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Effects of Antarctic krill oil on lipid profiles
and SPM levels in rats over time
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Hongqiang Wang5, Hong Yuan6, Xinghua Bai6, Huamin Yu6, Xi Chen2, Qing Shen1,7 & Keyun Cheng7

Antarctic krill oil (KO) is a richsource of omega-3 polyunsaturated fatty acids (PUFAs). Endogenous
PUFA-derived specialized pro-resolving mediators (SPMs) have garnered attention due to their
beneficial effects on body, especially the cardiovascular system. This study integrated non-targeted
and targeted lipidomics to investigate KO’s time-dependent effects on the comprehensive lipid profile
andSPMs in rats. After 1- and6-week supplementation, KOsignificantly altered lipid profiles, reducing
arachidonic acid (ARA, 20:4)-containing lipids while elevating eicosapentaenoic acid (EPA, 20:5)/
docosahexaenoic acid (DHA, 22:6)-containing lipids. Targeted analysis identified and quantified 33
PUFA-derived oxylipins, including derivatives of ARA, 8 derivatives of EPA, and 13 derivatives of DHA.
Notably, KO consumption substantially decreased pro-inflammatory oxylipins like LTB4, PGE2, and
TXB2, while increasing anti-inflammatory LXA4 and SPMs such as RvE1, RvE2, RvD1, RvD4, and
MaR1. Long-term intake amplifiedSPMaccumulation, suggesting temporal regulation. Thesefindings
elucidate KO’s potential mechanism in inflammation management through lipidome remodeling,
supporting its application in functional foods for metabolic health enhancement.

Antarctic krill oil has been reported to exert antioxidant, anti-inflam-
matory, and heart-protective properties1. It is a rich source of long-chain
omega-3 (ω-3) polyunsaturated fatty acids (PUFAs), particularly eicosa-
pentaenoic acid (EPA, 20:5) and docosahexaenoic acid (DHA, 22:6)2.
Notably, krill oil is phospholipid-rich, with phospholipids accounting for
>55% of total lipids, predominantly phosphatidylcholine (PC)3. Unlike
most other oils ofmarineorigin (such asfishoil),whichprimarily contains
ω-3 fatty acids as triacylglycerols or fatty acid ethyl esters, krill oil provides
a major part of these fatty acids in the form of phospholipids. Long chain
ω-3 PUFAs embedded in phospholipids may facilitate the passage of fatty
acids through the intestinal wall. Comparative studies have reported EPA
andDHA from krill oil may exhibit higher bioavailability than those from
fish oil4; however, results may depend on methodological factors,
including study design, dose matching and the bioavailability marker
assessed (e.g., plasma phospholipids versus erythrocyte ω-3 index)5,6.
Therefore, while krill oil is frequently considered a source of ω-3 PUFAs,

further better-designed clinical studies are needed to define effective
dosing and substantiate clinical efficacy.

Althoughω-3 PUFA supplementation has beenwidely investigated for
anti-inflammatory and cardiometabolic benefits7, large trials and evidence
syntheses report variable effects on systemic biomarkers and major
outcomes8,9. It has been found that some of the physiological effects of
PUFAs is mediated by their oxidative metabolites10,11. These oxidative
metabolites, known as oxylipins, are produced through mono- or
dioxygenase-dependent reactions, which act as lipid mediators involved in
various physiological processes12. The typical pathway for oxylipin bio-
synthesis begins with the release of PUFAs frommembrane phospholipids
through the action of phospholipase A2 (PLA2) enzymes. After release,
non-esterified PUFAs undergo oxidation through the action of three main
enzyme systems: lipoxygenases (LOXs)—primarily 5-LOX, 12-LOX, and
15-LOX—encoded byALOX genes; cyclooxygenases (COX-1 and COX-2);
and cytochrome P450 (CYP450) enzymes13. Notably, the long-chain ω-6
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PUFA arachidonic acid (ARA, 20:4) serves as a major precursor for the
generation of oxylipins, such as prostaglandins (PGs), leukotrienes (LTs),
and thromboxane (TXs)14. In addition to these eicosanoids, specialized pro-
resolving mediators (SPMs) represent another group of lipid mediators
recognized for their potent biological activities in regulating inflammation15.
These compounds possess the capability to oppose the formation and
activity of pro-inflammatory mediators, restrict further neutrophil infil-
tration at sites of inflammation, promote phagocytosis to eliminate apop-
totic cells, cellular debris, and bacteria, and regulate the activation of
immune cells16. Additionally, the SPMs are highly effective in promoting
wound repair and tissue regeneration, as well as reducing inflammatory
pain17. SPMs are classified into four distinct families, namely lipoxins (LXs),
resolvins (both E- and D-series Rvs), protectins (PDs), and maresins
(MaRs). Studies indicated that the level of SPMs and/or related metabolic
pathways are dysregulated in a variety of diseases, such as chronic inflam-
matory conditions (e.g., rheumatoid arthritis and periodontitis), neurode-
generative disease, cardiovascular diseases (e.g., atherosclerosis,myocarditis
and heart failure), and metabolic disorders (e.g., diabetes and obesity)15,18.
Therefore, modulating the body’s SPM levels is also viewed as a promising
method for resolving inflammation19.

Studies have demonstrated that consuming marine oils boosts the
levels of EPA, DHA and EPA/DHA-derived oxylipins13,20,21. Nevertheless,
the majority of current studies examining the impact of ω-3 PUFAs intake
on oxylipin levels in healthy organisms primarily reported alterations in
fatty acids andmore abundant oxylipins such as HEPEs, HDHAs, etc. Data
on SPMs remain limited, largely because their low physiological con-
centrations challenge detection and quantification. For instance, Naoe et al.
investigated the lipid profiles in the plasma and tissues of mice following
dietary intake of ethyl ester forms ofARA, EPA, orDHA.The oxylipins they
identified and quantified were predominantly PGs, TXs, and fatty acid
hydroxides, with only 2 SPMs detected22. Currently, there is a scarcity of
research addressing the effects of krill oil supplementation on SPM levels in
healthy organisms.

The production of SPMs involves multiple enzymatic processes and
cellular interactions, resulting in lower levels of SPMs compared to their
mono-hydroxylated precursors23. Consequently, the reliable detection of
SPMs requires not only highly sensitive and selective analytical platforms,
but also adherence to international guidelines and the technical recom-
mendations for oxylipin analysis, including appropriate limits of detection
and quantification (LOD/LOQ), chromatographic resolution of isomeric
species, and confirmatory MS/MS identification criteria24. Currently, the
identification and quantification of SPMs and other oxylipins are primarily
achieved using liquid chromatography (LC) combined with electrospray
ionization and tandem mass spectrometry (MS/MS)25,26. Nevertheless,
despite the availability of advanced LC-MS/MS platforms, robust detection
and quantification of many SPMs remain challenging, primarily because
thesemediators are typically present at very low endogenous concentrations
and are prone to analytical confounders (e.g., matrix effects and isomeric
interferences). Consequently, only a limited number of studies have
reported absolute SPM concentrations in vivo, and the validity of some
reported findings has been questioned. In particular, Dr Schebb et al. (and
related methodological critiques) emphasized that insufficient compliance
with standardized analytical criteria can lead to false-positive SPM
assignments27,28. In this study,we employed aQtrap6500mass spectrometer
to analyze SPMs and other oxylipins, while carefully considering these
methodological challenges and adhering to current international guidelines
for oxylipin detection and identification.

In present investigation, we thoroughly analyzed the effects of short-
term (1 week) and long-term (6 weeks) krill oil dietary supplementation on
lipid metabolism levels in the peripheral blood of rats using non-targeted
lipidomics. Additionally, we employed targeted lipidomics to evaluate the
impact of exogenous krill oil supplementation on the concentrations of
SPMs and related oxylipins in rats. We also aimed to unravel the temporal
dynamics betweenkrill oil intervention andSPM levelswithin the organism.
This study underscored the potential of Antarctic krill oil as a dietary

intervention to support homeostasis and improve overall health, offering
valuable insights for its integration into daily diets.

Results
Changes in lipid profiles after dietary supplementation with
krill oil
Non-targeted lipid metabolomics was employed to analyze the changes in
lipid metabolite levels in rats following both long-term and short-term
dietary supplementation with krill oil. The distribution (average retention
time and m/z value) of features extracted from negative and positive ion
modes were presented in Fig. 1A, B, respectively. In total, more than
16,000 ions were extracted, with 3592 ions from negative ion mode and
12,469 ions from positive ion mode. Figure 1C demonstrated that 695
unique lipid species from six lipid classes were successfully annotated.
These included 38.3% glycerolipids (GLs), 26.9% glycerophospholipids
(GPs), 15.8% sphingolipids (SPs), 10.2% fatty acyls (FAs), 8.5% sterol lipids
(STs) and 0.3% prenol lipids (PRs). As depicted in Fig. 1D, in positive ion
mode, 427 lipid species covering six classes and 17 subclasses were iden-
tified, encompassing diglycerides (DGs), lysophosphatidylcholines
(LPCs), monogalactosyldiacylglycerols (MGDGs), sphingomyelins (SMs),
PCs, cholesteryl esters (CEs), and (CARs), among others. Among these,
triacylglycerols (TGs) were the most abundant subclass, with 126 mole-
cular species, followed by LPCs at 67 and MGDGs at 54. In negative ion
mode, a total of 268 lipids were detected, belonging to five classes and
20 subclasses, including PCs, phosphatidylethanolamine (PEs), lysopho-
sphatidylethanolaminesulfatides (LPEs), sulfoglycosphingolipids (SHex-
Cers), seminominal lipids (SMDGDs), free fatty acids (FFAs), fatty acid
ester of hydroxyl fatty acid (FAHFA), acylhexosyl sitosterol (AHexSIS),
and others. Of these, PCs were the most abundant subclass, with 48
molecular species, followed by SHexCer and SMGDG, which identified
45 species and 44 species, respectively.

The lipidomic changes in rats after dietary supplementation with krill
oil were analyzed using an unsupervised PCA model. In Fig. 1E, five prin-
cipal components accounted for 94.3% of the cumulative variance in the
lipid dataset. As demonstrated in the score plot (Fig. 1F), the three groups
exhibited complete separation even in the unsupervised mode. The results
indicated that dietary supplementation with krill oil significantly altered the
lipidomics in rats. Of the 695 lipid molecules detected, 424 exhibited sig-
nificant differences (p < 0.05), accounting for 61.01% of the total. Among
these ions, the distribution of the ten subclasses with the highest abundance
across the three groups was illustrated in the sankey diagram (Fig. 2A). PC,
LPC, and TG were the primary differential subclasses. The heatmap (Fig.
2B) displayed the top 50 significantly different lipid molecules (ordered
from smallest to largest p value).

To better understand the changes in rat lipid composition after dietary
supplementationwithkrill oil, volcanoplots (Fig. 2C–E)wereplotted for the
three comparative groups based on the criteria of a log2 (fold change, (FC))
≥1or≤−1, anda p value < 0.05. In the comparisons ofKO1versusND,KO6
versus ND, and KO6 versus KO1, a total of 240, 312, and 271 lipid meta-
bolites, respectively, were identified as different (p < 0.05). Compared to the
ND group, the KO1 group exhibited significant alterations with 50 lipid
molecules increasing and 10 decreasing. Following 6 weeks of supple-
mentation, 47 and 56 lipid metabolites were significantly up-regulated and
down-regulated, respectively. The comparison between KO6 and KO1
groups revealed distinct differences in the effects of long-term and short-
term interventions on serum lipid metabolism. Specifically, in the KO6
group, 12 lipid metabolites were significantly up-regulated, while 44 were
significantly down-regulated relative to the KO1 group. Additionally, PLS-
DAmodelswere created for the three comparison groups, as depicted inFig.
S1. Differential lipid metabolites were further filtered based on the VIP > 1
criterion, with the significantly upregulated and downregulatedmetabolites
between the comparison groups detailed in Table S1. Compared to the ND
group, the lipid molecules exhibiting the highest fold changes in upregu-
lation following krill oil intervention were as follows (with the data enclosed
in parentheses indicating the FC observed after 1 week and 6 weeks of
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intervention, respectively): FAHFA 20:5_20:4 (24.76, 62.10), FA 20:5 (7.15,
24.83), SHexCer 36:0;3O (13.20, 12.74), PC 16:0_20:5 (13.19, 10.53),
MGDG O-28:4_20:5 (6.65, 11.99), CE 20:5 (9.69, 11.22), and ADGGA
18:2_14:0_14:1 (8.12, 10.96). Conversely, the lipid molecules showing the
highest fold changes in downregulation were as follows: SHexCer 27:3;3O
(0.19, 0.83), TG 16:0_16:1_18:2 (0.71, 0.25), TG 18:0_20:4_24:1 (0.29, 0.28),
MGDG O-28:2_16:0 (0.86, 0.30), TG 15:0_18:1_18:2 (0.85, 0.3), TG
16:0_18:2_18:3 (0.53, 0.3), TG 18:1_18:1_18:2 (0.91, 0.30), and TG
16:0_20:1_26:1 (1.33, 0.3).

The Venn diagram (Fig. 2F) illustrated the overlap of significantly
altered lipid molecules across the three comparison groups. We found that
40 lipid molecules, such as CE20:5, DG18:2_20:5, DG18:2_22:6,
DG20:4_20:5, LPC20:5, LPE20:5, MGDGO-22:6_28:5, MGDGO-
28:5_20:5, PC16:0_20:5, TG18:2_20:5_22:6, TG20:4_20:4_22:6, CAR20:4,
PC16:0_20:4;O, TG18:0_20:4_24:1, FA20:5, FAHFA20:5_20:4, and
SMGDGO-8:0_17:2, etc. were significantly regulated during both 1-week
and 6-week krill oil supplementation. Among them, three lipidmolecules—
FA20:5, FAHFA20:5_20:4, and SMGDGO-8:0_17:2—were present in all

three comparative groups. The violin plots for these three compounds were
shown in Fig. S2. The KEGG enrichment analysis across the three com-
parison groups (Fig. S3) indicated that several pathways associated with
lipid metabolism were enriched, notably the glycerophospholipid metabo-
lism, glycerolipid metabolism, sphingolipid metabolism, arachidonic acid
metabolism, linoleic acid metabolism, and alpha-linoleic acid metabolism
pathway. Based on the analysis presented, it was clear that dietary inter-
vention with Antarctic krill oil significantly altered the lipid profile in rats,
particularly lipid molecules containing PUFAs. Moreover, these alterations
were markedly influenced by the duration of the intervention.

Analysis of lipid molecules contained ARA, EPA and DHA
Togain a clearer understanding of SPMprecursor levels within the body,we
conducted a further analysis of lipid molecules that contain the three pri-
mary types of PUFAs: ARA, EPA, and DHA. Among the lipid molecules
detected, 42 contained 20:4 (predominantly ARA, 20:4n-6), 28 contained
20:5 (predominantly EPA, 20:5n-3), and 26 contained 22:6 (predominantly
DHA, 22:6n-3). The heatmaps (Fig. 3A–C)displayedall lipidmolecules that

Fig. 1 | Global characterization of the lipidomics dataset and unsupervised PCA
overview across the three groups. Distribution (average retention time and m/z
value) of detected features in the negative (A) and positive (B) ionization modes.
C The proportion of lipid classes among all annotated lipids (total = 695).
D Numbers of identified lipid species across lipid subclasses in negative (blue) and

positive (red) ion modes. E PCA pair plot based on the intensities of lipid species.
F PCA score plot showing the overall clustering/separation trend among ND, KO1,
and KO6 samples. The PC1 (58.8%) explains the majority of variance, primarily
driven by changes in TG, PC, and LPC species. GL glycerolipid, GP glyceropho-
spholipid, SP sphingolipid, FA fatty acyl, ST sterol lipid, PR prenol lipid.
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Fig. 2 | Differential lipid analysis: visualization of significantly altered lipid
subclasses and molecules across comparisons. A Sankey diagram illustrating the
distribution of the top 10 lipid subclasses with the highest abundance among sig-
nificantly altered lipid species across ND, KO1, and KO6 groups. BHeatmap of the
top 50 significantly altered lipid molecules, ranked by increasing p value. The color
scale represents the relative abundance of lipidmolecules after normalization of peak
areas across samples, with red indicating higher abundance and blue indicating
lower abundance. Volcano plots showing differential lipid molecules in the

comparisons of KO1 versus ND (C), KO6 versus ND (D), and KO6 versus KO1 (E).
F Venn diagram showing the overlap of significantly altered lipid molecules among
the three pairwise comparisons. ADGGA acyl diacylglyceryl glucuronide, CE cho-
lesteryl ester, DGCC diacylglyceryl-3-O-carboxyhydroxymethylcholine, FA fatty
acyl, LPC lysophosphatidylcholine, MGDG monogalactosyldiacylglycerol, PC
phosphatidylcholine, SE Sitosterol ester, SHexCer sulfoglycosphingolipid, TG tria-
cylglycerol; FC fold change.
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Fig. 3 | Distribution patterns of ARA-, EPA-, and DHA-containing lipid mole-
cules and subclasses across groups and ionization modes. The heatmaps showing
the relative abundance of lipid molecules containing ARA (A), EPA (B), and DHA
(C). Colors represent the relative abundance after normalization of peak areas, with
red indicating higher abundance and blue indicating lower abundance. Relative

abundance of lipid subclasses containing ARA (D), EPA (E), and DHA (F) detected
under positive and negative ionization modes. Statistical significance was deter-
mined using one-way ANOVA, with Tukey’s HSD applied for post hoc test. Sig-
nificance levels are indicated as p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and
p < 0.0001 (****).
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containARA,EPA, andDHA, respectively.Weanalyzed the lipid subclasses
containing these three fatty acids under both positive and negative ion
modes and conducted normalization. The findings were displayed in Fig.
3D–F. Overall, compared to the ND group, dietary supplementation with
krill oil for 1 week resulted in a decreasing trend in ARA levels across most
lipid subclasses. After 6 weeks of krill oil supplementation, a significant
reduction in ARA levels was observed in most lipid subclasses, such as TG,
PC, and LPC in the positive ion mode, as well as FFA and PE, etc. in the
negative ion mode. In contrast, compared to the ND group, dietary sup-
plementation with krill oil resulted in higher levels of EPA andDHA across
most lipid subclasses in rats. This increase was more pronounced after
6 weeks of krill oil supplementation compared to 1 week, with notable
changes seen in CAR, TG, and MGDG in the positive ion mode, and FFA
and LPE, etc. in the negative ion mode. This finding was consistent with
researchby sung et al.20, which showed that dietary supplementationwithω-
3 PUFAs can increase the levels of EPA and DHA in the body.

Differences in oxylipin profiles in rat after krill oil dietary intake
We evaluated the levels of three essential PUFAs (ARA, EPA, and DHA)
and their derivatives in rats using targeted lipidomics. The oxylipins were
identified based on published criteria24,25, which required matching reten-
tion times (±0.05min), signal-to-noise ratio (S/N) ≥ 3 for LOD, peak height
≥5× baseline, fragmentation patterns, and the presence of at least six
characteristic and diagnostic ions. The importance of chromatographic
separation for oxylipins due to the presence of the numerous stereoisomers
and regioisomers with varying hydroxyl group positions (R, S) and con-
jugated double bond configurations (E, Z). These isomers typically display
identical fragmentation patterns and similar chromatographic behavior25.
For this study, a high-performance C18 reverse-phase chromatography
column was employed to achieve effective separation. Currently, the ana-
lysis of SPMs and other oxylipins typically relies onESI and the use ofMRM
methodologies. This approach employs established methods with pre-
defined transitions for each mediator of interest, monitoring both the pre-
cursor ion and a characteristic product ion for each compound, which can
help to avoid cross-talk and short run times. Table S2provideddetails on the
retention time, the precursor ion (Q1) and a characteristic product ion (Q3)
for the standard products. The retention times for the three precursors,
ARA, EPA, and DHA, were 11.96, 11.57, and 11.84min, respectively. The
retention times for all the oxylipins detected ranged from 7.69 to 10.83min.
The retention time of deuterated internal standards was displayed in
Table S3. The representative MS/MS spectra for the oxylipins were pre-
sented in Fig. S4. For instance, the MS/MS spectrum of LXA4 displayed
characteristic fragment ions, including m/z 351 ([M-H]−), 333
([M-H-H2O]

−), 307 ([M-H-CO2]
−), 289 ([M-H-H2O-CO2]

−), 217 ([235-
H2O]

−),199 ([235-2H2O]
−), and 189 ([251-H2O-CO2]

−). A total of 33
oxylipins were identified and quantified, comprising 12 derivatives of ARA,
8 derivatives of EPA, and 13 derivatives ofDHA.The quantification of these
lipid mediators was performed using a deuterium labeled stable isotope as
an internal standard, alongside an external calibration curve.The calibration
curveswere generated based on the area ratio of analyte to internal standard
versus analyte concentration. Linear regressionwith a weighting factor of 1/
Xwas performed for each standard and the linearity and the accuracy of the
detection were evaluated. The calibration curves of the oxylipins were listed
in Table S2. All calibration curves had a coefficient of determination
(R2) value exceeding 0.9964, indicating that they were accurate and reliable.
Three fatty acids and 33 of their metabolites were quantified and the results
were displayed in Fig. 4.

ARA derived oxylipins
Figure 4A displayed a simplified schematic representation of the ARA
metabolic pathway. ARA is derived via 5-LOX to form
5-hydroxyeicosatetraenoic acid (5-HpETE), which is subsequently con-
verted to LTs (e.g., LTB4). Additionally, ARA is oxygenated via COXs to
produce PGH2, which is further converted into PGs (PGD2, PGE2, and
PGF2) and TXB2. These mediators contribute to hallmark inflammatory

processes, including enhancing vascular permeability, recruiting leukocytes,
promoting thrombosis, and upregulating the expression of proin-
flammatory cytokines such as tumor necrosis factor-α (TNF-α) and
interleukin-6 (IL-6)29. In another pathway, ARA is converted by 5-LOX and
15-LOX to produce 5-HpETE and 15-HpETE, respectively, which are then
transformed into anti-inflammatory LXs (LXA4 and LXB4)

30. Among the
derivatives of ARA, we identified 12 lipid mediators. In ND group, TXB2
was the most abundant oxylipins with 591.50 ± 30.90 ng/mL, followed by
12-HETE (361.34 ± 49.92 ng/mL) and LXA4 (120.42 ± 15.82 pg/mL). As
illustrated in Fig. 4A, a decreasing trend in the levels of ARA andmost ARA
derivatives after krill oil supplementation. Specifically, a significant reduc-
tion was observed after 6 weeks, with a 64.5% decrease in ARA con-
centration (0.35-fold reduction) in the serum compared to the normal diet.
For the ARA derivatives, after 1 week of krill oil supplementation, we
observed a significant decrease in the levels of six derivatives: 5-HETE, 12-
HETE, TXB2, PGD2, PGE2, and LTB4. Five other derivatives showed no
significant change, while only LXA4 levels increased significantly (3.84-
fold). After 6 weeks of supplementation, significant changes were noted in
all derivatives except for PGF2α and LXB4. Ten compounds exhibited
notable decreases, while LXA4 levels increased significantly, rising from
120.42 ± 15.82 pg/mL to 758.70 ± 45.57 pg/mL. This result aligned with the
study by Gart et al., where the levels of ARA and most ARA-derived oxy-
lipins decreased after krill oil dietary intake31.

EPA derived oxylipins
In the simplified metabolic pathway of EPA (Fig. 4B), EPA is initially
converted into 18-hydroperoxide intermediate (18-HpEPE) by COX-2 or
CYP450 enzymes, which intermediate is then transformed into 18R-
hydroxyeicosapentaenoic acid (18R-HEPE). This intermediate can be fur-
ther biosynthesized into RvE1 and RvE2 by 5-LOX, or into RvE3 in the
presence of 15-LOX. Additionally, EPA can be metabolized by 15-LOX to
produce 15-HpEPE, which is then converted into 15-HEPE. This com-
pound will be finally transformed via 5-LOX to RvE4 and LXA5

32,33. Fur-
thermore, EPA is converted to 5-HEPE and 12-HEPE by 5-LOX and 12-
LOX enzymes, respectively34. In the derivatives of EPA, we identified four
SPMs—namely RvE1, RvE2, RvE4, and LXA5—along with four other lipid
mediators. In the ND group, the concentrations of these four SPMs varied
from6.38 ± 0.50 pg/mL (RvE2) to 155.71 ± 9.08 pg/mL(LXA5),whereas the
four HEPEs were notably higher with the concentrations range from
1.05 ± 0.11 pg/mL (15S-HEPE) to 227.96 ± 14.34 pg/mL (18-HEPE). As
depicted in Fig. 4B, the serum levels of EPA in rats increased significantly
from 0.69 ± 0.04 μg/mL to 1.88 ± 0.14 μg/mL after 1 week of dietary sup-
plementation with krill oil. Over 6 weeks supplementation, its level rose
further to 2.73 ± 0.17 μg/mL (3.96-fold increase). Following krill oil sup-
plementation, the levels of EPA-derived oxylipins generally increased. The
levels of all derivatives except for 5-HEPE, 15-HEPE, and LXA5 were sig-
nificantly increased after 1week of supplementation, whereas the content of
all eight derivatives exhibited notable increases after 6 weeks. Among them,
RvE1 showed the highest increase, rising by 14.27-fold, followed by 12-
HEPE, which increased by 4.61-fold.

DHA derived oxylipins
DHA is processed by 15-LOX toproduce a 17-hydroperoxide product, 17S-
HpDHA, which is further converted into RvD1-D6 in the presence of
5-LOX. In addition to being a precursor for D-series Rvs, the 17S HpDHA
intermediate also serves as a precursor for the 17S epoxy intermediate,
which is then hydrolyzed to produce PD1. Moreover, DHA is converted to
14S HpDHA intermediate in the presence of 15-LOX, which is then
hydrolyzed to produce MaR1 and MaR235,36. In this study, we identified
multiple DHA derivatives in rats. These included eight SPMs—RvD1 to
RvD5, MaR1, MaR2, and PD1—with concentrations varying from
7.13 ± 0.79 pg/mL (PD1) to 54.77 ± 4.01 pg/mL (MaR1) in the ND group.
Additionally, we detected five other lipid mediators (HDHAs), whose
concentrations ranged from 32.35 ± 2.99 pg/mL (7-HDHA) to
42.18 ± 5.61 ng/mL (14-HDHA). We found that the serum levels of DHA
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followed a similar pattern to EPA after dietary supplementation with krill
oil. Specifically, there was a significant increase in DHA levels, rising from
248.54 ± 24.35 μg/mL to 488.65 ± 72.71 μg/mL after 1 week of dietary
supplementation with krill oil. The concentration continued to increase to

770.47 ± 16.26 μg/mL after 6 weeks, representing a 3.10-fold rise. As illu-
strated in Fig. 4C, following 1 week of supplementation, the levels of four
compounds—7-HDHA, RvD1, RvD4, and RvD5—were significantly ele-
vated. After 6 weeks, there was a notable increase in eight derivatives,

Fig. 4 | Changes in serum oxylipin levels after 1 week and 6 weeks of KO diet
supplementation. The simplified schematic representation of the metabolic path-
way and the concentration of the derivatives of ARA (A), EPA (B) and DHA (C).

Statistical significance was determined using one-way ANOVA, with Tukey’s HSD
applied for post hoc test. Significance levels are indicated as p < 0.05 (*).
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including the aforementioned four compounds and additionally 4-HDHA,
17S-HDHA, MaR1, and RvD2. Meanwhile, the levels of the remaining five
derivatives experienced minor elevations that were not statistically sig-
nificant (p > 0.05), both in the short and long term, due to the krill oil dietary
supplementation.

Correlation analysis among ARA, EPA, and DHA-derived
oxylipins
To further investigate the changes in oxylipin levels in rats’ serum following
krill oil supplementation, three PLS-DA models based on ND versus KO1,
ND versus KO6, and KO1 versus KO6 were developed. The score plots
(Fig. 5A–C) from these PLS-DA analyses observed that samples were dis-
tributed on both sides of the X-axis, indicating significant differences in
oxylipin levels between each pair of groups. The permutation test, con-
ducted with 200 iterations was displayed in Fig. 5D–F. The intercepts of R²
values ranged from0.6679 to 0.7174,while the intercepts ofQ² values ranged
from −1.3469 to −1.127. These results indicated that the models were
robust, with a low risk of overfitting. A variable importance for the pro-
jection (VIP) plot was built to identify the significant difference molecules
responsible for the alterations in the levels of oxylipins after short and long-
termkrill oil dietary intake. ThemoleculeswithVIP values exceeding 1were
considered significant difference molecules37. Across the three comparison
groups, we identified 13, 17, and 12 significantly different molecules,
respectively (Fig. 5G–I). Specifically, in the comparisons of KO1 versusND,
the top 5 differential molecules were RvD1, LXA4, 7-HDHA, PGE2 and
RvD4; in theKO6versusNDcomparison, the leadingmoleculeswereRvE1,

LXA4, RvD1, 12-HETE, and 18-HEPE; and in the comparison of KO1
versus KO6, RvE1, 15S-HEPE, 18-HEPE, 5-HETE and 11-HETE emerged
as the keydifferentialmolecules. Interestingly, the significantdifference lipid
mediators identified in the comparisons between ND and KO1, as well as
between ND and KO6, exhibited a high level of overlap. This indicated that
both short-term and long-termdietary supplementationwith krill oil have a
consistent effect on regulating most oxylipins levels in rat. The correlation
analysis was performed between ARA derivatives and EPA/DHA deriva-
tives,with the resultingnetworkdiagramshown inFig. S5.Weobserved that
the levels of AA and most of its derivatives were negatively correlated with
the levels of EPA, DHA and their respective derivatives. In contrast, the
situation for LXA4was exactly the opposite. It was positively correlatedwith
most EPA/DHA derivatives, including HEPEs, RvEs, and RvDs.

Discussion
In this study, we employed non-targeted lipidomics to comprehensively
analyze the effects of daily dietary supplementation with krill oil on lipid
metabolism in rat serum.Anotable alteration in the lipid composition of rat
serum was observed after dietary supplementation with krill oil. The most
abundant differential subclasseswere TG, PC, and LPC,which are central to
systemic energy handling and membrane-associated signaling. TGs are the
predominant neutral lipid storage form and a major reservoir of metabolic
energy38. PC is a principal membrane phospholipid and, in many mam-
malian cell types, represents 40–50% of cellular phospholipids; beyond
structural roles, PC turnover supplies bioactive lipid intermediates that
participate in signal transduction39. LPC is generated primarily via

Fig. 5 | The PLS-DA models built based on targeted oxylipin profiles. PLS-DA
score plots showing the discrimination of oxylipin profiles betweenKO1 versusND (A),
KO6 and ND (B), and KO6 and KO1 (C). D–F The permutation test (200 iterations)

used to validate the robustness and to assess potential overfitting of the corresponding
PLS-DA models. G–I Variable importance in projection (VIP) plots highlighting the
oxylipin species contributing most to group discrimination in each comparison.
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PLA2-mediated hydrolysis of PC and can act as a context-dependent
immunomodulatory lipid mediator; for instance, LPC can engage TLR-
associated signaling in macrophages and modulate downstream inflam-
matory responses40. Notably, the observed shift in the lipid profile—lower
abundance of 20:4-containing species and higher abundance of 20:5/22:6-
containing species—reflects both the competitive metabolism between ω-3
and ω-6 fatty acids and the enrichment of krill oil-derived ω-3 fatty acids
(typically bound to phospholipids) in the circulating lipid pools. In a ran-
domized, placebo-controlled crossover study in healthy volunteers, krill oil
increased plasma and RBC ω-3 PUFA (including EPA/DHA) and reduced
the ω-6: ω-3 ratio relative to fish oil3. At the same time, we acknowledge
literature showing that a consistent “bioavailability advantage” for krill oil is
not universal and may disappear when dose and formulation are carefully
matched or when alternative endpoints are considered5,6. Additionally,
some lipid molecules containing EPA andDHAwere only increased after 1
week and not at 6 weeks of KO supplementation, such as TG O-
16:4_12:0_22:6, TG 16:1_18:1_22:6 and DG 18:1_22:6, etc. An early rise in
circulating EPA/DHA-containing lipid species at 1 week may reflect rapid
absorption and lipoprotein transport, andmay subsequently reach a steady
state (plateau) with smaller marginal changes in serum despite continued
dosing. By 6 weeks, a larger portion of supplemented EPA/DHA may be
retained in cellular/tissue phospholipid membranes rather than remaining
elevated in the circulating (serum) lipid pool, leading to attenuated differ-
ences in serum lipid molecular species6,41. The elevated availability of EPA
and DHA substrates, as evidenced by our lipidomics analysis, is likely to
enhance the biosynthesis of SPMs through enzymatic conversion pathways
mediated by lipoxygenases. This lipidomic remodeling have profound
physiological significance, which are supporting its potential cardiopro-
tective and pleiotropic benefits through improved lipid homeostasis and
attenuated inflammatory signaling42.

Multiple method-development and application studies have demon-
strated that many SPMs in healthy plasma/serum are frequently below the
lower limit of quantification (LLOQ), and that detectability depends
strongly onmatrix choice, sample handling, and rigorous validation27,28. For
instance, highly optimized LC–MS/MS method have reported that circu-
lating SPM levels in healthy biological matrices can be extremely low or not
quantifiable, while inflammatory contexts may increase detectability in
some settings25. To date, some studies have reported the detection of various
SPMs in biological samples; however, the validity of some of these findings
has been questioned28 and the levels of oxylipins also varied across different
studies. Notably, despite these challenges, our method enabled the quanti-
fication of several SPMs, including RvE1, RvD1, and MaR1, etc. Our ana-
lyticalmethod shares similarities with the LC–MS-basedmethod developed
by Fu et al. They successfully quantified multiple SPMs in mouse plasma/
liver andhumanplasma samples, includingRvE1,RvE2, LXA4, LXA5,RvD1
andRvD2, etc43. In contrast toFu et al., our study employed rat serumrather
than plasma as the biological matrix. Moreover, we used a substantially
larger sample volume (500 μL of serum), whichmay have increased analyte
enrichment and improved detection sensitivity. These differences inmatrix
type and sample volumemay partially explain the discrepancies observed in
SPM detectability between studies.

Targeted oxylipins analysis revealed that krill oil dietary supplements
significantly reduced the levels of most ARA-derived oxylipins (such as
HETEs, TXB2, PGs, LTB4), while markedly elevating LXA4 levels in a time-
dependent manner. Mounting evidence has substantiated that ARA and its
metabolites play pivotal roles in both organ development and the patho-
genesis of various diseases, encompassing cardiovascular, renal, hepatic, and
skeletal development, as well as metabolic disorders (e.g., diabetes mellitus,
obesity) and malignant tumors44. LXs, a class of ARA-derived metabolites,
exhibit anti-inflammatory and immunomodulatory activities. Zhu et al.
demonstrated that administration of LXA4 enhanced the restoration of
neurological function and tissue integrity following brain injury in rat, while
maintaining the integrity of the blood–brain barrier and suppressing neu-
roinflammatory responses45. The sustained reduction in pro-inflammatory
oxylipins, coupledwith a progressive elevation in LXA4 levels following krill

oil supplementation, indicates a temporal reconfiguration of the oxylipin
profile favoring resolution pathways and anti-inflammatory responses. In
parallel, krill oil markedly elevated multiple EPA- and DHA-derived
metabolites, including 12-HEPE, 18-HEPE, RvEs, 7-HDHA, RvDs and
Mar1. This result aligned with several intervention studies reporting that
increasing dietary EPA/DHA shifts systemic oxylipin patterns toward
ω-3-derived products and away from ω-6 (ARA)-derived products. Oster-
mann et al. reported a large randomized controlled trial in which plasma
oxylipins (quantified by targeted LC–MS) showed a clear linear
dose–response increase in EPA- and DHA-derived oxylipins over 3 and
12months of EPA+DHA intake. They revealed that the relative increase in
concentrations of EPA-derived oxylipins was substantially greater than that
of oxylipins derived from DHA46. This trend was also observed in our
research. In a12weeks intervention, Schebbet al. observed thatEPA+DHA
ethyl esters increased free and total EPA-derived hydroxy/epoxy/dihydroxy
oxylipins (70–150%) while total AA-derived metabolites decreased on
average (30%), indicating that even in a relatively healthy cohort the direc-
tionality of change can favor an AA-to-EPA shift47. Taken together, these
findings suggest that ω-3 supplementation reshapes the oxylipin profile
primarily via substrate remodeling48,49, which is consistentwith our observed
suppressionofARA-derivedmediators and inductionofEPA/DHA-derived
mediator families. Our finding that krill oil supplementation elevated EPA/
DHA-derivedmediators, such as 18-HEPE and 7-HDHA, is also consistent
with reports that ω-3 intake increases not only classical LOX products but
also CYP-derived epoxy metabolites and SPM precursors in healthy
humans. In a clinical intervention, ω-3 supplementation resulted in dose-
dependent increases inEPA/DHA-derivedepoxymetabolites, and18-HEPE
rosemarkedly in supplementedgroups,whileAA-derivedepoxymetabolites
(EETs) were comparatively unchanged13. The trends reported in the litera-
ture are broadly consistent with the directional changes observed in our
study (increased EPA/DHA mediator families). At the same time, these
reports highlight that the magnitude and breadth of changes can vary with
formulation, dose, and duration13,50. Moreover, we found that the relation-
ship between mono-hydroxylated precursors and terminal SPMs is not
necessarily linear. For example, 17-HDHA are commonly treated as pre-
cursors for D-series-Resolvins51, yet precursor accumulation does not
guarantee proportional increases in a specific derivedmediator (RvD3). This
discordance can arise from pathway branching, enzyme competition and
transcellular conversion requirements.

Importantly, not all literatures fully agree on the extent of ARA-
derived oxylipins suppression. In this study, the majority of ARA-derived
oxylipins showed a stronger reduction than some previous ω-3 interven-
tions. The analytical compartment (serum versus plasma), and whether
oxylipins are measured as free versus total (free+ esterified) pools, can
influence the results. Schebb et al. showed that total oxylipins can be orders
of magnitude higher than free oxylipins for certain classes, yet the ratio of
free/esterified remained stable after supplementation47. Consequently,
determining whether the free or total lipid pool ismeasuredmaymodulate
the results. Furthermore, even when fatty acid intake remains consistent,
significant interindividual variations may still occur. In a controlled sup-
plement study, despite similar shifts in erythrocyte EPA/DHA and AA,
divergence in serum oxylipin responses was observed52. Furthermore, the
present study was conducted exclusively inmale rats. Given that biological
sex can shape lipid and oxylipin landscapes and modulate dietary
responsiveness, future krill oil intervention studies should include both
sexes andbedesigned todelineate sex-specific lipidomic andoxylipin/SPM
responses to krill oil supplementation.

Notably, the time-dependent elevation of SPMs holds significant
physiological implications. As pivotal regulators of inflammatory resolu-
tion, SPMs exert multifaceted protective effects: they mitigate the release of
proinflammatory cytokines, facilitate phagocytic clearance of apoptotic
cells, and reestablish tissue homeostasis without compromising host
defense53. Clinical evidence has consistently associated elevated levels of
SPMswith ameliorated disease progression and enhanced clinical outcomes
in chronic inflammatory disorders, including atherosclerosis and
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rheumatoid arthritis. Studies onhuman carotid atherosclerotic plaqueshave
amarked imbalance in SPMs topro-inflammatory lipidmediators—such as
leukotrienes—within vulnerable plaque regions. Restoration of SPM levels
has been associated with delayed atherosclerosis progression and a transi-
tion toward a more stable plaque phenotype54. In addition, Barden et al.
demonstrated that synthesis of SPMs at inflammatory foci constitutes a
relevant mechanistic through which ω-3 PUFAs mitigate the clinical
manifestations of arthritis55. These findings underscore the potential of
long-term krill oil supplementation as a nutritional strategy to support
resolution pathways and mitigate inflammatory burden.

This study incorporated non-targeted and targeted lipidomics
approaches to detected the comprehensive lipid profile and oxylipins levels
following short-term (1 week) and long-term (6 weeks) krill oil supple-
mentation. Specifically, after 1 week of supplementing with krill oil, the
levels of most 20:4-containing lipid molecules decreased compared to the
ND group, while those with 20:5 and 22:6 increased. These trends became
more significant after 6 weeks of supplementation. In the targeted lipi-
domics analysis, we identified and quantified a total of 33 oxylipins con-
sisting of 12 derivatives of ARA, 8 derivatives of EPA, and 13 derivatives of
DHA. The results indicated that krill oil supplementation reduced pro-
inflammatory oxylipins from ARA and boosted most EPA- and DHA-
derived oxylipins, especially SPMs, resulting in significant alterations in the
overall oxylipin profile in rat serum. In conclusion, dietary supplementa-
tion with krill can elevate SPMs levels and decrease pro-inflammatory
mediator content, helping the body achieve a balanced state of home-
ostasis. This study provides new insights into the biochemical pathways
throughwhich krill oil exerts its beneficial effects, indicating its potential as
a dietary intervention for managing chronic inflammation and enhancing
overall health.

Methods
Materials and reagents
Krill oil was provided by Liaoyu Fishery Group Co., Ltd. (Liaoning, China).
Methanol, acetonitrile, ethyl acetate, isopropanol, and n-hexane, all of LC/
MS grade, were procured fromMerck (Darmstadt, Germany). Formic acid,
acetic acid, and disodium hydrogen phosphate were of analytical grade and
provided by Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
High-purity water with a resistivity of 18.2MΩ cm was sourced from the
Millipore Milli-Q water system (Bedford, MA, USA).

Animals and treatments
Thirty specific pathogen-free, male, Sprague-Dawley rats (150–200 g,
6–8 weeks old) were purchased from Shanghai BK Co., Ltd. and housed at
the research center of Zhejiang Chinese Medical University. Rats were
acclimatized to laboratory conditions for at least 1weekprior to experiments
(five rats per cage). Krill oil was provided by Liaoyu Antarctic Krill Tech-
nology Development Co., Ltd. (Liaoning, China).

All animal experiments approvedby the Ethics Committee of Zhejiang
Chinese Medical University Laboratory Animal Research Center (Permis-
sion Number: IACUC- 20220829-14), and were strictly in accordance with
the local Guidelines for Laboratory Animal Care of Animal Experimental
Center, Zhejiang Chinese Medical University. After 1 week of acclimatiza-
tion, the rats were randomly divided into three groups (n = 10 in each
group): ND, KO1, and KO6. Rats were fed a standard SPF-grade chow diet
(Beijing Keao Xieli Feed Co., Ltd., Beijing, China). The general composition
of the normal diet was shown in Table S4. Rats in the KO1 andKO6 groups
received krill oil by oral gavage at a daily dose of 1 g/kg. The fatty acid
compositionof the krill oil is presented inTable S5.At the endof 1week, rats
in the ND and KO1 groups were fasted for 12 h, anesthetized, and eutha-
nized. Rats in the KO6 group underwent the same procedure at the end
of 6 week.

Blood samples collection
For terminal blood collection, rats were anesthetized using sodium pento-
barbital administered intraperitoneally (50mg/kg). Adequate depth of

anesthesia (deep surgical anesthesia/unconsciousness) was verified prior to
incision by loss of righting reflex and the absence of pedal withdrawal (toe
pinch) and corneal reflex. While under deep anesthesia, terminal blood
sampling was performed via abdominal aortic puncture. Immediately after
blood collection, animals were euthanized by anesthetic overdose (addi-
tional pentobarbital o achieve a total dose of 200mg/kg, i.p.). Death was
confirmed by cessation of respiration and absence of cardiac activity and a
secondary physical method (bilateral thoracotomy) was performed to
ensure death. The serum samples were incubated at room temperature for
30min, then centrifuged at 3000 rpm for 15min at 4 °C. The collected
serum samples were promptly frozen using dry ice and stored at −80 °C
until used.

Non-targeted lipidomics analysis
The collected serum sample was thawed on ice, and 20 μL of the sample was
taken. This was thenmixed with 120 μL of precooled lipid extraction buffer
(isopropanol/acetonitrile/water, 2/1/1, v/v/v), vortexed for 1min, and
incubated at room temperature for 10min. The extractionmixturewas then
stored at −20 °C overnight. After centrifugation (4000 × g, 20min), the
supernatant was collected. The samples were stored at −80 °C before
LC-MS/MS analysis.

Chromatographic separation was performed using an ACQUITY
UPLC system (Waters, Milford, MA, USA) equipped with a Kinetex UPLC
C18 column (100mm× 2.1mm, 100 A, phenomenex, UK). The column
temperature was maintained at 55 °C. The mobile phase comprised solvent
A (isopropanol/acetonitrile, 9/1, v/v, with 0.1% formic acid) and solvent B
(acetonitrile/water, 6/4, v/v, with 0.1% formic acid). The gradient elution
conditions were as follows: 0–0.4min, 30% A; 0.4–1min, 30% to 45% A;
1–3min, 45% to 60%A; 3.5–5min, 60% to 75%A; 5–7min, 75% to 90%A;
7–8.5min, 90% to 100% A; 8.5–8.6min, 100% A; 8.6–8.61min, 100% to
30% A. The flow rate was set to 0.3mL/min.

The mass analysis was performed on a high-resolution tandem mass
spectrometer TripleTOF6600 (SCIEX, Framingham, MA, USA). The mass
scan rangewas from 60 to 1200 Da in both positive and negative ionmodes,
and the data were acquired using Information-Dependent Acquisition
(IDA)mode.The instrument parameterswere as follows: curtain gaswas set
to 30 psi; ion source gas 1 and ion source gas 2 were both set to 60 psi; the
interface heater temperature was maintained at 650 °C; and the ionspray
voltages were 5000V for positive ion mode and −4500 V for negative
ion mode.

Targeted oxylipins analysis
Oxylipins extraction: the oxylipins of the serum samples were extracted
using solid phase extraction (SPE)43. Briefly, 500 μL of serum was spiked
with 5 μL of a deuterium-labeled internal standard solution (20 ng/mL d-
oxylipins, 20 μg/mL ARA-d8, EPA-d5 and DHA-d5) and an antioxidant
solution containing 0.2mg/mL butylated hydroxytoluene (BHT), 100 μM
indomethacin, and 100 μM soluble epoxide hydrolase inhibitor trans-4-[4-
(3-adamantan1-yl-ureido)-cyclohexyloxy]-benzoic acid (t-AUCB) in
methanol). Detailed information regarding the standard produces can be
found in Table S6. Then, added 1mL ethyl acetate/methanol (5:1, v/v) to
mixture and ultrasound-assisted extraction for 15min. After centrifugation
(12,000 r/min for 2min), the supernatant was collected and the lower phase
was further subjected to two re-extractions following the samemethod. The
collected supernatants were combined. Furthermore, the collected super-
natantswere combinedandevaporated todryness in avacuumconcentrator
at 25 °C and1mbar for approximately 90min (Christ,Osterode,Germany).
The sample extracts were reconstituted in 3mL 0.1M disodium hydrogen
phosphate adjusted to pH 6.0 with acetic acid in water/methanol (95/5, v/v)
and submitted to solid-phase extraction using SPE column (Bond Elut
Certify II, 200mg, 3mL; Agilent, Waldbronn, Germany).

The SPE cartridge was preconditioned with one column volume of
each of the following: ethyl acetate/hexane (75/25, v/v, with 1% acetic acid),
methanol, and 0.1M disodium hydrogen phosphate buffer adjusted to pH
6.0 with acetic acid in a water/methanol (95/5, v/v). The sample was loaded
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onto the preconditioned cartridge at a flow rate of approximately 0.5 mL/
min. After complete loading, the cartridge was washedwith 3mLwater and
3mL water/methanol (50/50, v/v), and then dried under a nitrogen stream
at high pressure for 1min. The analytes were eluted with 2mL of ethyl
acetate/n-hexane (75/25, v/v,with 1%acetic acid) into tubes containing 6 μL
of a 30% glycerol solution in methanol. The eluate was then evaporated
using a vacuum concentrator (30 °C and 1mbar for approximately
120min) until only the glycerol plug remained. The residue is redissolved in
100 μL methanol and stored at −80 °C before LC-MS/MS analysis.

LC-MS/MS: chromatographic separation was performed on ExionLC
Series UHPLC (Applied Biosystems SCIEX, Foster City, USA) equipped
with an ACQUITYUPLC C18 reversed phase column (100mm× 2.1mm;
1.7 μm). The column was washed and readjusted to the initial conditions
before each run and the column temperature was kept 30 °C. The mobile
phase consisted of solvent A (0.02% aqueous acetic acid) and solvent B
(acetonitrile). The gradient elution conditionswere as follows: 0–5min, 20%
B; 5–11min, 20% to 95%B; 11–15min, 95%B; 15–15.1min, 95% to 98%B;
15.1–25min, 98% B; 25–25.1 min, 98% to 20% B; 25.1–30min, 20% B, at a
flow rate of 0.4 mL/min.

Themass analysiswasperformedon aQtrap 6500mass spectrometer
(Applied Biosystems SCIEX, Darmstadt, Germany) equipped with an ESI
source. The analysis was conducted in negative ion mode, and ions were
identified and quantified using multiple reaction monitoring (MRM).
Compounds were quantified using stable internal standards. The oper-
ating conditionswere as follows: the temperaturewas 600 °C; the ion spray
voltage was −2.5 kV; the declustering potential was −60 eV, and the
entrance potential was−7 eV; the curtain gas, ion source gas 1 (nitrogen
drying gas), and ion source gas 2 (nebulizer gas) were all set to 35 psi. The
data collection was performed using Analyst 1.6.2 software, and quanti-
fication was carried out using MultiQuant software (SCIEX, Framing-
ham, MA, USA).

Statistical analysis
Microsoft Excel software was employed to calculate the mean value and
standard deviation of the samples. Multivariate statistical analysis was
performed using the MetaboAnalyst 6.0 (https://www.metaboanalyst.ca/)
andOmicStudio tools (https://www.omicstudio.cn/tool). Statistical analyses
were performed using SPSS version 23.0 (SPSS Inc., Chicago, IL). Differ-
ences among experimental groups were assessed by one-way analysis of
variance (ANOVA), with Tukey’s HSD applied for post hoc test. The
Benjamini–Hochberg procedure was adopted for false discovery rate (FDR)
correction to account for themultiple testingproblem.The adjustedp < 0.05
was considered statistically significant. The heatmap were generated using
TBtools.

Data availability
All data supporting the findings of this study are available in the paper and
Supplementary Information. Data will be made available upon request.
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