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Abstract

The obese lipid profile is associated with increased free fatty acids and triacylglycerides.
Currently, little is known about the plasma lipid species associated with obesity. In this study, we
compared plasma lipid fatty acid (FA) profiles as a function of BMI. Profiling phospholipid (PL)
FAs and their respective oxylipids could predict which obese individuals are more likely to suffer
from diseases associated with chronic inflammation or oxidative stress. We investigated the
relationship between BMI and plasma PL (PPL) FA composition in 126 men using a quantitative
gas chromatography analysis. BMI was inversely associated with both PPL nervonic and linoleic
acid (LA) but was positively associated with both dihomo-y-linolenic and palmitoleic acid.
Compared to lean individuals, obese participants were more likely to have -6 FASs, except
arachidonic acid and LA, incorporated into PPLs. Obese participants were less likely to have EPA
and DHA incorporated into PPLs compared to lean participants. Non-esterified plasma PUFA and
oxylipid analysis showed »-6 oxylipids were more abundant in the obese plasma pool. These ®-6
oxylipids are associated with increased angiogenesis (i.e. epoxyeicosatrienoates), reactive oxygen
species (i.e. 9-hydroxyeicosatetraenoate), and inflammation resolution (i.e. Lipoxin A4). In
summary, BMI is directly associated with specific PPL FA and increased m-6 oxylipids.
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1. Introduction

Obesity is associated with chronic low-grade inflammation, increased oxidative stress,
insulin resistance, and metabolic dysregulation [1]. These conditions are linked to excess
lipid storage in white adipose tissue (WAT). This increased lipid accumulation places
demands on WAT causing macrophage polarization [2], altered adipokine secretion [3], and
increased inflammation. The lipid profile (i.e. lipidome), including oxygenated FA
metabolites deemed oxylipids, can influence production of inflammatory cytokines [4].
Obesity is associated with dietary shifts in FA intake [5], which alters FA composition of
cellular phospholipid (PL) membranes and plasma PLs (PPLs) [6]. PUFAs within membrane
PLs serve as substrates for the biosynthesis of oxylipids through either enzymatic or non-
enzymatic pathways. Thus, obesity-induced changes in fatty acid concentrations or
metabolism will greatly impact the character of the inflammatory response. Therefore, the
plasma lipidome, which is indicative of dietary FA intake and changes in FA metabolism,
may contain potential biomarkers of the subclinical chronic inflammation associated with
obesity.

Although obesity is typically associated with inflammation, many lipid metabolites,
including PUFA-derived resolvins and protectins, are anti-inflammatory [7]. PUFAs of the
omega-6 (w-6) and omega-3 (w-3) families are substrates for oxylipids, which regulate
cytokine production by stimulating either inflammatory or anti-inflammatory pathways [8].
Several ©-6 and »-3 PUFAs are structurally similar and compete for elongating,
desaturating, and oxygenating enzymes. An overabundance of one PUFA family (i.e. ®-3)
will affect presence of the other (i.e. ®-6) and subsequently affect oxylipid production of
PUFA families. For instance, elevated plasma w-3s are associated with decreased plasma
®-6s and higher concentrations of plasma -3 oxylipids [9]. PUFA oxylipids are formed
through oxygenation of linoleic acid (LA), alpha-linolenic acid (ALA), arachidonic acid
(AA), EPA, and DHA, by cytochrome P450 enzymes [10], cyclooxygenase (COX) [11], and
lipoxygenase (LOX) [12]. Through these enzymatic oxygenations, PUFA oxylipid function
is enhanced or reduced; thus regulating inflammation. ©-3 PUFAs are typically considered
“anti-inflammatory like” lipids, while -6 PUFAS are considered to be more “inflammatory
like” [13]. Therefore, complex lipids such as PLs and sphingolipids affect inflammation
through their regulatory functions on metabolism, depending upon the presence of specific
FAs [4].

Because of its association with chronic disease, there is a need for early biomarkers of
obesity-associated inflammation. Specifically, it has been suggested an increased w-6/m-3
ratio is associated with increased inflammation in obesity and this ratio has been proposed as
a biomarker of disease [14]. Most studies evaluating the role of lipids in obesity have
focused on dietary PUFA intake and supplementation, lipoprotein particle variation, serum
di- and tri-gylceride composition, circulating saturated and unsaturated FFAs, or changes to
-6/m-3 ratio. However, PPLs, and non-esterified plasma PUFAs and oxylipids, have not
been comprehensively analyzed across BMI categories. Such measurements are necessary to
fully define the plasma lipidome and to elucidate its associations with metabolic disease. In
the current study, we set out to characterize the PPL FA changes associated with obesity and
profile obesity-associated non-esterified plasma PUFAs and oxylipids.
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2. Materials and Methods

2.1. Ethics Statement

The study was approved by the Biomedical and Health Institutional Review Board of
Michigan State University (IRB# 08-786). The Biomedical and Health Institutional Review
Board is one of three IRB committees on the Michigan State University East Lansing
campus. Michigan State University's IRBs were established to advance the goal of
conducting research with diligence and integrity. The purpose of the committee is to protect
the rights, welfare and privacy of human subjects who participate in research conducted by
students and/or faculty affiliated with MSU. At the time of enrollment, written informed
consent was obtained from each participant.

2.2. Study Population

Healthy males (n=126, > 96% Caucasian) ranging from 4865 years of age were screened
and recruited as previously reported [15]. Participants were weighed and measured by
trained staff. These measurements were used to calculate BMI (kg/m?). Study participants
were classified as lean (BMI <25), overweight (25< BMI <30), or obese (BMI =30).

2.3. Serum Adipokine, Inflammatory Marker, and C-peptide Analysis

In brief, at time of enrollment venous blood was collected. Serum and plasma fractions were
separated from venous blood after collection, stored at —80°C. All adipokines, C-peptide,
and cytokines were analyzed using ELISA or multiplex cytokine kits. A commercially
available leptin ELISA kit was performed per manufacturer’s instructions (R&D Systems,
DY398; Minneapolis, MN). C-Peptide concentrations were measured as directed by the
manufacturer (Calbiotech, Spring Valley, CA, REF; CP1795). Multimeric adiponectin
ELISAs of total, high (HMW), medium (MMW), and low (LMW) molecular weight were
performed following the manufacturer’s instructions (Alpco Diagnostics, Salem, NH).
Serum concentrations of TNF-a and monocyte chemotactic protein-1 (MCP-1) were
determined by multiplex immunoassay per the manufacturer’s instructions
(HCYTOMAG-60K, Millipore, Billerica, MA).

2.4. Extraction and Isolation of Plasma Phospholipids

PPL extraction was performed as previously described [16]. In brief, plasma samples were
thawed on ice. Approximately 200 mg plasma per sample was weighed and extracted using
a modified Rose and Oaklander extraction [17]. Phospholipids were isolated using Isolute-
XL ® SPE aminopropyl columns (500 mg; Bioatage, Charlotte, NC) as previously described
by Agren et al [18].

2.5. Fatty Acid Methyl Ester Preparation

Fatty acid methyl esters (FAMES) were prepared from PPLs using acidified methanol as
previously described [19]. Isolated FAMESs were resuspended in 5 pL n-hexane (100 pg/mL
BHT) per mg plasma, and transferred to GC autosampler vials, and stored under nitrogen at
- 80°C.
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2.6. FAME Analysis, Identification, and Quantification

PPL FAMEs were analyzed using HS-Omega-3 Index® methodology at OmegaQuant
Analytics, LLC (Sioux Falls, SD). Gas chromatography was performed using a GC2010 Gas
Chromatograph (Shimadzu, Columbia, MD) equipped with a SP2560, 100-m column
(Supelco, Bellefonte, PA) using hydrogen as the carrier gas. FAMEs were referenced against
a standard of FAs characteristic of erythrocytes. PPL FAMEs were identified and calculated
as a percentage of total identified FA after response factor correction.

2.7. Non-Esterified Plasma PUFA and Oxylipid Extraction

Non-esterified plasma PUFA and oxylipid extraction and isolation were performed as
previously described [20], but modified as specified. In brief, 500 L human plasma was
thawed on ice and transferred to a 15 mL conical tube containing 1.5 mL HPLC-grade
methanol. 15 pL deuterated internal standard mix and 7.4 uL LC-MS-grade formic acid were
added to the plasma methanol mixture. This solution was mixed at high speed for 2 min.
Protein crash and lipid extraction were performed by centrifugation at 4750 x g for 20 min
at 4°C. Supernatant was collected and transferred to a solution containing 1 uL/mL LC-MS-
grade formic acid in HPLC-grade water.

2.8. Non-Esterified Plasma PUFA and Oxylipid Isolation

Phenomenex Strata-X (60 mg/3 mL, Phenomenex, Torrance, CA) solid phase extraction
columns were conditioned with 4 mL HPLC-grade methanol, followed by 4 mL HPLC-
grade water. Extracted samples were then loaded onto columns and rinsed with 20% HPLC-
grade methanol in HPLC-grade water. After rinsing, columns were dried under vacuum for
20 min to remove solvents. Non-esterified plasma PUFAs and oxylipids bound to columns
were eluted into collection tubes with 4 mL acetonitrile:methanol (1:1 v/v). Collected
eluents were evaporated to dryness in a SpeedVac for 4 hr at 40°C. Dried residues were re-
dissolved in 100 pL HPLC-grade methanol, vortexed gently, and transferred to a
microcentrifuge tube containing 50 uL HPLC-grade water. Samples were spun at 14000 x g
for 15 min at 4°C. After centrifugation, 75 pL drawn from the top of the supernatant was
transferred to an autosampler vial with glass insert and stored under nitrogen at —20°C for
no longer than 4 days.

2.9. Non-Esterified Plasma PUFA and Oxylipid Analysis, Identification, and Quantification

A Waters Xevo TQ-S UHPLC/MS/MS was used to quantify targeted non-esterified plasma
lipids, using an Ascentis Express C18 column (10cmX2.1mm; 2.7 um particles; Sigma-
Aldrich, St. Louis, MO). FFA and oxylipid standard (Cayman Chemical, Ann Arbor, MI)
collision energies were optimized for precursor ion and product ion using ESI in negative-
ion mode. Multiple reaction monitoring (MRM) analyses were performed in 1-3 min time
segments. Analytes were quantified using response relative to internal standards. Data
processing was performed using TargetLynx software version 4.1 (Waters, Milford, MA).
Limit of detection (LOD) was defined as signal to noise < 3.
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2.10. Statistical Analysis

3. Results

Statistical differences in FA levels, serum adipokines, age, and smoking between BMI
categories was determined using Kruskal-Wallis one-way analysis of variance, followed by
Dunn’s test for multiple comparison. Polytomous logistic regression [21] was used to
calculate Odds Ratios (ORs) and 95% confidence intervals across BMI categories. BMI was
analyzed categorically as the independent variable. FAs were analyzed as continuous
dependent variables, and all logistic regression models included age as a continuous
dependent variable. The odds ratios of palmitoleic, docosatetraenoic acid (DTA), and
docosapentaenoic acid (DPA), and delta-6-desaturase (D6D) estimated enzyme activity have
been calculated on the basis that there is a unit change of 0.11 for the respective beta
coefficient for each given parameter.

Forward logistic regressions [22] were performed comparing lean to overweight and lean to
obese, and comparing the lowest to middle and lowest to highest tertiles of nervonic acid.
BMI and nervonic acid were run as the independent variables in their respective forward
logistic regression models. The dependent variables for forward logistic regressions were
selected based on biological changes documented in obesity, and several fatty acids that
were highly significant in our analyses. Dependent variables included in forward logistic
regressions were age, palmitoleic, DGLA, LA, waist circumference (WC), nervonic acid,
MCP-1, TNF-a, and C-peptide. Model diagnostics were normal, and C-statistic values >0.9
for both models. Due to statistical simultaneity between BMI and nervonic acid, forward
regression results were used to determine variables for simultaneous equations. The
simultaneous equations [23] were solved to determine estimates, standard errors, and P-
values. Equation 1: BMI = age + palmitoleic + DGLA + LA + MCP-1 + TNF-q; Equation 2:
Nervonic acid = age + BMI + WC + TNF-a + MCP-1 + palmitoleic + DGLA + C-peptide.

P-values were considered statistically significant if P < 0.05. Most statistical analyses were
conducted using software SAS version 9.4 (SAS, Cary, NC), except Dunn’s nonparametric
comparison for post hoc testing that was conducted using Graph Pad Prism version 4 (Graph
Pad, La Jolla, CA).

3.1. Characteristics of Study Participants

Age, smoking, anthropometric, glycemic, and inflammatory markers of 126 participants,
separated into respective BMI categories, are outlined in Table 1. In brief, overweight
participants were younger than lean and obese participants. Waist circumference increased
with increasing BMI. Leptin was significantly increased and adiponectin significantly
decreased with obesity, as previously reported [15]. Obese individuals also had the highest
serum concentrations of C-peptide, MCP-1, and TNF-a.

3.2 Plasma Phospholipid Fatty Acid Analysis

Results of nonparametric ANOVASs and median values of the FAs measured are given in
Table 2. Of the saturated FAs (SatFAs), stearic acid (P<0.05) was higher and palmitic acid
tended to be higher in the PPLs of obese individuals compared to lean. Palmitoleic acid
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(P<0.001) was higher and nervonic acid (P<0.0001) was lower in obese compared to lean
participants. In obesity, only the ©»-3 FA EPA (P<0.005) was lower in PPLs compared to
lean individuals. In addition, total PPL ®-3s (P<0.05) were also lower in obese individuals
compared to lean. Most -6 FAs were elevated in both overweight and obese participants,
most notably Dihomo-y-linolenic acid (DGLA, P<0.0001). However, LA (P<0.005)
decreased in obese individuals compared to lean. Interestingly, total m-6 PUFA yielded no
significance and the ratio of m-6 to w-3 was similar in the PPLs of all participants. D6D
estimated enzyme activity (P<0.0001), calculated as the ratio of DGLA to LA, was greater
in obese individuals than lean. Furthermore, D5D estimated enzyme activity, calculated as
the ratio of AA to DGLA, tended to be lower in obese participants than lean (p=0.051).

In order to determine the probability of PPL FA incorporation, in comparison to the lean
BMI category, polytomous logistic regressions were run. Results of polytomous logistic
regressions are displayed as OR (95% Confidence Interval) and indicate the likelihood of
PPL FA incorporation in overweight and obese individuals compared to lean. FAs were
selected for these analysis based on observed trends or significance in nonparametric
ANOVAs. Overweight participants were 0.23 (0.09-0.62) times less likely to have nervonic
acid incorporated into PPLs and were 3.01 (1.46—6.18) times more likely to have DGLA
incorporated into PPLs (Figure 1A). Overweight participants were also 7.30 (2.00-26.60)
times more likely to have increased D6D estimated enzyme activity (Figure 1B).
Overweight individuals tended to have higher palmitic 1.21 (1.00-1.48) and palmitoleic 1.27
(0.99-1.63) acid in PPLs. Obese participants were less likely to have EPA 0.45 (0.20-0.99),
DHA 0.68 (0.48-0.98), combined EPA and DHA 0.74 (0.57-0.96), LA 0.78 (0.68-0.91),
and nervonic acid 0.14 (0.05-0.38) incorporation into PPLs (Figure 1C). Obese individuals
were more likely to have palmitic 1.30 (1.07-1.58), DGLA 3.68 (1.81-7.46), palmitoleic
1.39 (1.09-1.77), DTA 1.90 (1.28-2.82), and DPA ®»-6 1.95 (1.22-3.09) incorporation into
PPLs. In obesity, individuals were 14.64 (4.01-53.40) times more likely to have elevated
D6D estimated enzyme activity (Figure 1D) and tended to be 0.76 (0.57-1.01, P-value 0.06,
data not shown) times less likely to have elevated D5D estimated enzyme activity.

Given that both BMI and nervonic acid demonstrate a high level of multicollinearity with
several anthropometric measurements, serum adipokines, and proinflammatory markers
(data not shown), along with the observed interactions between BMI and nervonic acid in
forward logistic regressions, we hypothesized there was statistical simultaneity between
BMI and nervonic acid. In order to account for this possible statistical simultaneity, we
solved a system of simultaneous equations, yielding two independent statistical outputs: one
for BMI and one for nervonic acid (Table 3). In equation 1, every 1-unit increase in
palmitoleic (P<0.05), DGLA (P<0.0001), TNF-a (P<0.05), and LA (P<0.005) resulted in
BMI (P<0.001) changing by 2.657, 1.993, 0.156, and —0.345 units respectively. In equation
2, every 1-unit increase in WC (P<0.05) and TNF-a (P<0.05) resulted in nervonic acid
(P<0.005) changing by —0.043- and —0.017-units respectively.

3.3 Non-Esterified Plasma PUFAs and Oxylipid Analysis

Due to changes observed in PPL PUFA composition across BMI categories, we investigated
several non-esterified plasma PUFASs and their respective oxylipids in pooled plasma from
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obese (n=10) and lean (n=10) individuals. These results are displayed as fold changes
between concentrations of non-esterified plasma PUFAs and oxylipids in the obese to lean
plasma pools; visualized in tandem with results from PPL FA analysis (Figure 2 and 3). To
avoid overlap in FA names between the PPL and non-esterified plasma PUFA and oxylipid
analysis, we refer to all non-esterified plasma PUFAs unabbreviated and as their conjugate
base ending with the suffix — ate.

Polytomous logistic regression of -6 FAS revealed obese participants were less likely to
have LA incorporated into their PPLs and more likely to have of DGLA, DTA, and DPA
incorporated into PPLs (Figure 2A). Non-esterified plasma linoleate concentration was
increased in the obese pool (Figure 2B). In obesity, increased 9,10- and 12,13-epoxy
octadecadienoate (EpODE) was observed along with a decrease in their downstream
products 9,10- and 12,13- dihydroxy ODE (DiHODE). Also, 9- and 13- hydroxy ODE
(HODE) were increased in the obese pool along with their respective ketone metabolites 9-
and 13-0xoODE.

AA in PPLs did not differ across BMI categories, but there was an increase in w-6 PPL FAs
along with D6D estimated enzyme activity, warranting investigation of non-esterified
plasma arachidonate and oxylipids (Figure 2C). All monohydroxy products 5-, 9-, 11-, 15-,
and 20-HETE had elevated concentrations in the obese pool, with largest fold increases in 5-
and 9-HETE. Respective oxidized products 5-oxo eicosatetraenoate (ETE) and 15-0xoETE
were also increased in the obese pool. Arachidonate-derived epoxides 8,9-, 11,12-, and
14,15-epoxy eicosatrienoate (EET) were all increased. In the obese pool, the concentration
of the arachidonate-derived resolvin LXA4 also increased.

Our results showed our obese participants had significantly decreased total »-3 as well as
EPA and DHA incorporation into PPLs, with no change in DPA ®-3 PPL incorporation
(Figure 3A). In obesity, non-esterified plasma eicosapentaenoate only slightly increased, and
its epoxidated product 14,15-EpETE was below LOD in both pools (Figure 3B). Both -3
eicosanoids 14,15-and 17,18-DIiHETE decreased in obesity. Non-esterified plasma
docosahexaenoate was slightly decreased in the obese pool (Figure 3C). ®-3 docosanoids
19,20-epoxy docosapentaenoate (EpDPE), 17-hydroxy docosahexaenoate (HDoHE),
Resolvin D1 (RvD1), and RvD2 were below LOD in both plasma pools. Maresin 1 was
detectable in the lean pool, but it was below LOD in the obese pool so no fold change could
be calculated.

4. Discussion

This study characterized PPL differences associated with BMI. We show decreased nervonic
acid, increased DGLA, and increased palmitoleic acid incorporation into PPLs of
overweight and obese individuals. Previously, decreased nervonic acid and increased
palmitoleic acid in PPLs has been documented in metabolic syndrome (MetS) [6, 24].
Compared to lean participants, obese individuals had significantly increased WC, leptin, C-
peptide, MCP-1, and TNF-a, and also significantly decreased adiponectin. Obesity and
MetS are both associated with altered adipokine secretion; i.e. elevated leptin and decreased
adiponectin [25]. The expansion of WAT results in adipokine dysregulation, adipocyte
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hypoxia, and induction of the M1 macrophage [26]. M1s are primarily responsible for
secretion of TNF-a and MCP-1, resulting in increased adipocyte apoptosis that is
characteristic of insulin resistance [27]. Together this suggests specific PPL FA changes are
associated with increasing BMI, functioning as novel biomarkers of obesity-associated
inflammation and early MetS.

Early predictive biomarkers of obesity-associated inflammation and MetS are needed to
reduce the risk of future chronic diseases. In this current study, we report PPL incorporation
of palmitic and stearic acid was higher in obese subjects versus overweight and lean
subjects. The observed SatFA increase in PPLs could result from increased dietary intake,
increased hepatic SatFA synthesis, or the preferential uptake of circulating saturated FFAs
(SatFFASs) by cellular phospholipid membrane leaflets to prevent toxic accumulation [28].
Perreault et al showed total serum palmitic and stearic acid increased in individuals referred
to as “metabolically unhealthy obese” or obese individuals with increased inflammation
[29]. Obesity is associated with higher circulating concentrations of SatFFAs, and high
circulating SatFFAs can initiate an inflammatory response resulting in metabolic disruptions
[30]. For instance, elevated SatFFAs influences a positive feedback loop in WAT,
contributing to inflammation-associated insulin resistance and the further release of more
SatFFAs from WAT [30]. Increased SatFA incorporation into PLs species is associated with
higher levels of SatFFAs [31]. Therefore, a possible mechanism may exist preventing
SatFFA toxicity by sequestration into PLs.

SatFAs are substrates for stearoyl-CoA desaturase (SCD) enzymes, which convert SatFAs to
MUFAs. Palmitic and stearic acid are converted to the MUFAs palmitoleic and oleic acid by
SCDs respectively. Increased activity of SCD enzymes is associated with metabolic
syndrome (MetS) and insulin resistance [32]. We assessed PPL SCD n-7 estimated enzyme
activity, calculated as the ratio of PPL palmitoleic to palmitic acid [33], through polytomous
logistic regression and found obese individuals were more likely (P-value <0.05, data not
shown) and overweight individuals tended to be more likely (P-value = 0.085, data not
shown) to have higher SCD n-7 estimated enzyme activity compared to lean individuals. We
also assessed SCD n-9 estimated enzyme activity, calculated as the ratio of oleic to stearic
acid [33], and found no significant changes associated with BMI. Therefore in our obese and
overweight participants, only the SCD n-7 pathway is affected, causing increased conversion
of palmitoleic acid from palmitic acid.

In the current study, we report increased palmitoleic acid incorporation in PPLs with
increasing BMI. Zong et al previously reported palmitoleic acid increases in RBC PLs of
males with MetS and also, RBC PL palmitoleic acid is inversely correlated with serum
adiponectin [6]. As mentioned, our obese group was more likely, and overweight individuals
tended to be more likely, to have increased SCD n-7 estimated enzyme activity. This
suggests increased SCD n-7 activity is responsible for the increased palmitoleic acid in
PPLs. This increase may also result from higher cellular uptake of circulating FFA
palmitoleate to be used in PL synthesis. In obesity, it is plausible decreased FFA
palmitoleate and increased palmitoleic acid incorporation in PPLs occur simultaneously,
since circulating non-esterified palmitoleate is thought to play a protective role against
obesity [34]. Results from our system of simultaneous equations show palmitoleic acid
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having the highest beta coefficient, such that for every 1-unit increase in palmitoleic acid in
PPLs BMI increases by 2.66-units. These findings identify increased palmitoleic acid in
PPLs as a potential biomarker for metabolic dysregulation or early MetS identification.

Oleic acid had no significant correlation with inflammatory factors or odds of altered PPL
incorporation across BMI categories (data not shown). This was unexpected since stearic
acid increased in PPLs of obese participants, and stearic acid is a precursor in oleic acid
synthesis. As mentioned, we saw no difference in SCD n-9 estimated enzyme activity across
BMI categories. Previously, Stefan et al showed low SCD n-9 estimated enzyme activity is
associated with insulin resistance in obesity [35] and biopsies of obese skeletal muscle
reveal decreased SCD n-9 activity [36], which may suggest SCD n-9 may be involved in the
progression of obesity-associated insulin resistance. In our study population, we excluded
individuals with diabetes from the analysis, which may explain why SCD n-9 estimated
enzyme activity was not significantly associated with obesity. Oleic acid (C18:1) is
elongated to form eicosenoic acid (C20:1), and is further elongated to nervonic acid (C24:1).
We did not observe significant correlations between eicosenoic acid and BMI. However, we
did observe significantly decreased odds of nervonic acid incorporation in PPLs with
increasing BMI.

To our knowledge, the biological role of nervonic acid in obesity and obesity-associated
inflammation is undetermined. Recently Yamazaki et al reported total serum nervonic acid
levels are lower in individuals with MetS compared to those without MetS [24]. In our study
population, PPL nervonic acid is inversely correlated with WC, leptin, BMI, DGLA, TNF-a,
and C-peptide (data not shown). Nervonic acid tertiles were significantly associated with
BMI, WC, and the aforementioned metabolic and inflammatory markers when tested in
forward logistic regressions. In our system of simultaneous equations, nervonic acid showed
significant inverse relationships with both WC and TNF-a. Unexpectedly, BMI was not
significantly associated with nervonic acid incorporation in PPLs. This suggests observed
significance between nervonic acid and BMI in the polytomous logistic regression is likely
due to underlying increases in WC and TNF-a. As an alternative to WC and TNF-q,
nervonic acid may serve as a potential early biomarker of obesity-associated inflammation,
metabolic dysregulation, or early MetS.

Given that Yamazaki saw a decrease in total serum nervonic acid in MetS and we observed
nervonic acid was inversely associated with WC and TNF-a, it is likely that decreasing
nervonic acid is indicative to the progression to obesity-associated inflammation and insulin
resistance. As mentioned, endogenous nervonic acid synthesis is dependent on the SCD n-9
pathway, and in skeletal muscle, decreased SCD n-9 activity is associated with obesity and
insulin resistance. We observed PPL SCD n-9 estimated enzyme activity was not associated
with BMI. The decreased nervonic acid in PPLs observed in our study population is likely
taking place in sphingomyleins, which serve as secondary messengers in the form of
ceramides. Previously, Park et al showed ceramides induce apoptosis of adipocyte-derived
stem cells [37]. Ceramides also function in inducing inflammation-associated pathologies
such as type 2 diabetes [38]. Specifically, nervonic acid containing ceramides are increased
in those with type 2 diabetes [39]. Ceramides are also glycosylated to form polar
sphingolipids (i.e. cerebrosides and gangliosides), which incorporate the ceramide bound FA
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into the polar sphingolipid structure [40]. For instance, the ganglioside GD series (i.e. GD1,
GD2, and GD3) may contain nervonic acid in their structures [41-43]. Previously, it was
reported GD3 is associated with type 2 diabetes [44]. The lipid extraction method used in
our and Yamazaki’s analysis would not have extracted polar sphingolipids, which elucidates
that decreasing nervonic acid is a result of decreased endogenous synthesis or a preferential
incorporation into polar sphingolipid species.

In obesity we observed decreased LA and increased DGLA, DTA, and DPA ®-6 in PPLs.
This was expected since LA is the essential precursor for m-6 FA synthesis and competes
with ALA, the essential w-3 FA precursor, as a substrate for D6D. We report overweight and
obese individuals have increased D6D estimated enzyme activity, and in obesity, there was a
decreased trend in D5D estimated enzyme activity. As previously mentioned, PPL D6D
estimated enzyme activity is calculated as the ratio of DGLA to LA and D5D estimated
enzyme activity is calculated as the ratio of AA to DGLA [45]. Numerous studies have
shown increased D6D and decreased D5D estimated enzyme activity is linked to an
increased risk of type-2 diabetes [reviewed in [46]]. Insulin resistance is associated with
increased serum C-peptide, a marker of insulin production, which is elevated in obesity [47].
As mentioned, our obese participants had increased serum C-peptide. Therefore, our
findings suggest D6D and D5D estimated enzyme activity may elucidate early insulin
resistance in obesity.

The system of simultaneous equations revealed a significant inverse relationship between
BMI and PPL LA as well as a significant direct relationship between BMI and PPL DGLA.
Although dietary madification of the of w-6/w-3 ratio has been suggested to affect PL
incorporation [48], in fact, the absolute amounts of dietary ALA and LA have greater
influence of incorporation into PPL, and conversion of ALA to EPA, compared to the total
dietary ratio of ALA to LA [49]. Liou et al showed higher intakes of LA decrease EPA in
PPLs, but do not directly influence AA incorporation in PPLs [50]. Although we did not
collect dietary information on our study participants, increased dietary intake of LA may
explain the observed decrease in EPA and no change in AA with obesity. Interestingly, a
dietary reduction of LA has shown to significantly reduce ODEs [5]. The observed increase
in -6 PPLs and an increase in non-esterified plasma linoleate and several -6 ODES in
obesity is consistent with documented effects of increased dietary LA intake. Together these
data suggests, in our population, increased dietary intake of LA may be responsible for the
observed changes.

We report obesity is associated with increased EpODEs but decreased DiHODEs, signifying
pathway shunting to THF-diols is likely occurring. Linoleate derived HODESs and oxo-
ODEs are potent PPAR-v ligands and were increased in our obese plasma pool. PPAR-y
ligands increase mRNA expression and circulating concentrations of adiponectin, which is
an anti-inflammatory adipokine inversely associated with BMI [51]. Recently, Mirzaei et al
reported that obese individuals with increased concentrations of serum PPAR-y ligands are
at a higher risk for MetS [52]. It has also been suggested certain tissues may exhibit higher
expressions of HODE and ODE converting enzymes, to aid in controlling local tissue
inflammation [53]. Therefore, in obesity, the increased production of o-6 ODE PPAR-y

Prostaglandins Leukot Essent Fatty Acids. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pickens et al.

Page 11

ligands may function in regulating inflammation in WAT, as a possible mechanism of pro-
resolution to the underlying obesity-associated inflammation.

In our obese pool, arachidonate and ®-6 eicosanoids were increased, with 9-HETE having
highest observed fold change. 9-HETE is an auto-oxidative product of arachidonate,
indicative of oxidative stress [54]. In obesity both lipid peroxidation and ROS are increased
[55]. Elevated 9-HETE indicates increased ROS in our obese plasma pool, likely due to
obesity-associated inflammation. We also observed an increased concentration of 20-HETE
in obesity. Previously, Tsai et al reported plasma 20-HETE was significantly increased in
MetS [56]. Together these HETE findings suggest increased 9-HETE in obesity as a marker
of obesity-associated inflammation or early MetS.

We report an increase in LXA4 in our obese pool, which is a potent pro-resolving oxylipid
referred to as a “stop” signal in inflammatory responses [57]. LXAA4 is also considered an
endogenous anti-diabetic molecule able to reduce TNF-a and other inflammatory markers
associated with insulin resistance [58]. The observed increase in 5- and 15-HETE implicates
increased 5- and 15-LOX activity, demonstrating a possible mechanism of LXA4 production
through leukotriene A4 (LTA4) conversion. As mentioned, expanded WAT is associated
with increased inflammation and adipocyte hypoxia. 15-HETE stimulates angiogenesis in
adipose tissue [59], suggesting a countermeasure to the hypoxic-like features obese
adipocytes often exhibit [60]. Interestingly 8,9-, 11,12-, and 14,15-EET were also elevated
in obesity, and all three EETs are implicated in cellular hypoxic responses [61]. Results of
the -6 non-esterified plasma PUFA and oxylipid analysis indicate increases in metabolites
linked to metabolic syndrome, insulin resistance, inflammation resolution, and potential
responses to the obesity-associated pathology observed in WAT.

PPL EPA decreased significantly in obese participants and non-esterified plasma
eicosapentaenoate increased only slightly in the obese pool. Both 14,15- and 17,18-DiHETE
decreased in obesity. This may be due to competition between -6 epoxides and -3
epoxides, since both depend on soluble epoxide hydrolases to form their respective
DIiHETEs. As mentioned, we observed increases in all »-6 epoxides measured. Non-
esterified plasma docosahexaenoate decreased in the obese pool. The only docosanoid above
the LOD was maresin-1, in the lean pool. Maresin-1 is considered a pro-resolving oxylipid
produced by the macrophage phenotype M2 [62]. As mentioned, the M1 phenotype is
responsible for TNF-a secretion and is associated with macrophage infiltration of excess
WAT. Each excess kilogram of human fat results in the accumulation of an estimated 20-30
million macrophages [63]. Therefore, this observation may suggest the increased M1
phenotype in obesity may result in decreased maresin-1 production.

Our cross-sectional study was conducted on a population of males (n=126, > 96%
Caucasian, ages 48-65) to indentify associations between PPL, oxylipids, and BMI. We
recognize that the generalizability of these observations is limited and should be verified in
larger, more diverse populations. In addition, we report FA-based estimated enzyme
activities of D5D, D6D, and SCD n-7 and n-9 are associated with BMI. These estimated
enzyme activity estimates have not been extensively validated and may not be representative
of enzyme Kinetics in tissues. Thus, reported altered estimated enzyme activities could be
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related to other factors. Although we indicate our observed FA differences are associated
with altered dietary intake, we did not directly collect or assess dietary intake in this small
study. We acknowledge the limitations of not assessing diet, % energy from fat and
supplement use in this study. Future studies should investigate the relationship between
dietary intake, FA changes in the lipidome, and subsequent effects on oxylipid production in
obesity.

5. Conclusion

In conclusion, we report BMI is associated with PPL FA differences potentially due to
altered lipid metabolism and FA intake. Furthermore, obesity is associated with increased
-6 non-esterified plasma PUFAs and oxylipids, suggestive of increased ROS, production of
PPAR-y ligands, and cellular hypoxia. Together these data suggest an inability to resolve
obesity-associated inflammation is related to a decreased presence of EPA and DHA in
PPLs, decreased non-esterified plasma docosahexaenoate, and decreased non-esterified
plasma eicosapentaenoate-derived oxylipids, as well as an imbalance in the enzymatic
competition between the -3 and -6 substrates of fatty acid modifying enzymes.
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D
Obesity and Fatty Acids
Odds Ratio and 95% CL

P-value

D6D - ' . — — A4 P<0.0001

Palmitoleic - : : - : : : P<0.01
DPA w-6 4 ! : . : : : P<0.005
DTA - ——y P<0.005

o.'1 0.5 ; 5 1'o 25 50 u')o
Odds Ratio
Figure 1.

Odds ratio results from polytomous logistic regression compared to lean BMI as reference
group. 1B and 1D: odds ratios have been calculated on the basis that there is a unit change of
0.11 for the respective beta coefficient for each given parameter. Dihomo-y-linolenic acid
(DGLA), delta-6-desaturase (D6D), docosatetraenoic acid (DTA), docosapentaenoic acid
(DPA), and linoleic acid (LA).
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Figure 2.
(A) Visual representation of results from polytomous logistic regression -6 PL pathway,

PPL analysis. (B) Linoleate derived m-6 octadecadienoids. (C) Arachidonate derived w-6
eicosanoids. (B and C) Non-esterified plasma PUFAs and oxylipids are listed in boxes:
colored white if measured and grey if not measured. Number listed in the lower left-hand
corner represents fold change calculated as obese to lean for each analyte, where a—
represents metabolites which were below limit of detection. Epoxy eicosatrienoate (EET),
lipoxin A4 (LXA4), leukotriene A4 (LTA4), hydroxy eicosatetraenoate (HETE),
eicosatetraenoate (ETE), epoxy octadecadienoate (EpODE), hydroperoxy octadecadienoate
(HPODE), hydroxy octadecadienoate (HODE), hydroperoxy eicosatetraenoate (HPETE),
arachidonic acid (AA), Dihomo-y-linolenic acid (DGLA), docosatetraenoic acid (DTA),
Docosapentaenoic acid (DPA), and linoleic acid (LA).
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(A) Visual representation of results from polytomous logistic regression -3 PPL pathway,

PPL analysis. (B) Eicosapentaenoate derived m-3 eicosanoids. (C) Docosahexaenoate

derived -3 docosanoids. (B and C) Non-esterified plasma PUFAs and Oxylipids are listed
in boxes: colored white if measured and grey if not measured. Number listed in the lower
left-hand corner represents fold change calculated as obese to lean for each analyte, where a
—represents metabolites which were below limit of detection. Maresin 1’s fold change is
designated with a—since it was only above LOD in the lean pool. Alpha-linolenic acid

Prostaglandins Leukot Essent Fatty Acids. Author manuscript; available in PMC 2016 April 01.




1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Pickens et al.

(ALA), docosapentaenoic acid (DPA), Epoxy eicosatetraenoate (EpETE), dihydroxy
eicosatetraenoate (DIHETE), Epoxy docosapentaenoate (EpDPE), Hydroxy
docosahexaenoate (HDoHE), and Resolvin D-series (RvD).
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Table 1

Parameter Lean (n=28)2 Overweight (n=46)2 Obese (n=52)2  P-Value?
Age (years) 57.89 £ 4.21A 55.00 +4.708 58.13 +4.40~ <0.005
Smoker (% total) 25 24 27 -
BMI (kg/m?) 23.33 £ 1.437 27.99 + 1.308 34,71 +3.79¢ <.0001
WC (cm) 87.25 +7.394 100.58 + 7.348 118.85+11.18°  <.0001
Leptin (ng/mL) 248 £ 1.72°A 5.34 +2.708 17.94+12.12¢  <.0001
Total Adiponectin (ug/mL)  6.12 + 3.107 496 +1.76A 3.95+1.708 <0.001
HMW (ug/mL) 2.83+221A 219+ 116~ 157 £1.118 <0.005
MMW (ug/mL) 0.75 £ 0.40 0.80 + 0.43 0.62 +0.36 -
LMW (ug/mL) 2.54 £1.07A 1.97 £ 0.60°B 1.75 £ 0.578 <0.001
C-Peptide (ng/mL) 1.86 + 1.12A 2.56 + 156 3.84 +1.988 <.0001
TNF-a (pg/mL) 6.95 + 5.26A 7.28 +3.73A8 1059 +9.138  <0.0001
MCP-1 (pg/mL) 459 +1467 507 + 138AB 535 + 1668 <0.05

a\/alues expressed as Mean + standard deviation.

b . . . .
Kruskal Wallis one-way ANOVA with Dunn's test for multiple comparison.

P value reported only if significant, p <0.05.

Waist circumference (WC), and high molecular weight (HMW), medium molecular weight (MMW), and low molecular weight (LMW)

adiponectin.
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Table 2

Variable (% of Total)@ Lean (n=28)P Overweight (n=46)P Obese(n=52)®  P-Value®
C14:0 Myristic 0.00 0.00 0.00 -
C16:0 Palmitic 28.10(25.53,30.22)  29.42 (27.50,30.64)  29.27 (27.80,30.63) -
C18:0 Stearic 13.56 (12.46,14.75)  14.00 (12.91,15.85)"B  14.47 (13.79,15.51)8  <0.05
C20:0 Arachidic 0.52 (0.44,0.62) 0.55 (0.44,0.62) 0.49(0.41,0.61) -
C21:0 Behenic 1.43(1.18,1.86) 1.48 (1.28,1.79) 1.48(1.16,1.82) -
C24:0 Lignoceric 1.26(1.16,1.61) 1.37(1.05,1.71) 1.22(0.93,1.59) -
Total sat 45.60 (43.89,47.68)  46.26 (44.95,49.90)  47.37 (45.91,49.26) -
C16:1 Palmitoleic 0.27 (0.18,0.44)~ 0.35 (0.20,0.55)A 0.48 (0.32,0.62)8 <0.001
C18:1 Oleic 10.46(8.81,11.80) 9.49(8.70,11.08) 9.73(8.79,11.43) -
C20:1 Eicosenoic 0.17(0.14,0.21) 0.15(0.12,0.22) 0.14(0.11,0.20) -
C24:1 Nervonic 1.90 (1.65,2.34)A 1.54 (1.34,1.80)B 1.41 (1.12,1.71)8 <0.0001
Total MUFA 12.79 (10.93,14.39) 11.72(10.80,13.51) 11.98(10.97,13.79) -
C16:1 trans-Palmitoleic 0.15(0.11,0.17) 0.12(0.11,0.15) 0.12(0.10,0.15) -
C18:1 trans-Oieic 0.62 (0.50,0.92) 0.66(0.51,0.90) 0.68 (0.52,0.88) -
C18:2 trans-Linoleic 0.24(0.17,0.32) 0.27 (0.20,0.38) 0.25 (0.19,0.36) -
Total trans 0.99(0.87,1.40) 1.04(0.83,1.36) 1.09(0.89,1.36) -
C18:3n3 Alpha-Linolenic 0.15(0.12,0.23) 0.15(0.11,0.20) 0.13(0.10,0.16) -
€20:5n3 Eicosapentaenoic 0.84 (0.64,1.06)* 0.55 (0.42,1.09)8 0.59 (0.41,0.74)8 <0.005
C20:5n3 Docosapentaenoic 0.88 (0.73,1.05) 0.84(0.65,1.03) 0.80 (0.62,0.95) -
C22:6n3 Docosahexaenoic 3.18 (2.32,4.50) 2.50(2.07,3.61) 2.61(2.12,3.19) -
EPA+DHA 3.84 (2.90,5.47) 3.22 (2.56,4.53) 3.21(2.69,3.97) -
Total -3 5.24 (3.91,7.02)A 4.34 (3.45,5.53)A8 4.10 (3.69,4.99)8 <0.05
C18:2n6 Linoleic 22.10 (18.13,24.19)A  19.85 (17.39,22.55)"B 18,68 (16.80,20.31)8  <0.005
C18:3n6 Gamma-Linoleic 0.11 (0.07,0.13)A 0.14 (0.09,0.19)B 0.14 (0.11,0.18)B <0.01
C20:2n6 Eicosadienoic 0.32 (0.28,0.36) 0.30 (0.26,0.36) 0.30 (0.26,0.35) -
C20:3n6 DGLA 2.08 (1.91,2.53)A 2.64 (2.26,3.38)B 2.98 (2.46,3.56)B <0.0001
C20:4n6 Arachidonic 9.80(7.71,11.24) 10.38(8.48,11.17) 10.37(9.10,12.73) -
C22:4n6 Docosatetraenoic 0.28 (0.18,0.36)A 0.36 (0.23,0.40)AB 0.39 (0.32,0.50)B <0.005
C22:5n6 Docosapentaenoic ~ 0.18 (0.12,0.29)A 0.23 (0.14,0.32)A8 0.27 (0.21,0.34)8 <0.01
Total »-6 35.41(31.00,37.51)  34.53(33.10,36.55)  33.86 (31.04,36.06) -
Total -6/ Total ©-3 ratio 6.63 (4.93,9.33) 8.31(6.11,10.27) 8.50 (6.73,9.63) -
Delta-6-Desaturase 0.10 (0.08,0.13)A 0.14 (0.11,0.18)8 0.15 (0.13,0.20)8 <0.0001
Delta-5-Desaturase 4.64(3.54,5.51) 3.95 (2.76,4.80) 3.41 (2.74,4.46) -

a S
Fatty acid units expressed as percent of total.

bValues expressed as Median (Q1,Q3).

CKruskal Wallis one-way ANOVA with Dunn’s test for multiple comparison.

P value reported only if significant, p <0.05.

Dihomo-v-linolenic acid (DGLA).

Prostaglandins Leukot Essent Fatty Acids. Author manuscript; available in PMC 2016 April 01.

Page 26



Page 27

Pickens et al.

'(D-4N.1) eydje 10108} S1S0428U Jown] pue ‘(T-dDIN) T-utsioid Jueloesieowsyd alfoouow ‘(DAN) 8ouaIawNaIId Isiem ‘(Y 19a) pIde dlusjoulj-A-owoyig
'G0°0> 41 Pap|oq anjeA-d

"SaN[eA-d PUE S81BWIISe-L18q aAI0adsa) YlM ‘BjqeLieA Buipeay sy} Japun paisi] 18 S3|qeLIeA [3POW 3A11080SaY "80UBdIIUBIS [9POW [[RI9A0 YIIM ‘[9powW dAI0adsas 1apun palsl| ale sajqelieA Juspuadapul

0vS60  TE00 200°0- apndad-9
82.20 0900 190°0- v19d S00> 0900 9510 P-ANL
YOET0  6YT0 22 0- olloNwWEed  €06Y°0 €000 2000 T-dOW
€8€8°0 0000 0000 T-dOW  889Y'0  ¥8L0 0,50~ OIUOAIBN
500> 2000 LT0°0- D-ANL  S000>  €TTO GYE0- arsjour
500> 1700 €v0°0- OM  T0000> 9870 €66'T v19d
T€80'0  6T0°0 €00 INg  S00> 9621 189°C o1B|0NWIed
6v59'0  0T0°0 5000 by 6900 9800 2800 aby
S0000> 2990 995°¢C wdaasaul - TO000>  92L°§ 62592 1dsassmul
aneAd Jol3pIS  SrWwIsT a|qelleA enfead U043 PIS  dlewrsd  d|qelleA
G000>  PREDJIUOARN T0000> Ing
anfeAd PPOIN anfeAd PPON
Z uoirenb3 T uoienb3
€9|gel

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Prostaglandins Leukot Essent Fatty Acids. Author manuscript; available in PMC 2016 April 01.



