in Supplementary information 1 and Supplementary information 3. The deter-
mined LPC concentrations and associated clinical characteristics of patients with and without DILD are pre-
sented in Supplementary information 4.

Statistical analysis. LPC concentrations were compared between two or more groups using Student’s 
t-tests or ANOVA with Tukey’s post-hoc test in GraphPad Prism 9 (GraphPad Software, San Diego, CA, USA). 
The discrimination ability of different LPCs was assessed using the area under the curve (AUC) of receiver 
operating characteristic (ROC) analysis using GraphPad Prism 9. The correlation between LPC concentration 
and severity of symptoms in DILD was calculated using Pearson’s correlation coefficient. Multivariable logistic 
regression analysis of LPC concentration and associated clinical characteristics was performed using R 3.6.0 
software (R Foundation for Statistical Computing, Vienna, Austria).

Ethics approval. This study was conducted in accordance with the Declaration of Helsinki and was 
approved by the Ethics Committee of the National Institute of Health Science (NIHS) (257 and 259 for NIHS; 
261 and 263 for Kihara Memorial Foundation), Shinshu University (3318 and 4716), Nippon Medical School 
(27-11-514), Chiba University (2265), Hiroshima University (E-245), Daiichi Sankyo Co., Ltd. (15-0504-00), 
and Astellas Pharma Inc. (000043).

Consent to participate. Written informed consent was obtained from all study participants.

Results
Lipidomics screening of candidate biomarkers for DILD. First, we screened candidate biomarkers in 
43 patients with DILD (43 acute phase samples; 30 recovery phase samples), whose clinical characteristics are 
summarized in Supplementary information 5. The screening set included 21 patients (21 acute phase; 17 recov-
ery phase), while the validation set included 22 patients (22 acute phase; 13 recovery phase). Lipidomic analysis 
of the plasma samples identified 396 lipids (Supplementary information 2) that were quantified as arbitrary lipid 
units normalized to an internal standard  (phosphatidylcholine(12:0/12:0)). As seen in Fig.  1A, a number of 
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Figure 1.  Lipidomics screening of candidate DILD biomarkers. (A) Individual lipid plot of false discovery rate 
(FDR) and effect size (g) from lipidomics analyses comparing acute and recovery phase DILD patients. (B) Venn 
diagram of significantly different lipids between acute and recovery phase DILD patients from the screening and 
validation cohorts.
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lipids exceeded the stringent threshold (FDR-adjusted adjusted p < 0.05 and effect size (|g|) > 1) level of difference 
between the acute and recovery phase samples, including 37 and 18 in the screening and validation sets, respec-
tively (Fig. 1B). Then, lipids exceeding the threshold in both the screening and validation studies were extracted, 
which resulted in nine lipids being identified as candidate biomarkers (Fig. 1B), all of which were expressed at 
lower levels in the acute phase samples compared to that in the recovery phase samples. Since six of the nine 
candidate biomarkers were LPCs, we focused on LPCs in subsequent experiments.

Validation of LPCs as DILD biomarkers. To validate LPCs as candidate biomarkers for DILD, we estab-
lished and validated the LC/MS biomarker assay to determine LPC plasma concentrations. Due to the avail-
ability of standards and the larger effect size of saturated/monounsaturated LPCs, we targeted the following 
eight LPCs: LPC(14:0), LPC(15:0), LPC(16:0), LPC(17:0), LPC(18:0), LPC(18:1), LPC(19:0), and LPC(20:0), 
based on the availability of analytical standards. The validated assay parameters (Supplementary information 
3) were compatible with the acceptance criteria for bioanalytical drug validation methods (as described in Sup-
plementary information 1). A total of 102 patients with DILD (102 acute phase; 59 recovery phase) and 31 
DILD-tolerant patients were recruited for the validation assay, and their clinical characteristics are summarized 
in Table 1 and listed individually in Supplementary information 4.

Next, we compared plasma LPC concentrations between acute and recovery phase of DILD patients and 
DILD-tolerant patients (Fig. 2A). All eight LPCs were expressed at significantly lower levels in patients with DILD 
in the acute phase than in the recovery phase or in DILD-tolerant patients. ROC analysis was then performed 
to evaluate the discriminative performance of the individual LPCs between acute and recovery phase DILD 
patients (Fig. 2B and Supplementary information 6A) and between acute phase DILD patients and DILD-tolerant 
patients (Fig. 2C and Supplementary information 6B). The calculated AUC was highest for LPC(14:0) in both 
comparisons (0.813 for recovery phase; 0.811 for DILD-tolerant), with Yoden index cut-off values of 277.2 ng/
mL (recovery phase) and 273.9 ng/mL (DILD-tolerant). Other LPCs scored AUCs of 0.737–0.783 for recovery 
phase patients and 0.738–0.763 for DILD-tolerant patients. The correlation between LPC(14:0) and the other 
LPCs in DILD patients was strong, with correlation coefficient (r) ranging from 0.65 to 0.86 (data not shown). 
This indicates that LPCs show similar trends in response to DILD, and that scoring models with multiple LPCs 
would not achieve better discrimination. Moreover, the calculated AUCs revealed that LPC(14:0) performed 
better as a biomarker for DILD than KL-6 and SP-D (Supplementary information 7), suggesting that LPC(14:0) 
could be a novel, high-performance biomarker for DILD.

Association between LPC(14:0) and the clinical characteristics of patients with DILD. Plasma 
LPC(14:0) was next characterized in several aspects as a DILD marker. First, we investigated the relationship 
between DILD patterns and LPC(14:0) concentrations in acute and recovery of DILD patients. As shown in 
Fig.  3A, the DAD pattern had the strongest effect on plasma LPC(14:0) concentrations, but this effect was 
observed for the other DILD patterns. For the causal drug, the drug groups that belonged to the fourth level of 
the ATC code were selected to ensure statistical reliability, and the results with number of prescribed patients 
over 10 were shown (Fig. 3B). All groups of causal drug demonstrated a considerable impact on the plasma 
LPC(14:0) concentrations. A comparison of the acute phase and DILD-tolerant patients treated with the same 
group of causal drugs revealed that plasma LPC(14:0) concentrations were decreased due to DILD rather than 
the causal drugs (Supplementary information 8).

Furthermore, we examined the association between plasma LPC(14:0) concentration and severity of symp-
toms in DILD, by assessing parameters such as cough, breathlessness, body temperature, oxygen administration, 
and  SpO2 levels. The severity of cough and breathlessness were evaluated by the attending physician based on 
the classification criteria for severity of adverse drug  reactions22 and scored from 0 (no symptoms) to 3 (severe 
symptoms).  SpO2 levels were only evaluated in patients without oxygen administration, since oxygen adminis-
tration results in amelioration of  SpO2 levels. As shown in Fig. 3C, all severity scores of DILD symptoms cor-
related significantly with plasma LPC(14:0) levels, with breathlessness levels exceeding the absolute correlation 
coefficient of > 0.4. In addition, patients with oxygen administration demonstrated significantly lower plasma 
LPC(14:0) concentrations than those without (Fig. 3D). These results suggest that plasma LPC(14:0) concentra-
tion is associated with those symptom severities in DILD that reflect disease severeity.

Along with DILD pattern, causal drugs, and symptom severities, we examined the association between plasma 
LPC(14:0) concentrations and other clinical chemistry/biomarker levels in patients with and without DILD. As 
shown in Fig. 3E, plasma LPC(14:0) concentration correlated significantly and negatively with blood C-reactive 
protein (CRP) levels (r = -0.60). Significant correlations were also observed with other biomarker levels, except 
KL-6, but with absolute correlation coefficients of < 0.4.

Using multiple regression analysis, we examined the effects of the physical and clinical background charac-
teristics of the patients, which may modulate the blood lipid  profiles23–25. The physical characteristics examined 
were sex, age, body mass index (BMI), and smoking experience, and the clinical characteristics were chest 
radiation and associated diseases (LuCa, other cancers, high blood pressure, diabetes, lipid disorder, and heart 
disease). As shown in Fig. 4A, DILD was the primary factor contributing to plasma LPC(14:0) concentrations 
(p = 9.7E-13), and BMI was the only other factor that contributed significantly (p = 6.3E-4; Fig. 4B). To exclude the 
effect of BMI on plasma LPC(14:0) concentrations and evaluate the effect of DILD, we adjusted plasma LPC(14:0) 
concentrations for BMI using the beta obtained from multiple regression analysis and compared concentrations 
between acute and recovery phase DILD patients or DILD-tolerant patients. As shown in Fig. 4C, adjusted 
LPC(14:0) concentrations were significantly lower in patients with acute phase DILD than that in the recovery 
phase or DILD-tolerant patients. ROC analysis between acute and recovery phase DILD patients (Fig. 4D) and 
between acute phase DILD patients and DILD-tolerant patients (Fig. 4E) yielded AUCs of 0.807 for recovery 
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phase patients and 0.801 for DILD-tolerant patients, consistent with unadjusted LPC(14:0) concentrations. 
These results suggest that BMI has a limited effect on plasma LPC(14:0) concentration and does not affect its 
application as a biomarker for DILD.

Ability of LPC(14:0) to discriminate between DILD, other lung diseases, and healthy volun‑
teers. Finally, we examined the ability of plasma LPC(14:0) concentrations to discriminate between DILD 
and other lung diseases, LuCa (n = 68), BaPn (n = 10), NoMy (n = 20), IIP (n = 39), CTD (n = 23), COPD (n = 13), 
and BrAs (n = 12), or healthy volunteers (n = 90). Patient background characteristics are summarized in Table 2. 
Although there were several differences in background characteristics between patients with DILD and other 
lung diseases, multiple regression analyses demonstrated that background characteristics had a negligible effect 
(Fig. 4A). As shown in Fig. 5A, plasma LPC(14:0) concentrations were significantly lower in patients with acute 

Table 1.  Summary of clinical characteristics of DILD and DILD-tolerant patients used for LPC biomarker 
assay. *Prescribed DILD-causing drugs without DILD for at least 12 weeks, stat#: Statistical comparison 
between DILD acute and DILD recovery, stat$: Statistical comparison between DILD acute and DILD-tolerant.

Factor Category DILD acute DILD recovery DILD-tolerant

General total no. of subjects 102 59 31

General (paired subjects) 59 59 stat# stat$

General Age Range/median (no. of 
sub.) 32–86/69 (100) 32–85/69 (58) ns 33–83/69 (31) ns

General Gender Female/male (no. of sub.) 38/64 (102) 24/35 (59) ns 13/18 (31) ns

General BMI Range/median (no. of 
sub.) 14.0–28.7/21.3 (100) 14.6–28.7/22.6 (58) ns 16.3–38.1/21.6 (31) ns

General Smoking habit No/Yes (no. of .sub.) 34/63 (97) 19/38 (57) ns 10/21 (31) ns

General Chest radiation No/Yes (no. of sub.) 90/11 (101) 53/6 (59) ns 27/4 (31) ns

Underlying diseases Lung cancer No/Yes (no. of sub.) 72/30 (102) 49/10 (59) ns 2/29 (31) p < 0.0001

Underlying diseases Other cancer No/Yes (no. of sub.) 54/48 (102) 29/30 (59) ns 28/3 (31) p = 0.0002

Underlying diseases High blood pressure No/Yes (no. of sub.) 77/25 (102) 45/14 (59) ns 19/12 (31) ns

Underlying diseases Diabetes No/Yes (no. of sub.) 83/19 (102) 46/13 (59) ns 26/5 (31) ns

Underlying diseases Lipid disorder No/Yes (no. of sub.) 83/19 (102) 49/10 (59) ns 27/4 (31) ns

Underlying diseases Heart disease No/Yes (no. of sub.) 81/21 (102) 46/13 (59) ns 29/2 (31) ns

Clinical tests WBC (cells/μl) Range/median (no. of 
sub.) 2200–105100/7040 (102) 1450–21210/6215 (58) 2910–9760/5960 (31)

Clinical tests SP-A (ng/ml) Range/median (no. of 
sub.) 16–257/72.3 (57) 17.6–118.2/46.7 (30) 21.6–145.9/40.6 (13)

Clinical tests SP-D (ng/ml) Range/median (no. of 
sub.) 17.2–1720/205 (76) 8.6–401/108 (33) 21–227/88.2 (14)

Clinical tests KL-6 (U/ml) Range/median (no. of 
sub.) 133.4–5366/887 (101) 106–4256/518 (47) 170–2744/322 (21)

Clinical tests CRP (mg/dl) Range/median (no. of 
sub.) 0.05–30.97/4.49 (102) 0.01–19.3/0.3 (55) 0.01–16.6/0.17 (30)

Clinical tests LDH (U/l) Range/median (no. of 
sub.) 119–812/276 (101) 146–481/220.5 (56) 25–442/217 (31)

DILD pattern DAD No/Yes (no. of sub.) 79/21 (100) NA NA

DILD pattern OP No/Yes (no. of sub.) 58/42 (100) NA NA

DILD pattern NSIP No/Yes (no. of sub.) 64/36 (100) NA NA

DILD pattern Other No/Yes (no. of sub.) 86/14 (100) NA NA

Causal drug categories L01BC; Pyrimidine 
analogs No/Yes (no. of sub.) 87/15 (102) NA 30/1 (31)*

Causal drug categories L01CD; Taxanes No/Yes (no. of sub.) 80/22 (102) NA 19/12 (31)*

Causal drug categories L01XC; Monoclonal 
antibodies No/Yes (no. of sub.) 82/20 (102) NA 26/5 (31)*

Causal drug categories L01XE; Protein kinase 
inhibitors No/Yes (no. of sub.) 85/17 (102) NA 15/16 (31)*

Symptom severities of 
DILD Cough (grade) Range/median (no. of 

sub.) 0–3/1 (96) NA NA

Symptom severities of 
DILD Breathlessness (grade) Range/median (no. of 

sub.) 0–3/1 (96) NA NA

Symptom severities of 
DILD Body temperature Range/median (no. of 

sub.) 35–39/36.7 (98) NA NA

Symptom severities of 
DILD Oxygen administration No/Yes (no. of sub.) 78/22 (100) NA NA

Symptom severities of 
DILD SpO2

Range/median (no. of 
sub.) 50–99/95.5 (78) NA NA
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phase DILD than in all other lung disease groups, except for BaPn and NoMy. ROC analysis (Fig. 5B) revealed 
that LPC(14:0) had substantial discriminative performance (> 0.7) between patients with acute phase DILD and 
other lung diseases, except for BaPn, and healthy volunteers (0.749 for LuCa, 0.563 for BaPn, 0.708 for NoMy, 
0.750 for IIP, 0.818 for CTD, 0.744 for COPD, 0.788 for BrAs, and 0.798 for healthy volunteers). In addition, 
the AUCs against LuCa, IIP, and CTD revealed that LPC(14:0) performed better than KL-6 and SP-D (Supple-
mentary information 9). The determined Yoden index cut-off values for LPC(14:0) were 368.1 ng/mL for LuCa, 
274.3 ng/mL for IIP, and 392.6 ng/mL for CTD. These findings suggest that LPC(14:0) is an effective biomarker 
that can distinguish DILD from lung diseases, such as LuCa, IIP, and CTD, better than classical biomarkers. 

Discussion
This study identified and characterized DILD biomarkers from patients with DILD, DILD-tolerant patients, 
patients with other lung diseases, and healthy volunteers. Lipidomics analysis screening and validation using 
patients with acute and recovery phase DILD revealed a systemic decrease in LPC class molecules, with larger 
effect size of saturated/monounsaturated fatty acid side chains in acute phase patients. Further analysis of plasma 
concentrations demonstrated that LPCs were present at significantly lower concentrations in the acute phase 
DILD, with LPC(14:0) exceeding the performance of the classical biomarkers KL-6 and SP-D. Notably, LPC(14:0) 
had no apparent association with causal drugs, or patient backgrounds and was associated with disease sever-
ity and CRP levels, unlike with KL-6 or SP-D levels. Furthermore, LPC(14:0) concentration can discriminate 
between patients with DILD and those with LuCa, IIP, CTD, COPD, and BrAs, exceeding the performance of 

0

500

1000

1500

0

200

400

600

800

0

20

40

60

80

100

0

500

1000

1500

0

10

20

30

40

0

5

10

15

20

25

0

50

100

150

0

50

100

150

A

Acute
Recovery

Tolerant Acute
Recovery

Tolerant Acute
Recovery

Tolerant Acute
Recovery

Tolerant

P
la

sm
a 

co
n

ce
n

tr
at

io
n

s

LPC(14:0)

ng/ml

LPC(15:0)

ng/ml

LPC(16:0)

 µg/ml

LPC(18:0)

 µg/ml

LPC(18:1)

 µg/ml
LPC(20:0)

ng/ml

LPC(19:0)

ng/ml

LPC(17:0)

ng/ml

***
***

***

***

*** ***
***

***

***

******
***

***

***

******

0

20

40

60

80

100

B

S
en

si
ti

v
it

y
(%

)

0 20 40 60 80 100

LPC(14:0)

AUC 0.813

1-Specificity (%)

0

20

40

60

80

100

C

S
en

si
ti

v
it

y
(%

)

0 20 40 60 80 100

LPC(14:0)

AUC 0.811

1-Specificity (%)

Figure 2.  Validation of LPCs as DILD biomarkers. (A) Individual plot of plasma LPC concentrations in acute 
and recovery phase DILD and DILD-tolerant patients. ***p < 0.001 vs. acute phase. (B) ROC curve of LPC(14:0) 
concentrations between acute and recovery phase DILD patients. (C) ROC curve of LPC(14:0) concentrations 
between acute phase DILD patients and DILD-tolerant patients.
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Figure 3.  Association of LPC(14:0) with DILD patterns, causal drugs, symptom severities, and other DILD 
biomarkers. (A) Plasma LPC(14:0) concentrations for each DILD pattern in acute and recovery phase DILD 
patients. ***p < 0.001 vs. recovery phase. (B) Plasma LPC(14:0) concentrations in acute phase DILD patients 
treated with specific causal drugs and recovery phase DILD patients. L01BC: pyrimidine analogs; L01CD: 
taxanes; L01XC: monoclonal antibodies; L01XE: protein kinase inhibitors. ***p < 0.001 vs. recovery phase. (C) 
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***p < 0.001. (E) Plasma LPC(14:0) concentrations with other DILD biomarkers.
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KL-6 and SP-D biomarkers in LuCa, IIP, and CTD cases. Therefore, this study demonstrated that LPCs, particu-
larly LPC(14:0), could be a novel and effective biomarker for DILD.

Blood LPC levels have previously been proposed as candidate biomarkers for acute inflammatory diseases. 
For instance, serum LPC levels are decreased in patients with community-acquired pneumonia and are associ-
ated with their prognosis and  mortality26,27. Consistently, we found that plasma LPC(14:0) concentrations were 
decreased in patients with BaPn. LPCs have also been proposed as useful biomarkers for diagnosing sepsis and 
predicting patient  mortality28, while metabolomics and lipidomics screening have recently revealed decreased 
serum LPC levels in patients with COVID-19 with lung  injury29,30. Our results further strengthen the association 
between blood LPC levels and acute inflammation. Moreover, LPCs have been reported as candidate biomarkers 
for cancer and diabetes, with which chronic inflammation is  associated25,31,32. However, we found that plasma 
LPC(14:0) concentrations were higher in patients with the chronic inflammatory lung diseases IIP, CTD, COPD, 
and BrAs, than that in patients with DILD. In addition, we demonstrated the negligible impact of cancers and 
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Figure 4.  Association between LPC(14:0) and patient background characteristics. (A) Multivariable logistic 
regression analysis of the characteristic contribution to plasma LPC concentrations. (B) Plasma LPC(14:0) 
concentrations with BMI. (C) BMI-adjusted plasma LPC(14:0) concentrations in acute and recovery phase 
DILD and DILD-tolerant patients. ***p < 0.001 vs. acute phase. (D) ROC curve of BMI-adjusted LPC(14:0) 
concentrations between acute and recovery phase DILD patients. (E) ROC curve of BMI-adjusted LPC(14:0) 
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Table 2.  Summary of background information of patients with other lung diseases and healthy volunteers 
used for LPC biomarker assay.

Factor Category Lung cancer
Bacterial 
pneumonia

Nontuberculous 
mycobacteriosis

Idiopathic 
interstitial 
pneumonia

Lung disease 
associated with 
connective 
tissue disease

Chronic 
obstructive 
pulmonary 
disease

Bronchial 
asthma

Healthy 
volunteer

no. of subjects 68 10 20 39 23 13 12 90

Age Range/median 
(no. of sub.) 44–81/70.5 (68) 55–81/73.5 (10) 48–83/64.5 (20) 41–83/72.5 (38) 50–83/68 (23) 51–80/66 (13) 42–87/60 (12) 25–65/47 (90)

Gender Female/male 
(no. of sub.) 20/48 (68) 3/7 (10) 15/5 (20) 8/31 (39) 16/7 (23) 2/11 (13) 8/4 (12) 45/45 (90)

BMI Range/median 
(no. of sub.)

15.9–30.4/21.9 
(67)

16.5–29.3/22.8 
(10)

12.7–24.7/18.7 
(20)

15.7–32.4/24.3 
(39)

19.9–44.3/23.7 
(23)

13–29.4/21.1 
(13)

18.7–32/24.5 
(12)

18.4–25.6/21.4 
(90)

Smoking habit No/Yes (no. of 
sub.) 14/52 (66) 4/6 (10) 15/4 (19) 5/34 (39) 12/10 (22) 0/13 (13) 6/5 (11) NA

Chest radiation No/Yes (no. of 
sub.) 60/8 (68) 9/1 (10) 19/1 (20) 38/0 (38) 23/0 (23) 12/0(12) 12/0 (12) NA
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diabetes on blood LPC(14:0) concentrations. Therefore, the association between chronic inflammation and blood 
LPC levels may be to a lesser extent than that of acute inflammation and blood LPC levels.

Notably, the estimated cut-off values of LPC(14:0) for discriminating between acute DILD and IIP were 
compatible with recovery phase DILD, or DILD tolerance, which was approximately 275 ng/mL. Consequently, 
LPC(14:0) could be useful for specifically diagnosing DILD compared to IIP, which have different treatment 
strategies. For LuCa and CTD, the estimated cut-off values of LPC(14:0) were around 380 ng/mL, which is over 
100 ng/mL above the cut-off for DILD diagnosis. Whilst LPC(14:0) was not applicable for discriminating DILD 
from BaPn, culture-, antigen-, or gene-based tests for bacteria can be used for diagnosing BaPn.

To date, no direct mechanism-based evidence of decreased plasma LPC concentrations has been provided in 
patients with DILD. However, the roles of LPCs and their metabolizing enzyme autotaxin in inflammation and 
immune response have been well  characterized33,34. Autotaxin acts as phospholipase D to cleave choline from 
LPC and produce lysophosphatidic acid (LPA), which activates various LPA receptors to induce inflammatory 
and anti-inflammatory  responses33,34. Serum autotoxin levels have been reported to correlate with the severity 
and mortality of acute respiratory distress  syndrome35, and increased serum autotoxin levels have been detected 
in patients with severe COVID-1936. Plasma autotaxin levels also correlate with mortality in patients with severe 
 sepsis37, suggesting that autotaxin may play a role in systemic hyper-inflammation and decreased plasma LPC 
concentrations in DILD. However, autotaxin also exerts important effects in chronic inflammatory diseases, 
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Figure 5.  Ability of LPC(14:0) to discriminate DILD from other lung diseases and healthy volunteers. (A) 
Plasma LPC(14:0) concentrations in acute phase DILD patients, other lung diseases, and healthy volunteers. 
***p < 0.001, *p < 0.05 vs. acute phase DILD. LuCa; lung cancer, BaPn; bacterial pneumonia, NoMy; 
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healthy volunteer. (B) ROC curve of LPC (14:0) concentrations between acute phase DILD patients and other 
groups.
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such as idiopathic pulmonary fibrosis (IPF)34, and is present at increased levels in the bronchoalveolar lavage 
fluid of IPF  models38. Since our study demonstrated a lesser impact of chronic inflammation on plasma LPC 
levels than that of acute inflammation, the role of autotaxin on the plasma LPC levels during acute and chronic 
inflammation may be different and/or could involve other factors.

Along with the mechanism regulating the decreased in plasma LPC concentrations in patients with DILD, 
there is no direct evidence for the role of decreased LPCs themselves on DILD pathogenesis. However, LPC has 
been reported to activate multiple signaling pathways involved in oxidative stress and inflammatory  responses39. 
The roles of LPCs in endothelial cells, including vascular endothelium, and immune cells were characterized in 
association with worsened inflammation. For example, LPCs induce the production of cytokines in monocyte 
recruitment, cytotoxicity, apoptosis, and oxidative stress in endothelial  cells40–43 as well as those involved in 
macrophage and B cell activation, and apoptosis in immune  cells44–46. Therefore, one possible role of reduced 
LPCs in DILD pathogenesis is the counteraction of lung inflammation.

Despite our novel findings, this study has several limitations. First, the sample sizes for patients with DILD 
and related lung diseases were relatively small for verified clinical assessment. Second, although we demonstrated 
that causal drugs had a limited impact on plasma LPC concentrations, we were unable to fully exclude the pos-
sibility that the primary effects of causal drugs and their associated diseases may have influenced our outcomes. 
Third, we recruited patients with DILD from four core hospitals using the same sampling protocol; however, 
hospital-to-hospital variation in sample preparation may have yielded slightly different plasma LPC concentra-
tions. Fourth, we did not control the alcohol and food habits of the patients included in this study, which might 
have affected postprandial metabolite responses since alcohol intake and a high-fat diet have been shown to alter 
the expression of hepatic genes, including those related to energy homeostasis and diet  metabolism47,48. Fifth, 
this study only included Japanese patients, and thus our findings may not be applicable to other ethnic groups. 
Finally, we did not examine the effects of different radiological patterns, such as the distributed area of the 
affected lung lesions, which may be associated with different inflammatory pathways as well as lipid alteration. 
Therefore, these limitations should be addressed in further studies before applying LPCs as practical biomarkers 
for diagnosing DILD in a clinical setting.

In conclusion, this study identified LPC(14:0) as a general biomarker of DILD, which was superior to KL-6 
and SP-D when discriminating between acute and recovery phase DILD and tolerant controls. In addition, we 
characterized an association between LPC(14:0) and disease severity and demonstrated its ability to discriminate 
between DILD and IIP or CTD. Together, the findings of this study suggest that LPC(14:0) could help diagnose 
DILD before and during the administration of drugs indicated to treat the onset of DILD or in patients with 
suspected DILD having shortness of breath or dyspnea.

Data availability
All data generated or analysed during this study are included in this published article and its supplementary 
information files.

Received: 30 June 2022; Accepted: 15 November 2022

References
 1. Limper, A. H. & Rosenow, E. C. 3rd. Drug-induced interstitial lung disease. Curr. Opin. Pulm. Med. 2, 396–404. https:// doi. org/ 

10. 1097/ 00063 198- 19960 9000- 00009 (1996).
 2. Matsuno, O. Drug-induced interstitial lung disease: Mechanisms and best diagnostic approaches. Respir. Res. 13, 39. https:// doi. 

org/ 10. 1186/ 1465- 9921- 13- 39 (2012).
 3. Azuma, A. High prevalence of drug-induced pneumonia in Japan. JMAJ. Jpn. Med. Assoc. J. 50, 405–411 (2007).
 4. Skeoch, S. et al. Drug-induced interstitial lung disease: A systematic review. J. Clin. Med. 7, 356. https:// doi. org/ 10. 3390/ jcm71 

00356 (2018).
 5. Camus, P., Fanton, A., Bonniaud, P., Camus, C. & Foucher, P. Interstitial lung disease induced by drugs and radiation. Respiration 

71, 301–326. https:// doi. org/ 10. 1159/ 00007 9633 (2004).
 6. Kubo, K. et al. Consensus statement for the diagnosis and treatment of drug-induced lung injuries. Respir. Investig. 51, 260–277. 

https:// doi. org/ 10. 1016/j. resinv. 2013. 09. 001 (2013).
 7. Schwaiblmair, M. et al. Drug induced interstitial lung disease. Open Respir. Med. J. 6, 63–74. https:// doi. org/ 10. 2174/ 18743 06401 

20601 0063 (2012).
 8. Müller, N. L., White, D. A., Jiang, H. & Gemma, A. Diagnosis and management of drug-associated interstitial lung disease. Br. J. 

Cancer 91(Suppl 2), S24–S30. https:// doi. org/ 10. 1038/ sj. bjc. 66020 64 (2004).
 9. Ohnishi, H. et al. Comparative study of KL-6, surfactant protein-A, surfactant protein-D, and monocyte chemoattractant protein-1 

as serum markers for interstitial lung diseases. Am. J. Respir. Crit. Care Med. 165, 378–381. https:// doi. org/ 10. 1164/ ajrccm. 165.3. 
21071 34 (2002).

 10. Umetani, K. et al. SP-D as a marker of amiodarone-induced pulmonary toxicity. Intern. Med. 41, 709–712. https:// doi. org/ 10. 2169/ 
inter nalme dicine. 41. 709 (2002).

 11. Kawase, S. et al. Change in serum KL-6 level from baseline is useful for predicting life-threatening EGFR-TKIs induced interstitial 
lung disease. Respir. Res. 12, 97. https:// doi. org/ 10. 1186/ 1465- 9921- 12- 97 (2011).

 12. Satoh, H., Kurishima, K., Ishikawa, H. & Ohtsuka, M. Increased levels of KL-6 and subsequent mortality in patients with interstitial 
lung diseases. J. Intern. Med. 260, 429–434. https:// doi. org/ 10. 1111/j. 1365- 2796. 2006. 01704.x (2006).

 13. Willemsen, A. E. C. A. B. et al. Prospective study of drug-induced interstitial lung disease in advanced breast cancer patients 
receiving everolimus plus exemestane. Target Oncol. 14, 441–451. https:// doi. org/ 10. 1007/ s11523- 019- 00656-2 (2019).

 14. Miyazaki, K. et al. Serum KL-6 levels in lung cancer patients with or without interstitial lung disease. J. Clin. Lab. Anal. 24, 295–299. 
https:// doi. org/ 10. 1002/ jcla. 20404 (2010).

 15. d’Alessandro, M. et al. Serum concentrations of KL-6 in patients with IPF and lung cancer and serial measurements of KL-6 in 
IPF patients treated with antifibrotic therapy. Cancers 13, 689. https:// doi. org/ 10. 3390/ cance rs130 40689 (2021).

 16. Sugimoto, H. et al. The clinical study on KL-6 and SP-D in sera of patients with various pulmonary diseases. Rinsho Byori Jpn. J. 
Clin. Pathol. 48, 554–560 (2000).

https://doi.org/10.1097/00063198-199609000-00009
https://doi.org/10.1097/00063198-199609000-00009
https://doi.org/10.1186/1465-9921-13-39
https://doi.org/10.1186/1465-9921-13-39
https://doi.org/10.3390/jcm7100356
https://doi.org/10.3390/jcm7100356
https://doi.org/10.1159/000079633
https://doi.org/10.1016/j.resinv.2013.09.001
https://doi.org/10.2174/1874306401206010063
https://doi.org/10.2174/1874306401206010063
https://doi.org/10.1038/sj.bjc.6602064
https://doi.org/10.1164/ajrccm.165.3.2107134
https://doi.org/10.1164/ajrccm.165.3.2107134
https://doi.org/10.2169/internalmedicine.41.709
https://doi.org/10.2169/internalmedicine.41.709
https://doi.org/10.1186/1465-9921-12-97
https://doi.org/10.1111/j.1365-2796.2006.01704.x
https://doi.org/10.1007/s11523-019-00656-2
https://doi.org/10.1002/jcla.20404
https://doi.org/10.3390/cancers13040689


11

Vol.:(0123456789)

Scientific Reports |        (2022) 12:19819  | https://doi.org/10.1038/s41598-022-24406-z

www.nature.com/scientificreports/

 17. Houjou, T., Yamatani, K., Imagawa, M., Shimizu, T. R. & Taguchi, R. A shotgun tandem mass spectrometric analysis of phospho-
lipids with normal-phase and/or reverse-phase liquid chromatography/electrospray ionization mass spectrometry. Rapid Commun. 
Mass Spectrom. 19, 654–666. https:// doi. org/ 10. 1002/ rcm. 1836 (2005).

 18. Han, X. & Gross, R. W. Shotgun lipidomics: Electrospray ionization mass spectrometric analysis and quantitation of cellular 
lipidomes directly from crude extracts of biological samples. Mass Spectrom. Rev. 24, 367–412. https:// doi. org/ 10. 1002/ mas. 20023 
(2005).

 19. Saito, K. Application of comprehensive lipidomics to biomarker research on adverse drug reactions. Drug Metab. Pharmacokinet. 
37, 100377. https:// doi. org/ 10. 1016/j. dmpk. 2020. 100377 (2021).

 20. Saito, K. et al. Lipid profiling of pre-treatment plasma reveals biomarker candidates associated with response rates and hand-foot 
skin reactions in sorafenib-treated patients. Cancer Chemother. Pharmacol. 82, 677–684. https:// doi. org/ 10. 1007/ s00280- 018- 3655-z 
(2018).

 21. Ishikawa, R. et al. A multilaboratory validation study of LC/MS biomarker assays for three lysophosphatidylcholines. Bioanalysis 
13, 1533–1546. https:// doi. org/ 10. 4155/ bio- 2021- 0150 (2021).

 22. Hashiguchi, M. & Mochizuki, M. Classification criteria for severity of adverse drug reactions. Nihon Rinsh Jpn. J. Clin. Med. 
65(Suppl 8), 73–80 (2007).

 23. Ishikawa, M. et al. Plasma and serum lipidomics of healthy white adults shows characteristic profiles by subjects’ gender and age. 
PLoS ONE 9, e91806. https:// doi. org/ 10. 1371/ journ al. pone. 00918 06 (2014).

 24. Weir, J. M. et al. Plasma lipid profiling in a large population-based cohort. J. Lipid Res. 54, 2898–2908. https:// doi. org/ 10. 1194/ jlr. 
P0358 08 (2013).

 25. Barber, M. N. et al. Plasma lysophosphatidylcholine levels are reduced in obesity and type 2 diabetes. PLoS ONE 7, e41456. https:// 
doi. org/ 10. 1371/ journ al. pone. 00414 56 (2012).

 26. Cho, W. H. et al. Lysophosphatidylcholine as a prognostic marker in community-acquired pneumonia requiring hospitalization: 
A pilot study. Eur. J. Clin. Microbiol. Infect Dis. 34, 309–315. https:// doi. org/ 10. 1007/ s10096- 014- 2234-4 (2015).

 27. Müller, D. C. et al. Phospholipid levels in blood during community-acquired pneumonia. PLoS ONE 14, e0216379. https:// doi. 
org/ 10. 1371/ journ al. pone. 02163 79 (2019).

 28. Lee, E. H. et al. Diagnosis and mortality prediction of sepsis via lysophosphatidylcholine 16:0 measured by MALDI-TOF MS. Sci. 
Rep. 10, 13833. https:// doi. org/ 10. 1038/ s41598- 020- 70799-0 (2020).

 29. Song, J. W. et al. Omics-driven systems interrogation of metabolic dysregulation in COVID-19 pathogenesis. Cell Metab. 32, 188-
202.e5. https:// doi. org/ 10. 1016/j. cmet. 2020. 06. 016 (2020).

 30. Fraser, D. D. et al. Metabolomics profiling of critically ill coronavirus disease 2019 patients: Identification of diagnostic and prog-
nostic biomarkers. Crit Care Explor 2, e0272. https:// doi. org/ 10. 1097/ CCE. 00000 00000 000272 (2020).

 31. Patterson, A. D. et al. Aberrant lipid metabolism in hepatocellular carcinoma revealed by plasma metabolomics and lipid profiling. 
Cancer Res. 71, 6590–6600. https:// doi. org/ 10. 1158/ 0008- 5472. CAN- 11- 0885 (2011).

 32. Yu, B. & Wang, J. Lipidomics identified lyso-phosphatidylcholine and phosphatidylethanolamine as potential biomarkers for 
diagnosis of laryngeal cancer. Front. Oncol. 11, 646779. https:// doi. org/ 10. 3389/ fonc. 2021. 646779 (2021).

 33. Sevastou, I., Kaffe, E., Mouratis, M. A. & Aidinis, V. Lysoglycerophospholipids in chronic inflammatory disorders: The PLA(2)/
LPC and ATX/LPA axes. Biochim. Biophys. Acta 1831, 42–60. https:// doi. org/ 10. 1016/j. bbalip. 2012. 07. 019 (2013).

 34. Magkrioti, C. et al. Autotaxin and chronic inflammatory diseases. J. Autoimmun. 104, 102327. https:// doi. org/ 10. 1016/j. jaut. 2019. 
102327 (2019).

 35. Gao, L. et al. Autotaxin levels in serum and bronchoalveolar lavage fluid are associated with inflammatory and fibrotic biomark-
ers and the clinical outcome in patients with acute respiratory distress syndrome. J. Intensive Care 9, 44. https:// doi. org/ 10. 1186/ 
s40560- 021- 00559-3 (2021).

 36. Nikitopoulou, I. et al. Increased autotaxin levels in severe COVID-19, correlating with IL-6 levels, endothelial dysfunction bio-
markers, and impaired functions of dendritic cells. Int. J. Mol. Sci. 22, 10006. https:// doi. org/ 10. 3390/ ijms2 21810 006 (2021).

 37. Sexton, T. et al. Autotaxin activity predicts 30-day mortality in sepsis patients and correlates with platelet count and vascular 
dysfunction. Shock 54, 738–743. https:// doi. org/ 10. 1097/ SHK. 00000 00000 001569 (2020).

 38. Oikonomou, N. et al. Pulmonary autotaxin expression contributes to the pathogenesis of pulmonary fibrosis. Am. J .Respir. Cell 
Mol. Biol. 47, 566–574. https:// doi. org/ 10. 1165/ rcmb. 2012- 0004OC (2012).

 39. Law, S. H. et al. An updated review of Lysophosphatidylcholine metabolism in human diseases. Int. J. Mol. Sci. 20(5), 1149. https:// 
doi. org/ 10. 3390/ ijms2 00511 49 (2019).

 40. Takahara, N., Kashiwagi, A., Maegawa, H. & Shigeta, Y. Lysophosphatidylcholine stimulates the expression and production of 
MCP-1 by human vascular endothelial cells. Metabolism 45, 559–564. https:// doi. org/ 10. 1016/ s0026- 0495(96) 90024-4 (1996).

 41. Chang, M. C. et al. Lysophosphatidylcholine induces cytotoxicity/apoptosis and IL-8 production of human endothelial cells: 
Related mechanisms. Oncotarget 8, 106177–106189. https:// doi. org/ 10. 18632/ oncot arget. 22425 (2017).

 42. Kim, E. A. et al. Lysophosphatidylcholine induces endothelial cell injury by nitric oxide production through oxidative stress. J. 
Matern Fetal Neonatal Med. 22, 325–331. https:// doi. org/ 10. 1080/ 14767 05080 25560 75 (2009).

 43. Zhao, J. et al. TSG attenuates LPC-induced endothelial cells inflammatory damage through notch signaling inhibition. IUBMB 
Life 68, 37–50. https:// doi. org/ 10. 1002/ iub. 1458 (2016).

 44. Huang, Y. H., Schäfer-Elinder, L., Wu, R., Claesson, H. E. & Frostegård, J. Lysophosphatidylcholine (LPC) induces proinflamma-
tory cytokines by a platelet-activating factor (PAF) receptor-dependent mechanism. Clin. Exp. Immunol. 116, 326–331. https:// 
doi. org/ 10. 1046/j. 1365- 2249. 1999. 00871.x (1999).

 45. Yang, L. V., Radu, C. G., Wang, L., Riedinger, M. & Witte, O. N. Gi-independent macrophage chemotaxis to lysophosphatidylcholine 
via the immunoregulatory GPCR G2A. Blood 105, 1127–1134. https:// doi. org/ 10. 1182/ blood- 2004- 05- 1916 (2005).

 46. Qin, X., Qiu, C. & Zhao, L. Lysophosphatidylcholine perpetuates macrophage polarization toward classically activated phenotype 
in inflammation. Cell Immunol. 289, 185–190. https:// doi. org/ 10. 1016/j. celli mm. 2014. 04. 010 (2014).

 47. Klein, J. D. et al. A snapshot of the hepatic transcriptome: Ad libitum alcohol intake suppresses expression of cholesterol synthesis 
genes in alcohol-preferring (P) rats. PLoS ONE 9, e110501. https:// doi. org/ 10. 1371/ journ al. pone. 01105 01 (2014).

 48. Zarrinpar, A., Chaix, A. & Panda, S. Daily eating patterns and their impact on health and disease. Trends Endocrinol. Metab. 27, 
69–83. https:// doi. org/ 10. 1016/j. tem. 2015. 11. 007 (2016).

Acknowledgements
We thank C. Sudo (National Institute of Health Sciences) for administrative assistance; M. Kojima, R. Iiji, R. 
Kaneko, K. Takemoto, A. Fujihara, and R. Ishikawa (National Institute of Health Sciences) for analytical assis-
tance; and K. Kubota, T. Hirata (Daiichi Sankyo RD Novare Co., Ltd.), and K. Hashimoto (Daiichi Sankyo Co., 
Ltd.) for technical advice.

Author contributions
Conceptualization, Y.O., Yoshir.S., and M.H.; patient recruitment and blood sample preparation, A.G., Ko.T., 
N.H., A.U., Ke.T., Yoshin.S., M.A., Y.H., T.K., and M.H.; lipidomics analysis, K.S.; LPC assays, K.S.; data analysis 

https://doi.org/10.1002/rcm.1836
https://doi.org/10.1002/mas.20023
https://doi.org/10.1016/j.dmpk.2020.100377
https://doi.org/10.1007/s00280-018-3655-z
https://doi.org/10.4155/bio-2021-0150
https://doi.org/10.1371/journal.pone.0091806
https://doi.org/10.1194/jlr.P035808
https://doi.org/10.1194/jlr.P035808
https://doi.org/10.1371/journal.pone.0041456
https://doi.org/10.1371/journal.pone.0041456
https://doi.org/10.1007/s10096-014-2234-4
https://doi.org/10.1371/journal.pone.0216379
https://doi.org/10.1371/journal.pone.0216379
https://doi.org/10.1038/s41598-020-70799-0
https://doi.org/10.1016/j.cmet.2020.06.016
https://doi.org/10.1097/CCE.0000000000000272
https://doi.org/10.1158/0008-5472.CAN-11-0885
https://doi.org/10.3389/fonc.2021.646779
https://doi.org/10.1016/j.bbalip.2012.07.019
https://doi.org/10.1016/j.jaut.2019.102327
https://doi.org/10.1016/j.jaut.2019.102327
https://doi.org/10.1186/s40560-021-00559-3
https://doi.org/10.1186/s40560-021-00559-3
https://doi.org/10.3390/ijms221810006
https://doi.org/10.1097/SHK.0000000000001569
https://doi.org/10.1165/rcmb.2012-0004OC
https://doi.org/10.3390/ijms20051149
https://doi.org/10.3390/ijms20051149
https://doi.org/10.1016/s0026-0495(96)90024-4
https://doi.org/10.18632/oncotarget.22425
https://doi.org/10.1080/14767050802556075
https://doi.org/10.1002/iub.1458
https://doi.org/10.1046/j.1365-2249.1999.00871.x
https://doi.org/10.1046/j.1365-2249.1999.00871.x
https://doi.org/10.1182/blood-2004-05-1916
https://doi.org/10.1016/j.cellimm.2014.04.010
https://doi.org/10.1371/journal.pone.0110501
https://doi.org/10.1016/j.tem.2015.11.007


12

Vol:.(1234567890)

Scientific Reports |        (2022) 12:19819  | https://doi.org/10.1038/s41598-022-24406-z

www.nature.com/scientificreports/

and interpretation, K.S., A.G., Ko.T., N.H., A.U., Ke.T., Yoshin.S., M.A., Y.H., T.K., K.M., M.S., T.N., K.T., T.I., 
Y.O., Yoshir.S., and M.H.; writing—original draft preparation, K.S. and Yoshir.S; writing—review and editing, 
A.G., Ko.T., N.H., A.U., Ke.T., Yoshin.S., M.A., Y.H., T.K., K.M., M.S., T.N., K.T., Yu.S., N.A., T.I., Y.O., Yoshir.S., 
and M.H.; funding acquisition, K.S., A.G., Ko.T., N.H., Y.O., Yoshir.S., and M.H. All authors have read and agreed 
to the published version of the manuscript.

Funding
This research was funded by the Japan Agency for Medical Research and Development (grant numbers JP15-
19mk0101045 and JP20-21mk0101173).

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 022- 24406-z.

Correspondence and requests for materials should be addressed to Y.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

https://doi.org/10.1038/s41598-022-24406-z
https://doi.org/10.1038/s41598-022-24406-z
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Identification and characterization of lysophosphatidylcholine 14:0 as a biomarker for drug-induced lung disease
	Materials and methods
	Subjects. 
	Sample collection. 
	Lipidomics and candidate biomarker discovery. 
	LPC validated liquid chromatographymass spectrometry (LCMS) biomarker assay and biomarker validation and characterization. 
	Statistical analysis. 
	Ethics approval. 
	Consent to participate. 

	Results
	Lipidomics screening of candidate biomarkers for DILD. 
	Validation of LPCs as DILD biomarkers. 
	Association between LPC(14:0) and the clinical characteristics of patients with DILD. 
	Ability of LPC(14:0) to discriminate between DILD, other lung diseases, and healthy volunteers. 

	Discussion
	References
	Acknowledgements


