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19 ‑methylarachidic acid) were purchased from 
Sigma ‑Aldrich (Saint Louis, Missouri, United 
States). Solid phase extraction (SPE) of oxylipins 
was carried out on a 12 ‑port vacuum manifold 
using Strata C18 ‑E cartridges (3 ml, 200 mg of 
sorbent) from Phenomenex (Torrance, Califor‑
nia, United States).

Patients This study was conducted according 
to standards set in the Declaration of Helsinki, 
and the study protocol was approved by the lo‑
cal Bioethics Committee at the Medical Univer‑
sity of Gdansk (NKBBN/493/2016). Written in‑
formed consent was obtained from all patients 
upon enrolment.

This single ‑center study included 15 bariatric 
patients (3 men and 12 women) who underwent 
OAGB at the Department of General, Endocrine 
and Transplant Surgery, Medical University of 
Gdansk, Poland, between 2016 and 2018. Met‑
abolic characteristics of the patients are includ‑
ed in Supplementary material, Table S2. The pa‑
tients were treated when their body mass index 
(BMI) was above 35 kg/m2 with comorbidities 
or above 40 kg/m2 without comorbidities. Inclu‑
sion criteria followed the Interdisciplinary Euro‑
pean Guidelines on Metabolic and Bariatric Sur‑
gery.5 Patients with diseases of the gastrointes‑
tinal tract, known autoimmune, inflammatory, 
or infectious diseases, cancer or tumor regres‑
sion less than 5 years ago, known kidney disease, 
or excessive alcohol consumption, and pregnant 
women were excluded. Before surgery, the pa‑
tients followed a low ‑calorie, high ‑protein, low‑
‑fat, and low ‑carbohydrate reduction diet. After 
OAGB, they were prescribed vitamin D supple‑
mentation. No specific n ‑3 PUFA supplements 
were recommended.

Fasting blood was obtained from all 15 pa‑
tients before the surgery (pre ‑OAGB), at 2‑week 

Introduction Polyunsaturated fatty acids (PUFAs) 
are precursors of oxylipins, which are involved in 
the regulation of inflammation, epithelial func‑
tion, vasoconstriction, blood clotting, adipogen‑
esis, lipolysis, and insulin secretion1. This makes 
them interesting when studying diseases asso‑
ciated with impairment of the abovementioned 
functions. Obesity is characterized by a state of 
low ‑grade chronic inflammation that contributes 
to further metabolic dysfunction.

Oxylipin levels can be affected by dietary inter‑
ventions that directly increase the amount of pre‑
cursors available for n ‑3 oxylipin synthesis.2 Mod‑
ifications of oxylipin profiles are also observed 
after introducing diets that are not specifically 
aimed at modulating PUFA levels, for example, 
low ‑calorie or low ‑fat diet.3 There is also a small 
number of studies showing changes in the oxy‑
lipin profile after a bariatric intervention.4 Con‑
sidering the regulatory effects of oxylipins, it is 
possible that they contribute to metabolic chang‑
es observed after bariatric surgery.

In this study, we analyzed the profile of non‑
esterified oxylipins in the serum of patients with 
obesity who underwent laparoscopic one anasto‑
mosis gastric bypass (OAGB) surgery for the first 
time.

Patients and methods Standards and consum‑
ables All oxylipin standards were purchased 
from Santa Cruz Biotechnology (Dallas, Tex‑
as, United States), with the exception of Mar1, 
Mar2, PDX, RvE1, and deuterated oxylipins ob‑
tained from Cayman Chemical Company (Ann 
Arbor, Michigan, United States). Nomenclature 
for all the compounds is given in Supplementa‑
ry material, Table S1, and analyte structures are 
presented in Supplementary material, Figure S1. 
Standards for gas chromatography ‑mass spec‑
trometry (GC ‑MS) analysis (37 FAME MIX and 
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Supplementary material, and final method char‑
acterization is presented in Supplementary ma‑
terial, Tables S5 and S6.

Fatty acid analysis with gas chromatography ‑mass 
spectrometry For GC ‑MS analysis, lipids were 
extracted from 300 μl of serum (with 40 μg of 
19‑methylarachidic acid added as an internal stan‑
dard), using 15 ml of chloroform ‑methanol mix‑
ture (2:1, v/v). The lipid extracts were hydrolyzed 
to release free FAs, which were then derivatized 
into FA methyl esters (FAMEs) with 0.5 ml of 
10% boron trifluoride in methanol. FAMEs were 
analyzed with a GCMS ‑QP 2010SE analyzer (Shi‑
madzu), and chromatographic separation was 
performed on the Zebron ZB ‑5MSi capillary col‑
umn (Phenomenex, Torrance, California, United 
States), as described previously.7 FA identification 
was performed using FAME reference standards 
and the NIST/EPA/NIH Mass Spectral Library 
(NIST 11) ‑ 2012 Mass Spectral Database for Win‑
dows, Standard Reference Data Program (United 
States Department of Commerce, National Insti‑
tute of Standards and Technology, Gaithersburg).

Data handling Chromatographic peak integration 
was done with LabSolutions 5.99 software (Shi‑
madzu). Univariate statistical analysis was per‑
formed using SigmaPlot 14.5 package (Systat, 
Software Inc., San Jose, California, United States). 
For variables with normal distribution, confirmed 
by the Shapiro–Wilk test, repeated measure 1‑way 
analysis of variance was performed, while for 
non ‑normally distributed variables the Friedman 
test was executed instead; these were followed by 
a post hoc test with the Holm–Sidak method. For 
all tests, α was set at 0.05, and for each numer‑
ical P value given, the minimal test power was 
above 0.800. If the power of the test was below 
0.800, the post hoc tests were not performed. Val‑
ues in tables are means (SD) or medians (inter‑
quartile range [IQR]), if not normally distributed. 
The Pearson product moment correlation coeffi‑
cient was calculated for normally distributed vari‑
ables, and the Spearman rank order correlation 
was employed for variables that did not follow 
normal distribution. Principal component analy‑
sis (PCA) was performed using MetaboAnalyst 4.0 
software (https://www.metaboanalyst.ca/), with 
the Hotelling T2 range of 95%. Prior to the anal‑
ysis, the data were log ‑transformed and scaled 
by mean centering and divided by SD of a giv‑
en variable.

Results Quantification of serum oxylipins in one 
anastomosis gastric bypass patients The SPE ‑LC‑
‑MS/MS method enabled detection of 19 serum 
oxylipins in the bariatric patients. Quantifica‑
tion was possible for 10 metabolites of arachi‑
donic acid (ARA), 3 metabolites of linoleic acid 
(LA), and 1 metabolite of dihomo ‑γ‑linoleic acid 
(DGLA). Mean concentrations of the quantified 
serum oxylipins are given in Supplementary ma‑
terial, Table S7. Concentration of the only PUFA 

follow ‑up (FU1) and at 6–9‑month follow ‑up 
(FU2). After centrifugation, serum was aliquot‑
ed into 2‑ml polypropylene tubes and stored 
at –80 °C until extraction of oxylipins using SPE 
and analysis with liquid chromatography ‑tandem 
mass spectrometry (LC ‑MS/MS).

Solid ‑phase extraction procedure Prior to extrac‑
tion, each 300‑µl serum aliquot was spiked with 
10 µl of butylated hydroxytoluene (0.2 mg/ml 
in methanol) to minimize oxidization, and with 
10 µl of 1 μg/ml internal standard stock solution. 
The extraction of oxylipins from serum was car‑
ried out using a method described by Galvão et al.6 
Briefly, 1.5 ml of cold acetonitrile ‑methanol mix‑
ture (1:1, v/v) was added to spiked serum sam‑
ples, vortexed, and incubated at 4 °C for 30 min‑
utes. The samples were centrifuged (20 min, 4 °C, 
1800 rpm), and supernatant was collected into 
soda ‑lime glass tubes and diluted with 17 ml of ul‑
trapure water. The solutions were loaded onto SPE 
cartridges preconditioned with 2 ml of methanol, 
followed by 2 ml of 0.1% acetic acid. The sorbent 
bed was washed with 2 ml of 0.1% acetic acid and 
the compounds of interest were eluted with 2 ml 
of 0.1% acetic acid in methanol. The solvent was 
evaporated under nitrogen stream and oxylipins 
were diluted in 50 μl of methanol supplemented 
with 0.1% acetic acid (3:1, v/v). The samples were 
immediately placed in a cooled autosampler (4 °C) 
and analyzed within 12 hours from preparation.

Liquid chromatography ‑tandem mass spectrometry  
Analyses were performed using a  Shimadzu 
LCMS ‑8050 analyzer (Kyoto, Japan) in a nega‑
tive ionization mode. Working parameters were 
optimized individually for each standard in di‑
rect infusion experiments, and are summarized 
in Supplementary material, Table S3. Instrument 
conditions are given in Supplementary material, 
Table S4. Injection volume was 10 μl. Chromato‑
graphic separation was carried out on a Hyper‑
sil GOLD column (100 × 2.1 mm, 3‑μm parti‑
cle size) equipped with a guard column (Thermo 
Fisher Scientific, San Jose, California, United 
States). The column oven was set at 35 °C. Bina‑
ry gradient consisted of solvent A (0.1% formic 
acid in water) and solvent B (methanol) at a flow 
rate of 0.3 ml/min. The gradient started from 
50% solvent B maintained for 2 minutes, then 
the amount of solvent B was linearly increased 
to 60% at 12 minutes, to 70% at 13 minutes, to 
80% at 16 minutes, to 85% at 24 minutes, and 
then lowered back to 50% at 25 minutes. The col‑
umn was equilibrated with 50% solvent B for 
5 minutes. The MS/MS instrument operated in 
a multiple transition monitoring mode (MRM), 
and transitions with the highest intensity were 
used for quantification. The analytical method 
was characterized and validated in terms of lin‑
earity, intra‑ and interday precision and accura‑
cy, method detection limit (MDL), lower meth‑
od quantification limit (MQL), and SPE recover‑
ies. The method validation details are given in 
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ARA metabolites: prostaglandins (15d ‑PGJ2, 
PGE2, PGD2), TXB2, and 12 ‑HHT. The second 
component (PC2) explained 14.6% of variance 
in the dataset, and 13 ‑HODE and 20 ‑HETE had 
the largest effect on this component (Supplemen‑
tary material, Figure S3C).

Lastly, we calculated correlations between in‑
flammatory parameters (C ‑reactive protein [CRP]) 
and 2 measures of weight loss in bariatric surgery, 
that is, percentage of total weight loss (%TWL) 
and excess weight loss (%EWL). Correlation anal‑
ysis results are presented in Supplementary ma‑
terial, Table S8. CRP level correlated negatively 
with 13 ‑HODE concentration. Both %TWL and 
%EWL showed a significant negative correlation 
with 5 ‑HETE and 20 ‑HETE. Moreover, there was 
a weak positive correlation between %EWL and 
9,10‑epoxy‑12‑octadecenoic acid (9(10)EpOME). 
15 ‑HETrE also negatively correlated with %EWL.

Discussion SPE ‑LC ‑MS/MS allowed for quanti‑
tative analysis of 20 serum oxylipins, with MQL 
ranging from 2 to 395 pg. For most analytes, 
the extraction efficiency was between 80% and 
120%, consistent with other studies.10 In the se‑
rum samples, we quantified 13 analytes and iden‑
tified further 5. Data visualization using the PCA 
revealed the heterogeneous nature of oxylipin 
profiles, which was reported before.3,4,8,9 The di‑
rection of changes in the concentration of specif‑
ic oxylipins at FU2 was similar to that previously 
reported in studies on the blood oxylipin profile 
after weight reduction4,8,11 or described for pa‑
tients with obesity and individuals with normal 
BMI.9 In the case of 15d ‑PGJ2 and PGE2, the mea‑
sured concentrations were higher than those ob‑
tained in other studies.8 15d ‑PGJ2 is a peroxisome 
proliferator ‑activated receptor γ agonist and was 
detected in vivo during resolution of inflamma‑
tion.12 Two of our patients exhibited higher than 
expected concentrations of this oxylipin before 
OAGB. However, we suspect this is not typical 
for a wider obese population and was probably 
due to inflammation in these specific patients, 
which is why that result should be interpreted 
with caution. High concentration of PGE2, which 
is an inflammatory mediator and a stimulant of 
leptin secretion in adipose tissue, was also pre‑
viously associated with obesity.13 The concentra‑
tion of 15 ‑HETrE described in this study corre‑
lated positively with BMI, which supports the re‑
sults of other studies on a link between oxylipin 
levels and obesity indexes.14

The bariatric patients exhibited proinflam‑
matory oxylipin profile before OAGB. Across 
the study, the patients displayed relatively high 
levels of hydroxy‑ARA metabolites (5‑, 12‑, and 
20 ‑HETE), commonly observed in conditions as‑
sociated with an inflammatory state.15 When con‑
sidering the effect of OAGB on oxylipin levels, 
we noticed that most of the changes followed 
the fluctuations in the levels of their precursors, 
FAs. However, oxylipin concentration did not nec‑
essarily correlate significantly with FA content, 

n ‑3 oxylipin, 18 ‑hydroxyicosapentaenoic acid 
(18 ‑HEPE), was determined. The calculated con‑
centrations of oxylipins were in line with their 
previously reported serum concentrations,2,3,8,9 
and ranged from below 0.4 nmol/l (lipoxin A4) 
to around 32 nmol/l (12 ‑hydroxyeicosatetraenoic 
acid [12 ‑HETE]). Apart from ARA ‑derived 
12 ‑HETE, other hydroxyeicosatetraenoic acids did 
not exceed the level of 5 nmol/l. The patients had 
also high serum concentrations of LA oxylipins, 
that is, 9‑ hydroxyoctadecadienoic acid (9 ‑HODE) 
and 13 ‑HODE (up to around 12.2 nmol/l and up 
to around 18.6 nmol/l, respectively), in compar‑
ison with the other analytes.

Influence of one anastomosis gastric bypass on se‑
rum oxylipin concentration Next, we performed 
the analysis of variance for 2 follow ‑ups to detect 
changes in serum oxylipin concentration in bar‑
iatric patients who underwent OAGB. The P val‑
ues for all oxylipins studied are given in Supple‑
mentary material, Table S6. Concentrations of 
oxylipins that differed significantly depending on 
blood collection time, together with concentra‑
tions of respective FA precursors are summarized 
in FIguRE 1. Two weeks after OAGB, the patients 
exhibited significantly higher levels of 2 ARA‑
‑derived hydroxyeicosatetraenoic acids (20‑HETE, 
12‑HETE), 12 ‑hydroxyheptadecatrienoic acid 
(12 ‑HHT), and thromboxane B2 (TXB2) than be‑
fore the operation (FIguRE 1A). At FU2, serum con‑
centrations of the majority of affected ARA oxy‑
lipins, similarly to the concentration of ARA it‑
self, were lower than at FU1 and close to preop‑
erative values. Notably, at FU2, serum 12 ‑HHT 
and TXB2 concentrations were still higher than 
before the surgery. Among LA‑derived oxylipins, 
no significant differences were detected (Supple‑
mentary material, Table S7). The mean serum con‑
centration of 13 ‑HODE was significantly high‑
er at FU2 than at FU1, as was the serum con‑
tent of its precursor, LA. A significant decrease 
in the serum concentration of DGLA metabolite, 
15 ‑hydroxyeicosatrienoic acid (15 ‑HETrE), was 
also detected at FU2 (FIguRE 1B), and this correlat‑
ed with a decrease in BMI (r = 0.526; P = 0.008).

Concentrations of oxylipins that were 50% 
above the MDL, calculated from the calibration 
curve or extrapolated and replaced by constant if 
below lower MQL, were analyzed jointly, in order 
to establish if the entire profile of analyzed oxy‑
lipins differentiates the patients before and after 
the treatment. The PCA of the data showed sepa‑
ration between the study groups, and the stron‑
gest separation was observed between pre ‑OAGB 
and post ‑OAGB patients along the PC1 (Supple‑
mentary material, Figure S3A), with no clear sepa‑
ration of FU1 and FU2 patients. Surprisingly, de‑
spite a more than 2 ‑fold decrease in 12 ‑HETE con‑
centration at FU2 vs its pre ‑OAGB levels, this vari‑
able’s contribution to the model was not crucial 
(Supplementary material, Figure S3C). In the PCA, 
the variables with the strongest contribution to 
the PC1, which explained 25.1% of variance, were 
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This oxylipin is synthetized by 5 ‑lipoxygenase 
(5‑LOX). Upregulated expression of 5 ‑LOX was 
observed before in adipose tissue of patients 
with obesity.18 The activity of 5 ‑LOX is impor‑
tant in chronic and acute inflammation,18 there‑
fore a high concentration of 5 ‑HETE in OAGB pa‑
tients can be a marker of short ‑term escalation of 

which was also noted by Schuchardt et al.16 This 
highlights the need for a direct analysis of ox‑
ylipins instead of relying on inference from re‑
spective FA levels. At FU1, the concentrations 
of 5 ‑HETE and 20 ‑HETE were higher than be‑
fore OAGB. High serum 5 ‑HETE levels were pre‑
viously reported shortly after bowel resection.17 

FIguRE 1  Serum concentration of significant oxylipins in bariatric patients before (pre ‑one anastomosis gastric 
bypass [OAGB]), 2 weeks after (follow‑up 1 [FU1]), and 6 –9 months after (FU2) OAGB surgery. 
Values are presented as box plots, where bold horizontal line represents the median, box hinges represent the 1st and 
3rd quartile, whiskers are 1.5 interquartile range. Plots with shaded background represent serum parent fatty acid 
content (%, as measured with gas chromatography ‑mass spectrometry) of ARA ‑derived oxylipins (A) and dihomo‑
‑γ‑linoleic acid ‑derived oxylipins (B). Dotted line represents the method quantification limit (MQL). P values were 
derived from repeated measure 1‑way analysis of variance followed by a post hoc test with the Holm–Sidak method. 
The concentrations of oxylipins were calculated only if above 50% of the serum samples were above the MQL. 
For details on the number of samples refer to Supplementary material, Table S7.  
Abbreviations: ARA, arachidonic acid; DGLA, dihomo‑γ‑linoleic acid; HETE, hydroxyeicosatetraenoic acid; 
HETrE, hydroxyeicosatrienoic acid; HHT, hydroxyheptadecatrienoic acid; LOQ, limit of quantification; ND, nondetected; 
PG, prostaglandin; TX, thromboxane
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The oxylipin profile was further used in PCA 
models to visualize the influence of OAGB on 
the serum oxylipin concentrations. In contrast 
with the FA profiles,7 the quantified oxylipins al‑
lowed us to discriminate the results of the pre‑
‑OAGB patients from those at follow ‑up.

In this study, we aimed to characterize the se‑
rum oxylipin profile in patients with obesity and 
to analyze the influence of OAGB on the levels 
of these metabolites. To our knowledge, this is 
the first study in which the MS ‑based oxylipin 
profiling was performed after OAGB. The most 
surgery ‑affected compounds were ARA hydroxy‑ 
metabolites, which are associated with regula‑
tion of the endothelial function. The study has 
some limitations, the main of which is the small 
sample size. As we did not include a healthy, lean 
control group, we could only describe changes in 
the oxylipin profile following the surgical treat‑
ment. Expanding the study group size would 
provide an opportunity to account for addition‑
al factors such as sex, diet, medications, level of 
physical activity, compliance with pre‑ and post‑
surgery recommendations, etc. All of these fac‑
tors may potentially affect the oxylipin profile, 
which hampers generalization of the study re‑
sults to the wider population. Our analyses clear‑
ly indicate that oxylipin profiling might be use‑
ful in monitoring the effects of bariatric treat‑
ment and possibly helpful in developing new 
treatment regimes. In our panel, the levels of 3 
oxylipins, 5 ‑HETE, 20 ‑HETE, and 9(10)‑EpOME, 
correlated with weight loss. Although the exact 
reason for these associations needs to be eluci‑
dated, these oxylipins might influence the de‑
gree of post ‑OABG weight loss.

Monitoring the oxylipin profile to provide new 
insights into the patients’ inflammatory and ox‑
idative stress status, vascular tone, or endotheli‑
al function, may lead to, for example, minimizing 
obesity complications and better understanding 
of effective treatment strategies on an individual 
level. Future studies should focus on expanding 
the panel of assessed analytes by adding more met‑
abolically relevant oxylipins. The MS ‑based metab‑
olomics allows for robust and reproducible profil‑
ing of oxylipins, and the available methods are con‑
tinuously improved in order to facilitate transla‑
tion of preliminary studies into clinical practice. It 
would be also interesting to include a healthy, lean 
control group, which would help elucidate the asso‑
ciation between oxylipins and obesity. And lastly, 
implementation of longer follow ‑ups and / or addi‑
tional weight loss strategies, such as diet of phys‑
ical activity regimens could certainly be useful in 
terms of assessing the efficacy of bariatric surgery.

SuPPLEmEnTARy mATERIAL

Supplementary material is available at www.mp.pl/paim.
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inflammation after surgery. Apart from 5 ‑HETE, 
we also saw a tendency for increased concentra‑
tion of another 5 ‑LOX downstream oxylipin, leu‑
kotriene B4, at FU1. After OAGB, there was an in‑
crease in 12‑HHT, a ligand of leukotriene B4 re‑
ceptor 2 (BLTR2). The 12 ‑HHT/BLTR2 axis is in‑
volved in regeneration and repair of intestine en‑
dothelium, and thus it is possible that 12 ‑HHT 
increase may counteract the surgical trauma in‑
flicted on the gastrointestinal tract. Similar trau‑
ma can be the reason for increased concentration 
of 20 ‑HETE, the production of which is connect‑
ed with endothelial dysfunction.15 Some HETEs 
(5 ‑HETE, 12 ‑HETE) were indicated as factors acti‑
vating neutrophil chemotaxis, essential in wound 
healing.17 Notably, the levels of these analytes 
strongly and negatively correlated with %TWL 
and %EWL, which indicates them as potential 
markers of weight loss, however, this specula‑
tion needs further studies. In murine models, 
20 ‑HETE increased significantly in animals on 
high ‑fat diet, suggesting that higher levels of this 
compound contribute to obesity.19 In contrast 
with the results obtained for 5 ‑HETE, we did not 
observe significant differences in 12 ‑HETE levels 
between pre ‑OAGB and FU1, however, elevated 
concentration of 12 ‑HETE was demonstrated 120 
and 417 days after the surgery, suggesting that 
specific HETE concentrations may fluctuate de‑
pending on the time span.

OAGB affected also serum concentrations of ox‑
ylipins involved in regulation of the vascular en‑
dothelium and blood coagulation, that is, TXB2, 
15d ‑PGJ2, and HODEs. TXB2 is a stable prod‑
uct of TXA2, which is an important platelet ag‑
onist. Therefore, the observed increase in TXB2 
concentration at FU1 may reflect ongoing heal‑
ing. At this time point, we detected an expected, 
given the healing process, decrease in the level of 
15d ‑PDJ2, which inhibits angiogenesis,15 and a de‑
clining trend in LA oxylipins (9 ‑HODE, 9(10)‑Ep‑
OME and 13 ‑HODE). These LA ‑derived metabo‑
lites play a role in angiogenesis and vasoconstric‑
tion.15 At FU1, we found a nonsignificant decrease 
in the 13 ‑HODE concentration, which is consistent 
with the observation of short ‑term changes in ox‑
ylipin profile after laparoscopic bowel surgeries.17

We were unable to detect so ‑called special pro‑
resolving mediators (SPMs) comprising resolvins, 
maresins, and protectins, present at very low 
concentrations.10 Several SPMs were previously 
detected in the serum of people with obesity.18 
Therefore, considering ongoing healing and in‑
flammation resolution at FU1, we suspected sig‑
nificant changes in the SPM concentrations. This 
expectation was not confirmed, since the levels of 
SPMs did not exceed MDLs. Recently, Shebb et al10 
claimed that several research groups did not de‑
tect SPMs in biological materials despite optimal 
experimental conditions. Nonetheless, it must 
be noted that the oxylipin profile is affected by 
numerous conditions, such as age, sex, medica‑
tions, or diet, which could contribute to discrep‑
ancies in SPM analysis.

https://dx.doi.org/10.20452/pamw.16610
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