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Abstract
Oxylipins are metabolites of polyunsaturated fatty acids that mediate cardiovascular 
health by attenuation of inflammation, vascular tone, hemostasis, and thrombosis. 
Very low-density lipoproteins (VLDL) contain oxylipins, but it is unknown whether 
the liver regulates their concentrations. In this study, we used a perfused liver model 
to observe the effect of inflammatory lipopolysaccharide (LPS) challenge and soluble 
epoxide hydrolase inhibition (sEHi) on VLDL oxylipins. A compartmental model of 
deuterium-labeled linoleic acid and palmitic acid incorporation into VLDL was also 
developed to assess the dependence of VLDL oxylipins on fatty acid incorporation 
rates. LPS decreased the total fatty acid VLDL content by 30% [6%,47%], and de-
creased final concentration of several oxylipins by a similar amount (13-HOTrE, 35% 
[4%,55%], −1.3 nM; 9(10)-EpODE, 29% [3%,49%], −2.0 nM; 15(16)-EpODE, 29% 
[2%,49%], −1.6 nM; AA-derived diols, 32% [5%,52%], −2.4 nM; 19(20)-DiHDPA, 
31% [7%,50%], −1.0 nM). However, the EPA-derived epoxide, 17(18)-EpETE, was 
decreased by 75% [49%,88%], (−0.52 nM) with LPS, double the suppression of other 
oxylipins. sEHi increased final concentration of DHA epoxide, 16(17)-EpDPE, by 
99% [35%,193%], (2.0 nM). Final VLDL-oxylipin concentrations with LPS treat-
ment were not correlated with linoleic acid kinetics, suggesting they were indepen-
dently regulated under inflammatory conditions. We conclude that the liver regulates 
oxylipin incorporation into VLDL, and the oxylipin content is altered by LPS chal-
lenge and by inhibition of the epoxide hydrolase pathway. This provides evidence for 
delivery of systemic oxylipin signals by VLDL transport.
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1 |  INTRODUCTION

Oxylipins are produced from polyunsaturated fatty acids 
(PUFA) by enzymes of the lipoxygenase (LOX) and cyto-
chrome P450 (CYP450) families (Shearer, Harris, Pedersen, & 
Newman, 2010). Oxylipins mediate inflammation, cell prolif-
eration, and inflammatory resolution, among other processes 
(Buczynski, Dumlao, & Dennis, 2009; Gabbs, Leng, Devassy, 
Monirujjaman, & Aukema, 2015; Shearer & Newman, 2009). 
Although the oxylipin products of arachidonic acid (AA) 
have been most extensively studied, products of linoleic acid 
(LA), α-linolenic acid (ALA), eicosapentaenoic acid (EPA), 
ω-3 docosapentaenoic acid (DPA-ω3), and docosahexaenoic 
acid (DHA) also have unique functions (Gabbs et  al.,  2015; 
Markworth et  al., 2016). The CYP450 epoxygenase pathway 
produces fatty acid epoxides from AA, epoxyeicosatrienoates 
(EpETrEs), which have anti-hypertensive and anti-inflamma-
tory functions (Oni-orisan et al., 2016; Spector, 2009; Spector 
& Norris, 2007). The DHA-derived epoxides, epoxydocosapen-
taenoates (EpDPEs), have similar function to the EpETrEs, but 
some regioisomers are more potent (Ye et al., 2002). CYP450-
derived metabolites of ω-3 PUFA can also suppress pathologic 
retinal and choroidal neovascularization (Gong et  al.,  2016; 
Shao et al., 2014; Yanai et al., 2014). The enzymes in both the 
LOX and CYP450 families can produce mid-chain hydroper-
oxides, and then alcohols, such as the AA-derived hydroxye-
icosatetraenoates (HETEs), with additional biological activities 
(Shearer et al., 2010).

Oxylipins can be esterified into phospholipids or tri-
glycerides and circulate in plasma lipoproteins to be used or 
stored by peripheral tissues (Shearer & Newman, 2009). In fact, 
the majority of oxylipins circulating in plasma are esterified in 
the lipoproteins (Newman, Pedersen, Brandenburg, Harris, & 
Shearer, 2014; Schebb et al., 2014; Shearer & Walker, 2018). 
Oxylipins circulating in lipoproteins can be released by lipopro-
tein lipase and taken up directly into cells or bind to cell surface 
receptors (Shearer & Newman, 2008; Wang et al., 2009), pro-
viding a potential systemic signaling role for lipoprotein oxylip-
ins (Shearer & Newman, 2009). Very low-density lipoproteins 
(VLDL), the primary carriers of plasma triglycerides, are syn-
thesized in the liver, but it is unknown whether the liver regu-
lates the incorporation of esterified oxylipins into the VLDL. 
There is evidence that VLDL particles can directly interact 
with endothelial cells, which can induce a pro-inflammatory 
response and alter cell membrane characteristics (Magnifico 
et  al.,  2017; Wang et  al.,  2009; Wang, Sapuri-Butti, Aung, 
Parikh, & Rutledge, 2008), contributing to vascular dysfunc-
tion. Oxylipins in VLDL could be a potential molecular expla-
nation for the role of VLDL in inflammation.

Each lipoprotein class has its own unique profile of oxylip-
ins (Newman, Kaysen, Hammock, and Shearer 2007; Newman 
et al., 2014; Proudfoot et al., 2009; Shearer et al., 2018), and 
VLDL are especially important transporters of epoxides, 

diols, and mid-chain alcohols (Newman et al., 2007; Shearer 
& Newman,  2008). This specificity by lipoprotein class 
has been demonstrated in both animal and human models, 
with the HDL having the highest concentration (Newman 
et  al.,  2007, 2014), likely due to the phospholipid enrich-
ment of this particle class. However, there is evidence that 
VLDL oxylipin profiles undergo important changes during 
disease and postprandial states (Newman et al., 2007; Wang 
et  al.,  2009). It is unknown whether hepatic inflammation 
alters the VLDL oxylipin profile and how these alterations 
could affect systemic inflammatory status.

Epoxides are a key oxylipin class of interest, since they 
are anti-inflammatory, and are abundant in the VLDL par-
ticle. Biological transformation of most fatty acid epoxides 
is primarily accomplished through hydrolysis by soluble ep-
oxide hydrolase (sEH)-dependent hydrolysis to 1,2- or vici-
nal diols (Spector & Kim,  2015). Because of the beneficial 
effects of epoxides, sEH inhibitors have been investigated as 
potential targets for a wide array of diseases (Morisseau and 
Hammock, 2012), including cardiovascular disease (CVD) and 
chronic inflammatory diseases (Duflot, Roche, Lamoureux, 
Guerrot, & Bellien, 2014), and have shown potential in animal 
models to reduce atherosclerosis (Ulu et  al.,  2008) and non-
alcoholic fatty liver disease (Wells et al., 2016). The changes 
in VLDL fatty acid and oxylipin composition would provide 
evidence that the liver plays an important role at the point of 
synthesis in the altered VLDL of chronic metabolic conditions. 
To isolate the role of the liver deuterium-labeled fatty acids in 
an isolated, perfused liver model will be used.

1.1 | Hypotheses

In this study, we aim to demonstrate a role for the liver in modi-
fying VLDL composition by testing the following hypotheses: 
(a) circulating nonesterified PUFAs such as LA are precur-
sors for VLDL-oxylipins; (b) hepatic conversion of PUFAs to 
VLDL-oxylipins is responsive to a pro-inflammatory stimuli 
such as bacterial lipopolysaccharide (LPS); (c) stabilization of 
lipid epoxides by a sEH-inhibitor will increase VLDL-EpOME 
content; (d) that oxylipin content of VLDL is determined by 
the kinetics of hepatic fatty acid uptake, but this correlation is 
altered by LPS and sEH inhibition (sEHi). To test these hypoth-
eses, we used a perfused rat liver model and mechanistic kinetic 
analysis by multi-compartmental modeling.

2 |  MATERIALS AND METHODS

2.1 | Animals and experimental design

Male Sprague–Dawley rats, weighing 250 g, were purchased 
from Charles River (N = 16) and kept under 12 hr light/dark 



   | 3 of 13WALKER Et AL.

cycle with ad libitum access to food and water for 4–6 weeks. 
One day before planned terminal experiments, rats were 
given an intraperitoneal injection of 10 mg/kg lipopolysac-
charide (LPS) or saline and fasted overnight (18  hr). Rats 
were euthanized by exsanguination under a combination of 
ketamine (100  mg/kg) and xylazine (12.5  mg/kg) and in-
haled isofluorane anesthesia (1.5%–3%) by opening the in-
ferior vena cava. Animal use protocols were approved by the 
Institutional Animal Care and Use Committee (IACUC) at 
Sanford Research/USD, Sioux Falls, SD.

A 2 × 2 factorial design was used for treatment assign-
ment. Eight rats were given LPS injection, and 8 rats were 
assigned for treatment of the livers with the sEH inhibitor, 
12-(3-adamantan-1-yl-ureido)-dodecanoic acid (AUDA), 
during perfusion. Two rats were excluded from final analysis 
due to experimental inconsistencies: in one case, the rat was 
not fasted, and in the second case, the liver perfusion instru-
mentation failed (Control, N = 3; LPS, N = 4; AUDA, N = 3; 
LPS + AUDA, N = 4; Final Total, N = 14).

2.2 | Liver perfusion

Livers were perfused as described previously (Shearer, Couser, 
& Kaysen,  2004). Briefly, rats were anesthetized and placed 
on a heating pad at 37°C. The abdomen was opened, expos-
ing the liver and hepatic portal vein, which was cannulated. 
The inferior vena cava was nicked, and perfusion immediately 
begun with approximately 100 ml of DMEM (Gibco, Grand 
Island, NY, USA) supplemented with 1% fatty acid-free bovine 
serum albumin (Sigma Chemical Co.) and 5 U/ml heparin at 
a flow rate of 5 ml/min. After complete removal of the blood, 
a recirculating perfusion system was established via the he-
patic portal vein cannula, ligated vena cava, and a temperature 
controlled membrane oxygenating chamber (Radnoti, Thomas 
Scientific, Swedesboro, NJ). Two hundred and fifty milliliter 
of starting volume of recirculating perfusate included 20% 
sheep RBC (Innovative research, Novi, MI); 5% fatty acid-free 
BSA; 0.5 mM Palmitic acid-d2, (2H-PA, Cambridge Isotope 
Laboratories); and 0.05 mM Linoleic acid-d4 (2H-LA, Cayman 
Chemical) in DMEM. AUDA (10 µM, Cayman Chemicals) or 
vehicle (0.1% ethanol) were included in the perfusate according 
to the experimental group assignment. Recirculating perfusion 
was continued for 180 min at 13 ml/min. 7.5 ml aliquots were 
withdrawn at 0, 7.5, 15 min and every 15 min thereafter. The 
remaining perfusate (approximately 150 ml) was also preserved 
for the final fatty acid measurements.

2.3 | Separation of VLDL from perfusate

VLDL separation from Liver perfusate was performed as de-
scribed by Edelstein and Scanu (Edelstein & Scanu, 1986). 

The aqueous component was isolated from erythrocytes 
through centrifugation at 300g for 10  min. Subsequently, 
VLDL fractions were separated by ultracentrifugation at 4°C 
as previously described (Shearer et al., 2004).

2.4 | VLDL oxylipin extraction and analysis

Although it is often informative to measure esterified and 
nonesterified oxylipins separately, we have previously dem-
onstrated that nonesterifed oxylipins are present in very low 
quantities in VLDL (Shearer and Newman, 2008). Because 
these samples were highly diluted VLDL fractions, the non-
esterified oxylipins would be near or below our limit of de-
tection. Therefore, only the total oxylipin concentrations will 
be considered for this study. Total oxylipins were isolated 
from VLDL fractions with a modified Smedes extraction, hy-
drolyzed by sodium methoxide, and isolated by solid phase 
extraction. They were then qualitatively analyzed by liquid 
chromatography, negative mode electrospray ionization, tri-
ple quadrupole mass spectrometry (LC/MS/MS) with multi-
reaction monitoring (MRM), as previously reported (Grapov, 
Adams, Pedersen, Garvey, & Newman, 2012; Smedes, 1999). 
Oxylipins detected included epoxide, mid chain alcohol, diol, 
and ketone products of LA, AA, EPA, and DHA.

Briefly, 100 µl of VLDL isolate was enriched with 5 µl of 
methanolic 0.1 mg/ml butylated hydroxy toluene and EDTA, 
diluted with isopropanol, and extracted in cyclohexane using a 
double extraction protocol. The organic phases were combined 
and dried, and total lipid residues were reconstituted in 20 µl 
toluene and 20  µl methanol. Esterified oxylipins were trans-
formed into free acids for LC–MS/MS analysis by trans-meth-
ylation followed by hydrolysis by mixing the lipid extract with 
100  µl 0.5  M methanolic sodium methoxide, incubating for 
1 hr at 60°C, adding 100 µl of water, and incubating again at 
60°C for another hour. Oxylipin free acids were then isolated 
with 1  cc 10  mg Oasis HLB solid phase extraction 96-well 
plates (Waters Corp Inc.; Milford, MA), and eluted with 0.5 ml 
1.0% acetic acid in methanol, followed by 1.0 ml ethyl acetate. 
Solvents were removed under vacuum, and residues were re-
constituted in 50 µl 100 nM 1-cyclohexyl ureido, 3-dodecanoic 
acid (CUDA) internal standard solution.

Labeled and native oxylipins were analyzed by electro-
spray ionization LC-MS/MS in previously reported methods 
(Agrawal, Hassoun, Foolad, Pedersen, & Sivamani,  2017). 
Calibration standards containing internal standards were run 
to verify retention times, and were purchased from Cayman 
Chemical (Ann Arbor, MI), Medical Isotopes (Pelham, NH), 
Avanti Polar Lipids Inc. (Alabaster, AL), or Larodan Fine 
Lipids (Malmo, Sweden). Data were processed with AB 
Sciex MultiQuant v. 3.0. Tracer enrichment was calculated as 
tracer area counts (tracer AC)/(tracer AC + tracee AC). Mass 
transitions of labeled oxylipins are shown in Table S1.
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2.5 | Fatty acid analysis

Fatty acid analysis of the VLDL and nonesterified fatty acid 
fractions were performed by modified Bligh and Dyer lipid 
extraction (Bligh & Dyer, 1959), fatty acid methylation, and 
analysis of fatty acid methyl esters by gas chromatography 
and mass spectrometry (GC-MS). Briefly, lipids from 200 
µl of sample were extracted in methylene chloride with an 
added nonesterified fatty acid surrogate mixture, containing 
tridecanoic acid (C13:0), nonadecanoic acid (C19:0), and do-
cosatrienoic acid (C22:3n3). Lipid extracts were dried and 
incubated at 100°C for 30 min in reagent mixture including 
methanol, benzene, and 14% boron trifluoride in methanol 
(35:30:35, vol:vol:vol). Fatty acid methyl esters were ex-
tracted in hexane with internal standard, 10 µg/ml heptadece-
noic acid in hexane (Morrison and Smith, 1964).

Fatty acid methyl esters were analyzed on a QC2010 
GC-MS (Shimadzu, Japan) with a SP-2560 capillary column 
(Supelco, Bellefonte, PA). The mass spectrometer was run with 
electron-impact ionization in scan mode, collecting 30–400 m/z 
data. Fatty acids detected included palmitic acid (PA; C16:0), 
palmitoleic acid (POA; 16:1n7), stearic acid (SA; C18:0), oleic 
acid (OA; C18:1n9), vaccenic acid (VA; C18:1n7), linoleic acid 
(LA; C18:2n6), dihomo-γ-linolenic acid (DGLA; C20:3n6), ar-
achidonic acid (AA; C20:4n6), docosatetraenoic acid (DTA; 
C22:4n6), ω-6 docosapentaenoic acid (DPA-ω6; C22:5n6), ω-3 
docosapentaenoic acid (DPA-ω3; C22:5n3), and docosahexae-
noic acid (DHA; C22:6n3). Tracer analysis was done by obtain-
ing area counts (AC) for the 76 m/z ion (tracer) and 74 m/z ion 
(tracee) for PA and the 70 m/z ion (tracer) and 67 m/z ion (tra-
cee) for LA. Tracer enrichment was calculated as (tracer AC)/
(tracer AC + tracee AC). All mass spectrum analysis was done 
using GCMSsolution software (Shimadzu, Japan).

2.6 | Development of compartmental 
kinetic model

FA tracer enrichment data were used to construct kinetic 
models of PA and LA. A 2-compartment model was con-
sidered first, and additional compartments were added to 
achieve better fit, or removed to improve convergence. 
Goodness of fit was assessed using the fractional standard 
deviation and sums of squares of the solved model. Finally, 
PA and LA models were linked using a coefficient parameter 
to decrease collinearity. Compartmental modeling was done 
using WinSAAM 3.3 software.

2.7 | Statistical Analysis

Distributions of all continuous variables were evaluated for 
normality. The variables that were non-normally distributed 

were log-transformed when appropriate to satisfy model as-
sumptions. ANOVA, linear regression analyses, and mixed 
model regressions were performed using JMPpro 13.1 (SAS 
Institute, Inc.) or GraphPad Prism 6 (GraphPad Software, 
Inc., San Diego, CA).

3 |  RESULTS

The deuterium-labeled nonesterified fatty acids (PA and LA) 
in the perfusate decreased over time, accompanied by a gradual 
increase in labeled fatty acids in VLDL (Figure 1). The rela-
tively low tracer enrichment of VLDL fatty acids reflects the 
large hepatic fatty acid pool, where in addition to being pack-
aged into VLDL, the labeled fatty acids could be stored or 
oxidized for energy within the liver. Fatty acid peaks were not 
detectable above noise at 0 and 7.5 min, and so VLDL data 
analysis began at 15 min. Tracer-derived label was detected in 
LA-derived hydroxyoctadecadienoates (HODEs), epoxyoc-
tadecenoates (EpOMEs), and AA-derived 12-hydroxytetrae-
noate (12-HETE) in VLDL isolated from the final perfusate 
(180 min). The final tracer enrichment measured in EpOMEs 
was 41% greater than that measured in HODEs. These data 
demonstrate that circulating nonesterified PUFAs are taken up 
by the liver and used as precursors for VLDL-oxylipins.

The final compartmental model describing PUFA he-
patic clearance (HC) of fatty acids and VLDL incorporation 
(VLDL-i) is shown in Figure 2a, which describes a parallel 
model linking hepatic PA uptake to LA uptake. In the PA 
portion, compartment 1 represented nonesterified fatty acids 
in perfusate, compartment 2 represented fatty acid process-
ing within the liver, and compartment 3 represented fatty 
acids in VLDL. Kinetic parameters used to fit the model 
included transfer coefficients from compartment 1 to com-
partment 2 (L(2,1)) and from compartment 2 to compartment 
3 (L(3,2)). L(2,1) represents hepatic clearance (HC) of fatty 
acid and L(3,2) represents VLDL fatty acid incorporation 
rate (VLDL-i). A parallel model was constructed for LA, and 
the models were linked by the parameter, Ɵ, a coefficient that 
made the value of LA HC (L(5,4)) dependent on the value 
of PA HC (L(2,1)). Linking the models resolved collinear-
ity between HC and VLDL-i, improving the identifiability 
of the parameters. Mean HC (pools/min) was higher for LA 
(0.0027), compared to PA (0.00079) (p < .0001), but this dif-
ference should be interpreted with caution. In the PA model, 
a forcing function was used to fit the HC data, making di-
rect interpretation of this value invalid by this method. There 
was no significant difference between PA VLDL-i and LA 
VLDL-i. An analysis of the kinetics of LA and PA uptake 
showed that LPS treatment decreased HC for LA, but not PA 
(Figure 2b).

Next, we investigated the effect of LPS and sEHi treat-
ment on fatty acid and oxylipin content of VLDL. The 
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total amount of fatty acids in VLDL ultracentrifugation 
fraction increased gradually from 15 to 180  min, similar 
to fatty acid tracer enrichment within VLDL. Overall, LPS 
treatment decreased the total concentration of VLDL fatty 
acids across all time points by 30% [6%, 47%] (p  =  .02; 
Figure  3a). Rats treated with LPS had lower %AA than 
saline-treated rats at 15  min (p  <  .05), suggesting that 
LPS treatment decreased the initial %AA in VLDL. %PA 
decreased from 15  min to 180  min in both treatments 
(p < .05). However, %SA, %LA, and %AA all changed with 
time only in the LPS group (%SA: LPS 15 min vs. 180 min, 
p =  .002; Saline 15 min vs. 180 min, p =  .2; %LA: LPS 
15 min vs. 180 min, p = .005; Saline 15 min vs. 180 min, 
p = .8; Figure 3b%AA: LPS 15 min vs. 180 min, p = .0004; 

Saline 15 min vs. 180 min, p = .4). There was no effect of 
sEHi on VLDL fatty acid abundances.

LPS altered the final VLDL concentrations of several ox-
ylipin species collected in the final perfusate (180 min), primar-
ily derived from ω-3 PUFA (ALA, EPA, and DHA; Table 1).  
The ALA-derived alcohol, 13-HOTrE, was 35% lower, 
and the ALA-derived epoxides, 9(10)-EpODE and 15(16)-
EpODE were both 29% lower with LPS treatment compared 
to saline (p < .05). However, 12(13)-EpODE was not signifi-
cantly affected by LPS. Two EPA epoxides, 14(15)-EpETE 
and 17(18)-EpETE, were quantified, but 17(18)-EpETE, was 
uniquely 75% lower with LPS treatment compared to saline 
controls (p = .001). Only one DHA diol, 19(20)-DiHDPA was 
reliably detected, and it was 31% lower with LPS treatment 

F I G U R E  1  Kinetic analysis of tracer uptake. (a) Representative time-dependent palmitic acid (PA) tracer enrichment (LPS treated rat) in 
nonesterified fatty acids (NEFA) and VLDL sampled from the perfusate. Lines represent model solved tracer enrichment. Nonesterified PA was 
included in the model as a forcing function. L(2,1) represents hepatic clearance (HC) of PA and L(3,2) represents VLDL PA incorporation rate 
(VLDL-i); (b) Representative linoleic acid (LA) tracer enrichment (LPS treated rat) in nonesterified fatty acids (NEFA) and VLDL. Lines represent 
model solved tracer enrichment; L(5,4) represents HC of LA and L(6,5) represents LA VLDL-i; (c) Deuterium label was detected in 4 LA-derived 
oxylipins, and was highest in 12(13)-EpOME. A small amount of label was also detected in the AA-derived alcohol, 12-HETE. Tracer enrichment 
was significantly higher in EpOMEs (0.019 [0.016,0.022]) than HODEs (0.013 [0.011,0.016]), regardless of LPS and sEHi treatments (p < .0001, 
N = 14 samples). Tracer enrichment was calculated as tracer to tracee ratio (TTR), or TTR = tracer area counts (AC)/(tracer AC + tracee AC). 
Means with different letters are significantly different by Tukey HSD post hoc analysis

a b

c
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compared to saline (p = .03). AA diols (DiHETrEs) were the 
only ω-6 oxylipins to be altered by LPS treatment, and they 
were 32% lower as a class with LPS treatment compared to 
saline (p =  .046). LPS reduced most of these oxylipins by 
about 30%, similar to the LPS-stimulated decrease in total 
VLDL fatty acids, but 17(18)-EpETE was reduced by 75%, 
or greater than two times the amount of total fatty acid re-
duction in the VLDL fraction. sEHi altered concentrations of 
only one oxylipin, the DHA epoxide, 16(17)-EpDPE, which 
was increased by 99% with sEHi (p = .005). We did not quan-
tify other DHA epoxides.

We assessed the effect of sEHi on tracer enrichments in a 
subset of oxylipins with detectable label at 180 min. Tracer 
enrichment was higher in LA-derived epoxides (EpOMEs) 
compared with LA-derived mid chain alcohols (HODEs), 
and sEHi amplified this effect (Figure 4a) consistent with a 
decreased rate of epoxide hydrolysis. There was no observed 
effect of sEHi on tracer enrichment in 12-HETE and LPS had 
no effect on tracer enrichment on any of detectable oxylipins 
in this experiments. A theoretical model depicting how HC 
of LA is related to the VLDL incorporation (VLDL-i) of LA 
and LA-oxylipins is shown in Figure 4b.

It is expected that the final observed oxylipin concen-
trations in VLDL would be dependent on kinetic parame-
ters describing PUFA (LA) incorporation into VLDL. We 
observed a significant overall association between hepatic 

LA clearance (HC) and the final concentration of oxylip-
ins in VLDL (Figure  5a). No significant correlations were 
found with the LA VLDL incorporation parameter (VLDL-i, 
Table S2), suggesting that primary regulation of oxylipin 
concentration occurs by regulation of PUFA uptake. The 
next question was whether inflammation affect the kinetics 
of oxylipins in VLDL. If LPS treatment alters regulation of 
oxylipin incorporation independent of fatty acid incorpora-
tion, the association between HC and final VLDL oxylipins 
will be reduced. To conduct this analysis with the maximum 
number of samples, we pooled the data from sEHi treated and 
untreated livers because sEHi had no effect on the association 
between kinetic parameters and oxylipin concentrations.

Under basal conditions (saline), there was a strong as-
sociation of VLDL oxylipin concentration with the LA HC 
rate constant. Those rats with a higher HC had greater VLDL 
oxylipin abundance of nearly all mid-chain alcohols and the 
DHA epoxide, 16(17)-EpDPE. Rats treated with LPS had 
very low, or no association between HC and VLDL oxylipin 
concentrations (Figure 5b).

4 |  DISCUSSION

The detection of label in VLDL-oxylipins, derived from 
nonesterified LA, is strong evidence that the liver utilizes 

F I G U R E  2  Compartmental model 
of saturated fatty acid (SFA) and 
polyunsaturated fatty acid (PUFA) hepatic 
kinetics. (a) The linoleic acid (LA) model 
was used to calculate hepatic clearance 
(HC) and VLDL incorporation (VLDL-i) 
of PUFA. Compartment 1 and 4 represent 
nonesterified fatty acids in perfusate. 
Compartment 1 was included in the model 
as a forcing function (FF). Compartment 
2 and 5 represent processing in the liver; 
and compartment 3 and 6 represent fatty 
acids in VLDL. (b) LPS suppresses hepatic 
clearance (HC) of linoleic acid (LA), but 
HC of palmitic acid (PA) was unchanged 
with treatment. Soluble epoxide hydrolase 
inhibition (sEHi) had no effect on HC

P

r
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circulating PUFAs for synthesis of oxylipins and incorpo-
rates them into VLDL. Additionally, the presence of label 
in AA-derived 12-HETE indicates that labeled LA was both 
elongated to AA and converted to 12-HETE in isolated per-
fused rat livers, although this result should be interpreted 
with caution because 12-HETE tracer was not detected above 
noise for all rats (Figure S1).

LPS decreases the uptake of LA by the liver, which cor-
responds with an approximately 30% decrease in several 
oxylipins in VLDL. One significant exception to this was 
17(18)-EpETE, an anti-inflammatory EPA-derived epox-
ide (Gabbs et  al.,  2015; Morin, Sirois, Échavé, Albadine, 
& Rousseau, 2009), which was uniquely decreased by 75%. 
This could indicate that the CYP450 epoxygenase pathway 
action on EPA is suppressed during the acute inflammatory 
response. LPS also decreased the total fatty acid content of 
the VLDL particle by about 30%, which paralleled the signif-
icant decrease seen in several oxylipins. This is different than 
the findings of other studies, which showed increased VLDL 

synthesis with LPS challenge in fasted rats (Aspichueta, 
Pérez-Agote, Pérez, Ochoa, & Fresnedo,  2006; Bartolomé 
et al., 2012). However, in these previous studies, synthesis of 
apoB increased much more than TG synthesis. It is probable 
that in the intact animal, increased adipocyte lipolysis (Mehta 
et al., 2010) and increased nonesterified fatty acid flux to the 
liver are a necessary component for increased VLDL-TG 
synthesis. LPS could still be increasing apoB synthesis in our 
model, suggesting the VLDL in our model are less lipid rich.

Inhibition of sEH affected VLDL oxylipin content to a 
lesser degree than LPS by increasing the concentration of the 
DHA-derived epoxide, 16(17)-EpDPE. We expected that the 
most pronounced changes would be observed in ω-6 PUFA-
derived oxylipins, but, surprisingly, ω-3 PUFA-derived oxylip-
ins appeared to be the primary molecules altered by treatment. 
Although there was a strong relationship between LA kinetic 
model parameters and VLDL oxylipin concentrations, LPS 
altered this relationship, presumably shifting toward more he-
patic regulation. This is an important finding, since it shows 

F I G U R E  3  Changes in VLDL 
fatty acids. (a) Time-dependent increase 
in total fatty acids in VLDL fractions. 
LPS decreased total VLDL fatty acid 
concentration across time points. (b) From 
15 to 180 min, %PA decreased 11% ([7,15] 
p = .0003) with LPS, and 10% ([5,15] 
p = .003) with saline. SA decreased 36% 
([48,21] p = .002) only with LPS. LA 
increased 40% ([16,70] p = .005) and AA 
increased 50% ([28,77] p = .0004) only 
with LPS. %AA was also lower at 15 min 
in the LPS group compared with the Saline 
group. %EPA is not reported because EPA 
was below the limit of detection. A baseline 
of 15 min was used because fatty acid 
concentrations could not be measured at 0 or 
7.5 min due to low signal. *Different from 
baseline (15 min perfusion) †LPS different 
from Saline at baseline (15 min perfusion)
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that processes internal to the liver have a regulatory effect on 
the oxylipins that are incorporated into VLDL and have the 
potential to effect the peripheral tissues. Similarly, the prefer-
ential incorporation of labeled LA into epoxides compared to 
alcohols suggests different loading rates into VLDL.

There has been interest in using the CYP450 epoxygenase 
pathway as a therapeutic target to increase epoxide concen-
trations and optimize their potent anti-inflammatory prop-
erties by sEHi (Duflot et  al.,  (2014)). We have shown that 
VLDL are particularly important carriers of PUFA-derived 

T A B L E  1  Effects of LPS and sEH inhibition (sEHi) on final oxylipin concentrations in VLDL

Chemistry Oxylipin
Parent 
FA

Final Concentration at 180 min (nM, 95%CI)

LPS (N = 8) Saline (N = 6) p-valuea sEHi (N = 7) Vehicle (N = 7) p-value

Alcohols 9-HODE LA 191.1 (122.9, 
296.9)

290.5 (174.6, 
483.3)

NS 209.5 (130.4, 
336.4)

264.9 (165.0, 
425.5)

NS

13-HODE LA 802.2 (516.2, 
1,246.7)

1,203.4 (723.3, 
2002.0)

874.4 (544.5, 
1,404.2)

1,104.1 (687.5, 
1773.1)

9-HOTrE ALA 2.5 (1.9, 3.3) 2.8 (2.1, 3.9) NS 2.4 (1.8, 3.3) 2.9 (2.1, 3.8) NS

13-HOTrE ALA 2.3 (1.8, 3.1) 3.6 (2.6, 4.9) .04* 2.9 (2.1, 3.8) 2.9 (2.2, 3.9)

5-HETE AA 69.8 (46.0, 105.8) 107.0 (66.2, 
173.0)

NS 78.4 (50.1, 122.6) 95.3 (60.9, 149.0) NS

9-HETE AA 53.3 (35.1, 80.8) 76.1 (47.1, 123.1) 56.6 (36.2, 88.6) 71.6 (45.8, 112.0)

12-HETE AA 49.4 (32.6, 74.9) 72.4 (44.8, 117.1) 54.5 (34.8, 85.3) 65.6 (42.0, 102.7)

15-HETE AA 104.6 (69.0, 
158.5)

175.3 (108.4, 
283.5)

126.3 (80.8, 
197.6)

145.1 (92.8, 
227.0)

17-HDoHE DHA 7.4 (4.2, 13.0) 7.7 (4.0, 14.7) NS 8.0 (4.4, 14.6) 7.1 (3.9, 13.1) NS

Epoxides 9(10)-EpOME LA 110.0 (88.8, 
136.2)

132.5 (103.5, 
169.5)

NS 125.3 (99.6, 
157.7)

116.2 (92.4, 
146.3)

NS

12(13)-EpOME LA 151.7 (122.5, 
187.9)

182.4 (142.5, 
233.5)

171.5 (136.3, 
215.9)

161.3 (128.2, 
203.0)

9(10)-EpODE ALA 4.6 (3.7, 5.8) 6.6 (5.1, 8.5) .05* 5.8 (4.5, 7.3) 5.3 (4.2, 6.8) NS

12(13)-EpODE ALA 0.8 (0.7, 1.0) 1.0 (0.8, 1.3) NS 1.0 (0.8, 1.3) 0.8 (0.7, 1.1)

15(16)-EpODE ALA 3.7 (3.0, 4.7) 5.3 (4.1, 6.8) .05* 4.7 (3.7, 6.0) 4.2 (3.3, 5.3)

8(9)-EpETrE AA 38.6 (30.7, 48.4) 49.4 (38.0, 64.3) NS 46.7 (36.5, 59.7) 40.8 (31.9, 52.1) NS

11(12)-EpETrE AA 85.7 (68.2, 107.6) 106.7 (82.0, 
138.9)

100.1 (78.3, 
128.0)

91.3 (71.4, 116.7)

14(15)-EpETrE AA 66.4 (52.9, 83.5) 87.8 (67.4, 114.3) 83.4 (65.2, 106.6) 69.9 (54.7, 89.4)

14(15)-EpETE EPA 0.60 (0.36, 0.98) 0.73 (0.41, 1.29) NS 0.64 (0.38, 1.11) 0.67 (0.39, 1.14) NS

17(18)-EpETE EPA 0.17 (0.10, 0.28) 0.69 (0.39, 1.24) .001** 0.29 (0.17, 0.50) 0.41 (0.24, 0.70)

16(17)-EpDPE DHA 2.9 (2.1, 3.8) 2.8 (2.0, 3.9) NS 4.0 (3.0, 5.4) 2.0 (1.5, 2.7) .005**

Diols 9(10)-DiHOME LA 19.3 (16.7, 22.3) 20.4 (17.2, 24.1) NS 19.7 (16.9, 23.0) 20.0 (17.1, 23.3) NS

12(13)-DiHOME LA 3.8 (3.3, 4.4) 4.1 (3.5, 4.9) 3.8 (3.2, 4.4) 4.2 (3.6, 4.9)

9(10)-DiHODE ALA 0.08 (0.05, 0.13) 0.07 (0.04, 0.12) NS 0.07 (0.04, 0.11) 0.09 (0.06, 0.15) NS

5(6)-DiHETrE AA 2.2 (1.7, 2.9) 3.8 (2.7, 5.2) .05* 2.9 (2.2, 4.0) 2.8 (2.1, 3.7) NS

8(9)-DiHETrE AA 0.5 (0.4, 0.7) 0.7 (0.5, 1.0) 0.6 (0.4, 0.8) 0.7 (0.5, 0.9)

11(12)-DiHETrE AA 0.7 (0.5, 0.9) 1.1 (0.8, 1.5) 0.9 (0.7, 1.2) 0.8 (0.6, 1.1)

14(15)-DiHETrE AA 0.6 (0.4, 0.8) 0.8 (0.6, 1.1) 0.7 (0.5, 0.9) 0.7 (0.5, 1.0)

14(15)-DiHETE EPA 0.38 (0.30, 0.48) 0.46 (0.35, 0.60) NS 0.45 (0.35, 0.58) 0.38 (0.30, 0.49) NS

17(18)-DiHETE EPA 2.5 (2.0, 3.1) 2.5 (1.9, 3.3) 2.3 (1.8, 2.9) 2.8 (2.2, 3.6)

19(20)-DiHDPA DHA 0.21 (0.17, 0.27) 0.31 (0.24, 0.40) .03* 0.26 (0.20, 0.33) 0.26 (0.20, 0.33) NS
aDifferences were assessed using 3-way ANOVA to measure differences by LPS, sEHi, and regioisomer. 
*p < .05. 
**p < .01. Bold results are significantly different by treatment (p < .05). 
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epoxides (Newman et al., 2007), and increasing ω-3 PUFA 
intake preferentially increases VLDL epoxides (Newman 
et al., 2014). Additionally, VLDL epoxides are labile to LpL 
activity (Shearer & Newman, 2008) and therefore available 
to LpL-expressing tissues, as well as cells which actively en-
docytose these particles via the VLDL receptor (Takahashi, 
Kawarabayasi, Nakai, Sakai, & Yamamoto, 1992).

In this experiment, we used the sEH inhibitor, AUDA, in 
the liver perfusates to examine this question. Unexpectedly, 
significant changes in VLDL epoxide concentrations with 
sEHi were only observed in the DHA-derived 16(17)-EpDPE, 
which nearly doubled. This may suggest a selective action on 
of sEHi on DHA-derived epoxides. Tracer analysis showed 
that sEHi also increased the preferential tracer enrichment in 
EpOMEs relative to HODEs, which is consistent with sEHi 
slowing the hydrolysis of EpOMEs to diols.

If concentrations of oxylipins in VLDL are only based 
on the available substrate taken up by the liver, then the ki-
netic parameters for LA should correlate strongly with final 
VLDL-oxylipin concentrations. Although several oxylipin 

classes were strongly correlated with LA HC in the saline 
condition, they were weakly or not at all correlated in the 
inflammatory condition (LPS). This lack of correlation 
with multi-compartmental model parameters indicates that 
the liver actively regulates the synthesis and incorporation 
rates of oxylipins into VLDL during inflammation. It is un-
clear why oxylipin concentrations were not correlated with 
VLDL-i; it is possible that, although both parameters were 
necessary to fit the data well, the HC parameter captured the 
majority of the important variance in the data.

Although we chose to trace ω-6 fatty acids, with the ex-
ception of a small change in AA-derived DiHETrEs, only ω-3 
oxylipin concentrations changed with LPS treatment. This 
suggests that the liver is more active in regulating the ω-3 
oxylipin incorporation into VLDL than ω-6 oxylipins under 
these conditions. Another possibility is that the AA-derived 
oxylipin pool is much larger, and small changes are more dif-
ficult to detect, requiring a larger sample size. Human studies 
have found that ω-3 treatment increases circulating oxylipin 
products of ω-3 PUFAs, and decreases AA-derived oxylipins, 

F I G U R E  4  Effect of treatment on 
VLDL oxylipins. (a) sEH inhibition (sEHi) 
increased the proportion of tracer in LA 
epoxides (pinteraction = .008). LPS had no 
effect on tracer enrichment. (b) Theoretical 
model depicting how LA HC is related to 
the VLDL incorporation (VLDL-i) of LA 
and LA-oxylipins. Thicker arrows indicate 
higher incorporation, as measured by tracer 
enrichment. Although this model is based on 
the compartmental model in Figure 2, this is 
a theoretical depiction of the relationship to 
VLDL oxylipin concentrations, so transfer 
coefficients were not tested

a
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especially in the VLDL (Akintoye et  al.,  2016; Keenan 
et  al.,  2012; Newman et  al.,  2014; Schebb et  al.,  2014; 
Schuchardt et al., 2014), supporting active hepatic regulation 
of ω-3 metabolism. One notable exception is subjects with 
low baseline levels of AA, who show an increase in both ω-3 
and ω-6 circulating oxylipins when treated with ω-3 PUFA 
(Keenan et al., 2012). Since ω-3 and ω-6 oxylipins display di-
verse biological activities in multiple tissues, this implicates 
VLDL as a potential carrier for systemic oxylipin signals.

In addition, we observed that EPA- and DHA-derived 
epoxides respond uniquely. Specifically, LPS decreased 
the EPA-derived 17(18)-EpETE more than any other ox-
ylipin. In contrast, only the DHA-derived 16(17)-EpDPE 
was increased in response to sEHi. These differential epox-
ide responses may help to elucidate the unique individual 
effects of EPA and DHA. Comparative supplementation 
trials have shown that EPA and DHA both lower plasma 
triglycerides and reduce oxidative stress biomarkers (Mori, 
Puddey, et al., 2000), but may have unique effects on 
other plasma lipids, such as LDL-C and HDL-C (Allaire 
et  al.,  2016; Innes & Calder,  2018; Mori, Burke, et al., 
2000). Distinct effects are increasingly important to under-
stand with findings of profound cardioprotective effects of 
high dose EPA in prevention of primary and secondary car-
diovascular events (Bhatt et al., 2018). Whether high dose 
treatments including DHA have similar reductions in risk 

is less clear, since recent trials using both EPA and DHA 
as fish oil have had mixed results (Abdelhamid et al., 2018; 
Bowman et  al.,  2018; Manson et  al.,  2018), and a large-
scale study using high dose DHA has not been conducted. 
Future studies should consider tracing EPA and DHA to 
determine the effects of pro- and anti-inflammatory treat-
ments on ω-3 oxylipins.

4.1 | Strengths and limitations

One of the most important strengths of this study was the use 
of the perfused liver as an isolated system, which control for 
the influence of other tissues on VLDL incorporation. The 
use of both the LPS challenge and a chemical inhibitor of the 
metabolic pathway in a factorial treatment design provides 
data on oxylipin regulation by manipulation of inflammatory 
condition and metabolic pathways. Another strength was the 
large number of oxylipins measured, which increased our 
ability to find treatment effects.

This study also had some important limitations. One was 
that we only used labeled LA in our experiment, providing 
tracer data for only the ω-6, and not ω-3, oxylipins. Another 
limitation was the small sample size of 8 rats per treatment 
group (4 per 2 × 2 group), which limits our power to detect 
group differences, however using an exploratory p-value of 

F I G U R E  5  Correlations of final oxylipin composition with kinetic parameters. (a) Concentrations of several ω-6 oxylipins in VLDL 
correlated with hepatic clearance (HC) by univariate regression analysis (HODE, p = .02, r2 = .37; HETE, p = .03, r2 = .33; EpOME, p = .03, 
r2 = .32). No oxylipin classes were correlated with VLDL incorporation rate (VLDL-i; Table S2). (b) ω-6 alcohol correlations with HC were 
reduced with LPS (HODE, LPS r2 = .19, Saline r2 = .90, pinteraction = .015; HETE, LPS r2 = .12, Saline r2 = .87, pinteraction = .014). ω-3 oxylipin 
concentrations were only correlated with HC when not treated with LPS (HEPE, LPS r2 = .00, Saline r2 = .77, pinteraction = .006; HDoHE, LPS 
r2 = .00, Saline r2 = .83, pinteraction = .002; EpDPE, LPS r2 = .24, Saline r2 = .93, pinteraction = .043). Soluble epoxide hydrolase inhibitor (sEHi) did 
not significantly affect correlations with kinetic parameters

a b
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<.1 did not change our conclusions, which suggests we can 
have reasonable confidence in our positive findings.

5 |  CONCLUSIONS

In conclusion, this study shows that the liver is active in reg-
ulating oxylipin synthesis and incorporation into VLDL. The 
incorporation of VLDL oxylipins can be altered by both in-
flammatory and pharmaceutical challenges. This suggests that 
the liver regulates the composition of VLDL in response to its 
pro- or anti-inflammatory state, which may affect the oxylipin 
signals that are delivered systemically under various conditions.
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