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ARTICLE INFO ABSTRACT

Keywords: Emerging evidence indicates that the fatty acid composition of obesogenic diets influences physiologic
Oleic acid outcomes. There are scant data regarding how the content of non-essential fatty acids like monounsaturated
Polyunsaturated fatty acid fatty acids (MUFA) and saturated fatty acids (SFAs) impact the metabolism of polyunsaturated fatty acids
gﬁlslil?[;“ (PUFAs). In this work, we tested the hypothesis that obesogenic diets enriched in oleic acid (OA; 18:1n-9)

reduce polyunsaturated fatty acid (PUFA) levels vs an obesogenic diet enriched in SFAs. Adult male mice were
fed for eight weeks either (1) a control 16% fat energy (en) diet with 5.7% en OA and 4.4% en SFA, (2) a 50% fat
en diet with 33% en OA and 9.9% en SFA, or (3) a 50% en diet with a high SFA diet with 33% en SFA and 9.1%
en OA. Dietary levels and intake of linoleic acid (LA; 18:2n-6) and a-linolenic acid (ALA; 18:3n-3) were constant
between the experimental groups. Several peripheral organs (liver, heart, kidney, and adipose) were analyzed
for lipid composition and oxylipin analysis was performed for liver and adipose. Our data demonstrate that a
high OA diet reduced tissue content of LA and ALA (230%) in phospholipid and neutral lipid fractions, reduced
the content of some LA-derived and ALA-derived oxylipins in liver and adipose, and conversely, elevated hepatic
content of PGF,. In all tissues examined, except for adipose, levels of arachidonic acid (ARA; 20:4n-6) and
docosahexaenoic acid (DHA; 22:6n-3) were either elevated or unaffected by the obesogenic diets. Our data
indicate that the non-essential fatty content of obesogenic diets impacts PUFA content in peripheral tissues and
influences the levels of bioactive oxylipins.

Linoleic acid
Alpha-linolenic acid

1. Introduction

Obesity is a world-wide medical issue that affects over 30% of
populations in many developed and developing countries [1,2]. There
is a growing appreciation that dietary fatty acid composition impacts
the development of obesity and its ensuing comorbidities such as
insulin resistance, inflammation, and hepatic steatosis [3—5]. Saturated
fatty acids (SFA) and monounsaturated fatty acids (MUFA) are often
viewed as diametrically opposed with respect to negative and positive
health outcomes. The 2015-2020 US Dietary Guidelines for Americans
recommend that the diets contain no more than 10% of energy as SFAs
[6]. Prospective clinical studies, including the PrediMed study, suggest
that diets rich in olive oil containing the MUFA oleic acid (OA; 18:1n-

9) reduce cardiovascular disease risk [7]. Studies in rodents suggest
that the dietary content of the polyunsaturated fatty acid (PUFA)
linoleic acid (LA; 18:2n-6) modulates obesity development, while one
clinical trial indicates a decrease in steatotic indices in people eating n-
6 PUFA-rich vs SFA-rich diets [8-10].

Long chain (LC) PUFA, including n-6 and n-3 LCPUFA, have
important physiological functions in the body and impact several
systems [11]. Some data suggest that obesogenic comorbidities includ-
ing cardiovascular disease are the result of defects in PUFA metabo-
lism, either from reducing the elongation and desaturation of n-3
LCPUFA, or from altering the levels of oxylipins that encompass a
number of enzymatically and non-enzymatically derived species [12—
16]. However, there are scant data comparing these endpoints in which
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the diets were well-controlled for n-3 and n-6 PUFA content. This is
problematic given that a-linolenic acid (ALA; 18:3n-3) and LA compete
for the same enzymatic pathways leading to synthesis of n-3 LCPUFA
like docosahexaenoic acid (DHA; 22:6n-3) and the n-6 LCPUFA
arachidonic acid (ARA; 20:4n-6), respectively [17].

Less data are known regarding the effect of OA and SFA (both
considered non-essential fatty acids) upon PUFA metabolism, particu-
larly in under the influence of high-fat, hypercaloric diets. ALA and LA
are considered essential fatty acids as they cannot be synthesized de
novo and must be obtained from the diet. Without consumption of
preformed n-3 LCPUFA like DHA or eicosapentaenoic acid (EPA;
20:5n-3), these n-3 PUFA must be formed from dietary ALA [18,19].
Previous data indicate that OA can reduce the content of LA in tissues
when LA content is low in the diet [20,21]. Other data demonstrate that
reductions in LA in the diet modify mitochondrial function as LA is a
major component of cardiolipin [22,23]. The extent to which an
obesogenic diet made with OA vs SFA modifies oxylipins mediators is
not known.

In this work, we tested the hypothesis that obesogenic diets
enriched in OA reduce PUFA levels vs an obesogenic diet enriched in
SFA in mice. The fatty acid levels of phospholipid (PL) and neutral lipid
(NL) pools were studied in several peripheral organs (liver, heart,
kidney, and adipose) in order to gain insight into whether the PUFA
content of these different metabolic pools were selectively modified by
OA and SFA intake. The availability of hepatic and adipose tissue
allowed for testing the hypothesis that OA vs SFA intake modifies the
levels of oxylipins in these tissues. Our data demonstrate that a high
OA diet reduced tissue content of LA and ALA, reduced the content of
some LA-derived and ALA-derived oxylipins in liver and adipose. In all
tissues examined, except for adipose, levels of the LCPUFA ARA and
DHA were either elevated or not affected by the obesogenic diets.

2. Methods
2.1. Animal experimentation

All experiments were approved by the Institutional Animal Care
and Use Committee of the USDA/Agricultural Research Service, Grand
Forks Human Nutrition Research Center. Male, C57BL/6 mice (12
week old) were purchased from Harlan Laboratories (Indianapolis, IN).
The study was powered such that n=8 per group (a=0.05) provided
over 95% power to detect a 2.7 umol/g tissue difference in hepatic ALA
content between the three diet groups with a standard deviation of
1.3 pumol/gram tissue. The estimates used for the power analysis were
based on our previous publication [24]. Following acclimation for one
week, mice were equally distributed by weight into three diet groups
and remained in these groups for 8 weeks. Mice were housed
individually in stainless steel wire cages. Diets were based on the
AIN93G formulation [25]. Diet formulation and fatty acid composi-
tions of the diets are provided in Tables 1 and 2, respectively. Mice
were fed either (1) a low-fat (LF), control diet (4.3 kcal/g) consisting of
16% energy (en) as fat, (2) an obesogenic (50% en fat; 5.5 kcal/g), high
OA (33% en) content diet, or (3) an obesogenic (50% en fat diet;
5.4 kecal/g) with high SFA (33% en) content diet. All diets had nearly
identical content of ALA and LA. Diet components were sourced as
previously described [24]. Fresh diet was provided daily. Food con-
sumption was measured on two separate days biweekly and presented
as a mean for that week. Body mass was measured weekly. Body
composition was determined by use of an EchoMRI Whole Body
Composition Analyzer (Echo Medical Systems, Houston, TX) at the
beginning and end of the study.

After 8 weeks, mice were fasted for six hours prior to sacrifice
starting at approximately 3 a.m. A six hour fast is recommended for
determination of glycemic endpoints in mice [26]. Blood glucose was
determined using TRUEresult blood glucose meter and TRUEtest
blood glucose test strips (NIPRO Diagnostics, Fort Lauderdale, FL)
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Table 1
Dietary formulations.

16% Fat 50% Fat 50% Fat Energy
Energy Energy
LF High OA High SFA
Diet Components % En and Amount (g/kg)
Protein 20% En 20% En 20% En
Casein 200 250 250
Carbohydrate 64% En 30% En 30% En
Cornstarch 540 250 250
Sucrose 100 125 125
Fat 16% En 50% En 50% En
High oleic sunflower oil 17 211 20
Flaxseed oil 18 24 22
corn oil 20 0.0 17
Coconut oil 8 21 110
Butter Fat 8 22 110
Cystine 3.0 3.6 3.6
Teklad AIN93 Vitamin 10 12 12
Mix
Teklad AIN93 Mineral 35 42 42
Mix
Choline Bitartrate 2.5 3 3
Cellulose 41 62 62
keal/g" 43+0.1 55+0.1 54x£0.1

LF, Low fat; OA, Oleic acid; SFA, Saturated fatty acid.
2 Data are mean + SD; n=3.

Table 2
Percent energy provided by fatty acids in the experimental diets.

Major 16% Fat Energy 50% Fat Energy 50% Fat Energy
Fatty acids LF High OA High SFA
10:0 0.2 0.1 0.3

12:0 0.7 1.4 7.1

14:0 0.7 1.9 7.8

16:0 1.9 4.0 11.6

18:0 0.9 2.5 6.5

Total SFA 4.4 9.9 33.3
18:1n-9 5.7 33.0 9.1
18:2n-6 3.5 3.4 3.4
18:3n-3 2.1 2.1 2.1

Data are the mean of three independent samples. Standard deviations are less <5% of the
mean value. LF, Low fat; OA, Oleic acid; SFA, Saturated fatty acid.

on blood derived from the tail clip of conscious mice. Mice were then
anesthetized and exsanguinated as described previously [24]. Tissues
(liver, heart, kidney, and epididymal adipose) were removed, frozen in
liquid nitrogen, and stored at —80 °C.

2.2. Lipid analyses

Tissues were pulverized under liquid N»-cooled conditions [24].
Lipids were extracted and separated by solid phase extraction (SPE)
into PL and NL (triacylglycerol, diacylglycerol, cholesterol, cholesteryl
esters and unesterified fatty acid) pools as described previously [24].

Tripentadecanoin (Nu-Chek Prep. Inc., Elysian, MN) and 1,2-
diheptadecanoyl-sn-glycero-3-phosphocholine (Avanti Polar Lipids,
Inc., Alabaster, AL) were added to each sample as internal standards
prior to the SPE step for recovery of NL and PL, respectively. Fatty
acids were quantified using fatty acid methyl ester (FAME) derivatiza-
tion with acetyl chloride followed by gas chromatography with flame
ionization detection (GC-FID). Fatty acid dimethyl acetal (DMA)
resulting from the hydrolysis of plasmenyl fatty acids in acetyl chloride
reaction were quantified by GC-FID using standards purchased from
Avanti Polar Lipids, Inc. (Alabaster, AL).

Kidney tissue was freeze dried prior to lipid extraction in order to
remove confounds associated with potential changes in renal water
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content. Approximately 75 mg of frozen pulverized tissue powder was
weighed out into a 13x100 mm glass test tube. Samples were freeze
dried 42 h. 30 min in a FreeZone 4.5 Plus freeze drier (Labconco,
Kansas City, MO). The resulting powder was extracted as described
previously [24].

2.2.1. Separation of hepatic PLs

The lipid extracts were dried under a stream of N, and then
dissolved in chloroform. PL and NL fractions were then separated
using silicic acid column chromatography (Clarkson Chemical
Company, Inc., Williamsport, PA, USA) [27]. The NL fraction was
eluted with chloroform: methanol (58:1 by vol) and the PL fraction
eluted with methanol. Following fractionation, NL and PL fractions
were separated into individual lipid classes using thin-layer chromato-
graphy on heat-activated (110 °C) Whatman silica gel-60 plates. PLs
were separated using chloroform: methanol:acetic acid: water
(50:37.5:3:2 by vol) [28]. Bands containing individual lipid classes
were identified using commercially available standards (Avanti, Polar
Lipids Alabaster, AL; NuChek Prep., Elysian, MN, USA) after visualiza-
tion using iodine vapor. Individual bands corresponding to commer-
cially prepared standards were scraped into acid-washed tubes, and the
phosphorus content was quantified colorimetrically on a spectrophot-
ometer monitoring absorbance at 797 nm [29]. For determination of
cardiolipin fatty acid content, bands co-eluting with cardiolipin stan-
dards were scraped into glass vials and subjected to FAME derivatiza-
tion with acetyl chloride.

Hepatic cholesterol and hepatic TAG levels were measured as
previously described using the COBAS Integra Analyzer (Hoffman-
LaRoche) with the respective kits [30].

2.2.2. Oxylipin analysis

Hepatic and adipose oxylipin levels were determined using pre-
viously published methods [31]. Livers were homogenized in ice-cold
Tyrode's salt solution (pH 7.6) in a 1:28 wt/volume ratio, after which
Triton X-100 was added to achieve a final concentration of 0.01%.
Adipose tissue was ground in liquid nitrogen and dissolved in 60
volumes of MeOH: formic acid (100:1, by vol). An antioxidant mix
(6 uL; 0.2 g/L BHT, 0.2 g/L EDTA, 2 g/L triphenylphosphine, and 2 g/
L indomethacin in MeOH: EtOH:H20 (2:1:1, by vol)) and 10-20 ng of
deuterated internal standards (Cayman Chemical, MI, USA) were
added to aliquots of liver (200 uL) and adipose (1000 uL). Samples
were adjusted to pH <3 and solid phase extraction was performed
using Strata-X SPE columns (Phenomenex, CA, USA) preconditioned
with methanol and water (pH 3). Samples were loaded onto the
columns, rinsed with 10% methanol, water (pH 3) and hexane before
being eluted with methanol. Evaporated samples were then re-
suspended in solvent for analysis by HPLC-MS/MS (API 4000, AB
Sciex, Canada) as described earlier [31], based on methods developed
by Deems et al. [32]. Detection and quantification limits were set at 3
and 5 levels above background, respectively [31,32]. Quantification of
oxylipins was determined using a stable isotope dilution method and
amounts expressed as nmol/g of tissue [33].

2.3. Statistical analyses

Comparison of values between groups was performed by one way
ANOVA with Tukey contrasts using GraphPad Prism version 5.00 for
Windows (GraphPad Software, San Diego California USA, www.
graphpad.com) or using SAS (version 9.3; SAS Institute Inc, Cary,
NC). Two way ANOVAs were performed using GraphPad Prism
software.
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Fig. 1. Energy intake and PUFA consumption of mice on obesogenic diets.
Comparison of energy intake and PUFA consumption between groups was performed
using a two-way ANOVA. There were no differences (p > 0.05) in intake between the
dietary treatments. Data are the mean + SD; n=9 control; n=8 for high OA and high SFA
diets. LF, Low fat; OA, Oleic acid; SFA, Saturated fatty acid.

3. Results
3.1. Diet intake

Energy intake data are shown in Fig. 1. There was no difference in
the caloric intake between the groups (Fig. 1A). As the diets contained
nearly identical % en of ALA and LA, the amount of LA and ALA intake
was not different between the three diet groups (Fig. 1B).

3.1.1. Morphometrics

Following 8 weeks on the diets, all mice increased in mass with a
higher mass observed in the obesogenic OA and SFA groups (Table 3).
While overall fat mass and % adiposity were elevated in the mice fed
the obesogenic diets, lean body mass remained the same. The high OA
diet significantly elevated hepatic mass (17%) whereas the high SFA
increased kidney mass (17%). Both high fat diets increased the amount
of epididymal adipose mass.

3.2. Lipid composition

3.2.1. Liver

Hepatic levels of TAG and cholesterol were elevated by the high OA
diet but not by the high SFA diet. On the other hand, both the high OA
and the high SFA diets increased fasting blood glucose levels compared
to the LF controls (Fig. 2).

There was no change in the total amount of PL-esterified fatty acids
in the liver. Intake of the high OA diet reduced the content of PL
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Table 3
Morphometric data.®

Endpoint 16% Fat Energy  50% Fat Energy  50% Fat Energy
LF High OA High SFA

Total Mass (g)

Begin 254+1.7 252112 25.7+1.6

End 32.3+3.0a’ 37.3+3.2° 35.9+2.7°

Lean Mass (g)

Begin 19.8+1.4 195£1.1 20.4+1.6

End 20.8+1.2 21.7+1.2 21.7+0.8

Fat Mass (g)

Begin 1.8+0.6 21£0.6 1.7+05

End 8.3+2.1° 12.5+£2.4° 10.9 + 2.9%P

% Body Fat

Begin 72+25 82£22 51+1.5

End 25.5 + 4.6° 33.2+25" 30.1+£6.0*P

Liver Mass (g) 1.2+0.1 1.4+0.2° 1.3+0.1>>

Heart Mass (g) 0.13+0.01 0.13+0.01 0.13+0.01

Kidney Mass (g)  0.35+0.02° 0.36 + 0.02° 0.41 +0.02°

Epididymal (g) 1.2+0.3° 1.7+0.3° 1.7+0.4°

Adipose Mass

Blood Glucose 76.4+9.3% 93.1+6.9" 86.7 £5.0°
n=9 n=8 n=8

LF, Low fat; OA, Oleic acid; SFA, Saturated fatty acid.

¢ Data are the mean + the S.D.

4 Means in rows with different superscript are significantly different (p < 0.05) by one
way ANOVA.

esterified LA by 30% (8.2 £ 1.1 umol/g vs 11.7 + 1.4 umol/g for LF)
and the content of ALA by 57% (0.22+0.05 umol/g vs 0.51 +
0.05 pmol/g for LF) (Table 4). The decrement in LA and ALA was
nearly identical to the increase in OA (4.3 umol/g) in this fraction in
high OA-fed mice. The reduction of 18 carbon PUFA did not yield
differences in longer n-6 PUFA or n-3 PUFA except for a reduction in
the minor LCPUFA, n-3 docosapentaenoic acid (DPAn-3; 22:5n-3).
Intake of the high SFA diet caused a small increase in DPAn-3 content.

In agreement with the hepatic TAG results, the hepatic content of
NL fatty acids was doubled in the animals receiving the high OA diet
(445 £ 160 pmol/g) vs LF controls (218 + 46 pmol/g) primarily the
result of the large increase in OA in this fraction (Table 5). Similar to
our previous results, consumption of the high OA diet resulted in an
increase in DHA and ARA and other fatty acids 20 carbons and longer
while reducing ALA content in the NL fraction.

The content of hepatic phosphatidylcholine was elevated 6.5% in
animals consuming the high OA diet compared to the control diet. In
this same dietary group, phosphatidylethanolamine was reduced 10.6%
compared to controls. The content of other PL classes was not altered
(data not shown). There were no changes in PL distribution in animals
eating the high SFA diet compared to the LF diet.

The fatty acid content of CL can be modified by the PUFA levels in the
diet [22,23,34]. As shown in Fig. 3, the distribution of fatty acids in the CL
fraction of hepatic PL was altered by the SFA and OA content of the diets
consumed. The OA content was elevated by intake of the high OA diet but
not that of LA. Intake of the high SFA diet elevated CL content of DHA and
ARA, while surprisingly lowering the CL content of palmitate.

3.2.2. Kidney

Renal PL was altered by intake of the obesogenic diets (Table 6).
Similar to liver, PL-esterified LA and ALA as well as n-3 and n-6 PUFA
elongation and desaturation intermediates were reduced by OA intake
and ARA and DHA were not changed. Conversely, intake of the high
SFA diet slightly increased the levels of ARA and doubled the content of
DPAn-6. Similarly, levels of EPA (19%), DPAn-3 (92%), and DHA
(31%) were elevated in mice fed the high SFA diet vs the LF diet. The
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Fig. 2. The obesogenic, high SFA diet prevents hepatic lipid deposition vs an
obesogenic high OA diet. Data are the mean + SD; n=9 control; n=8 for high OA and
high SFA diets. Data were compared using a one-way ANOVA with Tukey's contrasts.
Columns with different letters are significantly different, p<0.05. LF, Low fat; OA, Oleic
acid; SFA, Saturated fatty acid.

high oleic diet intake reduced NL esterified LA and ALA and reduced
DHA content by 37% in the NL fraction (Table 7).

3.2.3. Heart

Similar to results in the liver, the high OA diet decreased the cardiac
content of PL-esterified LA in a nearly stoichiometric manner and
reduced the PL content of ALA (Table 8). While PL-esterified levels of
ARA were not changed by OA intake, ARA was elevated 64% (5.6 £
0.8 umol/g) by the high SFA diet vs the LF animals (3.4 + 1.4 pmol/g).
DHA content in the PL fraction was not altered between the diet
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Table 4
Impact of high OA vs high SFA diets on hepatic phospholipid fatty acids.”

Fatty 16% Fat Energy 50% Fat Energy 50% Fat Energy
acid LF High OA High SFA
12:0 0.00 + 0.00 0.00 + 0.00 0.01 + 0.03
14:0 0.10 + 0.10% 0.11 + 0.10*P 0.26 + 0.17°
16:0 19.5 £ 2.0 16.7 £ 2.1° 17.9 £ 1.6
18:0 11.8 + 1.3° 12.7 + 1.5 13.3 + 1.0°
20:0 0.20 + 0.02% 0.19 + 0.03 0.23 + 0.02¢
22:0 0.04 £ 0.02 0.05 £ 0.01 0.05 £ 0.01
16:1n-7 1.5 + 0.2% 0.4 £ 0.1° 1.1 £ 0.2
18:1n-7 1.2 + 0.2% 0.7 + 0.2° 0.7 + 0.2°
18:1n-9 7.3 £ 0.9% 11.6 £ 1.2° 6.4 £ 0.8°
20:1n-9 0.16 £ 0.02° 0.31 + 0.05° 0.11 + 0.02¢
22:1n-9 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
18:2n-6 11.7 + 1.4 8.2 + 1.1° 11.1 + 1.4
18:3n-6 0.17 £ 0.02° 0.12 + 0.02° 0.16 + 0.03°
20:2n-6 0.11 + 0.02° 0.09 + 0.01° 0.09 + 0.01°
20:3n-6 1.2 + 0.2* 1.7 + 0.4 1.0 + 0.2°
20:4n-6 9.6 £ 1.3 10.4 £ 1.8 9.9 £ 1.1
22:4n-6 0.08 + 0.01 0.07 + 0.01 0.08 + 0.01
18:3n-3 0.51 + 0.05° 0.22 + 0.05° 0.49 + 0.07°
20:3n-3 0.07 + 0.01? 0.05 + 0.02° 0.08 + 0.01°
20:5n-3 2.4 + 0.4 2.4 + 0.4 2.2 + 0.4
22:5n-3 0.81 + 0.07° 0.45 + 0.04° 0.94 + 0.07°
22:6n-3 10.1 + 1.2 10.0 + 1.2 10.3 + 0.9
Total 785 + 8.5 76.6 + 9.3 76.4 + 6.7
n=9 n=8 n=8

LF, Low fat; OA, Oleic acid; SFA, Saturated fatty acid.
4 Data are mean + SD and are umol/g wet weight .
¢ Means with different letters are significantly different (p < 0.05) from values in the same row by one way ANOVA.

groups; however cardiac levels of DPAn-3 were lowered by intake of the the NL fraction.

high OA diet (38%) and elevated by the high SFA diet (44%). NL

content of ALA and LA were also reduced by high OA intake 60% and

52%, respectively (Table 9). While minor alterations in n-3 and n-6 3.2.4. Adipose tissue

LCPUFA were observed, neither high fat diet modified ARA or DHA in The content of SFA and OA was elevated in the animals eating the
high-SFA and high-OA diets respectively. Levels of 10:0, 12:0 and 14:0

Table 5
Impact of high OA vs high SFA diets on hepatic neutral lipid fatty acids."

Fatty 16% Fat Energy 50% Fat Energy 50% Fat Energy
acid LF High OA High SFA
12:0 0.2 + 0.1%¢ 0.4 + 0.1° 2.0 + 0.5¢
14:0 1.6 £ 1.3 2.0 £ 1.8° 7.0 £ 2.6"
16:0 59.1 + 12.1 90.8 + 38.0 57.3 + 27.1
18:0 2.8 + 0.5 4.9 + 1.2° 4.2 + 1.1°
20:0 0.5 £ 0.1° 0.9 £ 0.2° 0.9 £ 0.3°
22:0 0.07 £ 0.03° 0.13 + 0.02° 0.14 + 0.03°
16:1n-7 15.6 £ 4.0° 7.4 £ 4.4° 10.8 £ 5.8*P
18:1n-7 4.4 + 1.3% 3.9 + 2.6%P 2.1 + 1.5"
18:1n-9 85.8 £ 18.3% 282.3 + 100.3° 71.5 + 37.8°
20:1n-9 1.4 + 0.3% 5.5 + 1.9° 1.0 + 0.5%
22:1n-9 0.19 £ 0.05 0.55 + 0.09° 0.18 £ 0.08
18:2n-6 27.4 £ 6.8 225 + 6.6 24.0 £ 9.1
18:3n-6 0.7 + 0.2 0.7 + 0.1 0.9 + 0.3
20:2n-6 0.2 + 0.1 0.2 + 0.1 0.2 + 0.1
20:3n-6 0.5 £ 0.1° 0.9 £ 0.3" 0.5 £ 0.2°
20:4n-6 0.9 £ 0.2 1.3 £ 0.3° 1.2 £ 0.4
22:4n-6 0.2 + 0.0 0.2 + 0.1 0.2 + 0.1
18:3-3 9.4 + 2.8% 6.3 + 1.5° 9.4 + 3.8%P
20:3n-3 0.2 + 0.1 0.2 + 0.1 0.2 + 0.1
20:5n-3 22 + 0.5 25 + 0.6 2.8 + 1.4
22:5n-3 1.7 + 0.4 25 + 0.7 2.7 + 1.3%P
22:6n-3 3.6 £ 0.8° 9.2 £ 2.4° 5.4 £ 1.8°
Total 218.7 + 46.8° 445.6 + 160.3° 204.5 + 94.9°
n=9 n=8 n=8

LF, Low fat; OA, Oleic acid; SFA, Saturated fatty acid.
4 Data are mean + SD and are pumol/g wet weight.
¢ Means with different letters are significantly different (p < 0.05) from values in the same row by one way ANOVA.
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Fig. 3. High SFA and high OA diets modify hepatic cardiolipin fatty acid content. Data are the mean + SD; n=9 control; n=8 for high OA and high SFA diets. Data were
compared using a one-way ANOVA with Tukey's contrasts. Columns with different letters are significantly different, p<0.05. LF, Low fat; OA, Oleic acid; SFA, Saturated fatty acid.

were elevated over 4-6-fold. 16:0 and 18:0 were also elevated by SFA
intake. High OA intake led to a decrease in SFA content (14:0, 16:0,
and 18:0) in epididymal adipose, while nearly doubling the content of
OA (Table 10).

PUFA contents (n-6 PUFA and n-3) per gram adipose tissue were
reduced in animals eating the high-fat diets; however, greater de-
creases were observed with intake of the high OA diet (Table 10). LA
was reduced 58% and 37% in animals eating the high OA and the high
SFA diet vs controls, respectively. ARA content was reduced 39% vs
controls by high OA intake. ALA content was similarly reduced as LA.
N-3 LCPUFA including EPA, DPAn-3 and DHA were lower in both
high-fat groups although lower levels of EPA and DPAn-3 were
observed in adipose derived from high OA-fed vs high SFA-fed mice.

Because the visceral adipose tissue store expanded as a result of eating
a high-fat, obesogenic diet, we determined if the total adipose pool of
PUFA was similarly reduced by intake of the obesogenic diets. We
transformed the fatty acid content per gram adipose tissue to the fatty
acid in the whole depot through multiplying the data above by the mass of
the corresponding visceral adipose tissues (Table 11). Following this
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transformation, differences in ARA and DHA were not observed; however,
decreases in ALA (42%) and LA (38%) still persisted for those mice eating
the high OA diet, but not the high SFA diet.

3.3. Oxylipins

Given the changes in PUFA content observed, we further examined
the impact of MUFA and SFA upon PUFA metabolism through analysis
of oxylipins, bioactive mediators derived through cyclooxygenase,
lipoxygenase, and cytochrome P450-mediated pathways. Because of
the availability of tissues, we were able to analyze oxylipin content in
liver and visceral, epididymal adipose. The analytical method was
designed to detect approximately 160 oxylipin species. In liver, 70
oxylipins were detected but only three were changed by the obesogenic
diets (Fig. 4). The 9-hydroxy derivatives of LA and ALA, 9-hydro-
xyoctadecadienoic acid (9-HODE) and 9-hydroxyoctadecatrienoic acid
(9-HOTTE), were reduced compared to the control diet by 39% (9-
HODE) and 53% (9-HOTTE). On the other hand, intake of the high
MUFA elevated prostaglandin (PG) PGF,, by 79%. A comprehensive
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Table 6
Impact of high OA vs high SFA diets on renal phospholipid lipid fatty acids.”

Fatty 16% Fat Energy 50% Fat Energy 50% Fat Energy
acid LF High OA High SFA
12:0 0.00 + 0.00 0.01 + 0.03 0.10 + 0.09
14:0 11 + 0.4* 1.2 + 0.7* 2.8 + 1.2
16:0 62.8 + 4.2* 57.0 + 3.4° 59.5 + 4.12b
18:0 38.9 + 2.2 P 37.4 + 2.1° 41.7 + 2.6°
20:0 0.46 + 0.03* 0.39 + 0.03" 0.48 + 0.03*
22:0 0.69 + 0.05* 0.91 + 0.08" 0.83 + 0.07°
16:1n-7 1.8 + 0.3% 0.5 + 0.1° 1.6 + 0.3*
18:1n-7 4.2 + 0.4* 2.7 + 0.2° 3.0 + 0.2¢
18:1n-9 21.3 + 1.1* 32.8 + 2.5° 19.6 + 1.1¢
20:1n-9 0.65 + 0.04* 0.90 + 0.06" 0.54 + 0.05¢
22:1n-9 0.14 + 0.07* 0.15 + 0.07° 0.06 + 0.06"
24:1n-9 0.47 + 0.03* 0.53 + 0.04° 0.34 + 0.02¢
18:2n-6 18.0 + 0.8* 10.9 + 0.7° 17.8 + 1.5%
18:3n-6 0.16 + 0.01* 0.08 + 0.05° 0.19 £ 0.02¢
20:2n-6 0.43 + 0.02* 0.27 + 0.02° 0.36 + 0.03¢
20:3n-6 2.1 + 0.1%0 2.0 + 0.2° 2.3 + 0.3
20:4n-6 38.0 + 2.47 36.7 + 2.3% 40.2 + 2.2°
22:4n-6 0.40 + 0.03° 0.33 + 0.03° 0.48 £ 0.03¢
22:5n-6 0.16 + 0.07* 0.07 + 0.08° 0.34 + 0.04¢
18:3n-3 1.01 + 0.07% 0.61 + 0.05" 1.11 + 0.12%
20:3n-3 0.28 + 0.02° 0.17 + 0.07° 0.30 £ 0.02¢
20:5n-3 5.2 + 0.4* 4.2 + 0.3¢ 6.2 + 0.6¢
22:5n-3 5.1 + 0.4* 2.6 + 0.2° 9.8 + 1.4¢
22:6n-3 82.2 + 9.0° 77.3 + 8.2° 107.4 £ 10.2°
DMA'
16:0 6.3 + 0.5% 3.7 + 0.3" 7.1 + 1.1
16:1 0.0 + 0.0 0.0 + 0.0 0.01 + 0.04
18:0 3.7 + 0.3* 3.5 + 0.5* 5.0 + 1.0°
18:1 3.9 + 0.3% 7.0 + 0.5” 2.7 + 0.3¢
Total 300 + 16% 284 + 18° 333 + 24P
n=9 n=8 n=8

LF, Low fat; OA, Oleic acid; SFA, Saturated fatty acid.
4 Data are the mean + SD and are pmol/g wet weight.
¢ Means with different letters are significantly different (p < 0.05) from values in the same row by one way ANOVA.
f Dimethyl acetal derivatives.

Table 7

Impact of high OA vs high SFA diets on renal neutral lipid fatty acids.
Fatty 16% Fat Energy 50% Fat Energy 50% Fat Energy
acid LF High OA High SFA
12:0 0.9 + 1.1 0.5 + 0.4* 4.7 + 3.9
14:0 7.2 + 5.5% 4.1 + 3.0* 17.3 + 9.4°
16:0 53.1 + 34.3% 20.9 + 7.2 41.7 + 18.8%
18:0 9.3 + 4.8 6.7 + 2.3 9.1 + 3.0
20:0 0.9 + 0.5 0.4 + 0.2 0.6 + 0.2*°
22:0 0.23 + 0.07*" 0.34 + 0.13 0.21 + 0.03°
24:0 0.2 + 0.0 0.2 + 0.0 0.2 + 0.0
16:1n-7 13.1 + 11.9% 2.0 + 1.0° 7.9 + 6.3%
18:1n-7 2.8 + 2.0° 1.0 + 0.4° 1.3 + 0.7*°
18:1n-9 79.7 + 58.9 90.7 + 43.2 57.5 + 324
20:1n-9 1.4 + 0.8 1.2 + 0.4 1.1 + 0.3
22:1n-9 0.2 + 0.1 0.1 + 0.1 0.2 + 0.0
18:2n-6 24.7 + 16.1* 8.2 + 3.1° 16.2 + 7.0%
18:3n-6 0.3 + 0.1 0.1 + 0.1 0.3 + 0.1
20:2n-6 0.19 + 0.06" 0.02 + 0.04° 0.20 + 0.02
20:3n-6 0.5 + 0.1 0.4 + 0.1 0.6 + 0.1
20:4n-6 1.4 + 0.2 1.2 + 0.3 1.3 + 0.3
22:4n-6 0.1 + 0.1 ND + ND 0.1 + 0.1
18:3n-3 7.1 + 4.1* 2.6 + 1.0° 5.2 + 2.2%
20:3n-3 0.10 + 0.10% ND + NDP 0.16 + 0.02%
20:5n-3 0.7 + 0.2* 0.3 + 0.1° 0.6 + 0.2¢
22:5n-3 1.2 + 0.3* 0.5 + 0.1° 1.5 + 0.2¢
22:6n-3 6.0 + 1.5% 3.8 + 0.7 6.0 + 0.8*
Total 211.5 + 140.6 127.2 + 76.9 155.2 + 97.8

n=9 n=8 n=8

LF, Low fat; OA, Oleic acid; SFA, Saturated fatty acid; ND, Not detectable.
4 Data are mean + SD and are umol/g dry weight.
¢ Means with different letters are significantly different (p < 0.05) from values in the same row by one way ANOVA.
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Table 8
Impact of high OA vs high SFA diets on cardiac phospholipid lipid fatty acids.®

Fatty 16% Fat Energy 50% Fat Energy 50% Fat Energy
acid LF High OA High SFA
12:0 0.01 + 0.01 0.00 + 0.00 0.05 + 0.03
14:0 0.23 + 0.07% 0.26 + 0.06* 0.49 + 0.09"
16:0 10.5 + 1.6 9.7 £ 1.6 10.2 £ 1.6
18:0 14.8 £ 2.7 15.4 £ 2.1 16.5 + 2.7
20:0 0.14 £ 0.04* 0.14 + 0.04* 0.10 £ 0.02"
22:0 0.09 + 0.02° 0.19 £ 0.03° 0.08 £ 0.01*
16:1n-7 0.33 + 0.06° 0.11b + 0.05° 0.24 + 0.07°
18:1n-7 1.3 £ 0.2¢ 1.1 £ 0.28b 0.9 £ 0.1%
18:1n-9 5.3% + 0.7 9.0 £ 1.3° 5.1 £ 0.8*
20:1n-9 0.16 £ 0.03° 0.16 £ 0.03° 0.10 £ 0.02°
22:1n-9 0.08 + 0.05 0.09 + 0.05 0.05 + 0.02
24:1n-9 0.00 + 0.01 0.00 + 0.00 0.00 + 0.01
18:2n-6 9.2 £ 1.3° 5.2 £ 0.8° 9.2 £ 1.6°
18:3n-6 0.01 + 0.02 0.00 + 0.00 0.02 + 0.02
20:2n-6 0.12 + 0.02% 0.09 + 0.02" 0.11 + 0.02*P
20:3n-6 0.60 £ 0.09° 0.79 £ 0.11° 0.88 £ 0.14°
20:4n-6 3.4 + 1.4 4.2 + 0.5% 5.6 + 0.8°
22:4n-6 0.09 £ 0.02* 0.06 + 0.03° 0.12 + 0.02°
22:5n-6 0.15 + 0.04* 0.12 + 0.03% 0.19 + 0.03"
18:3n-3 0.25 + 0.03° 0.15 £ 0.03° 0.24 + 0.04°
20:3n-3 0.04 + 0.02 0.00 + 0.01 0.88 + 0.14
20:5n-3 0.22 + 0.04* 0.19 + 0.04° 0.27 + 0.03°
22:5n-3 1.8 + 0.3% 1.3 + 0.1° 2.6 + 0.4°
22:6n-3 21.5 £ 2.9 23.4 + 3.7 20.2 + 3.8
DMA!
16:0 1.6 £ 0.4 1.2 + 0.2° 1.6 + 0.4*P
16:1 0.01 £ 0.01 0.00 + 0.00 0.01 + 0.01
18:0 1.0 + 0.2 1.1 + 0.2 1.2 + 0.3
18:1 0.51 £ 0.11° 1.20 + 0.20° 0.32 + 0.07°
Total 73.5 £ 9.8 75.0 £ 10.5 76.4 £ 12.4
n=8 n=7 n=7

LF, Low fat; OA, Oleic acid; SFA, Saturated fatty acid.
4 Data are the mean + SD and are pmol/g wet weight.
¢ Means with different letters are significantly different (p < 0.05) from values in the same row by one way ANOVA.
f Dimethyl acetal derivatives.

Table 9

Impact of high OA vs high SFA diets on cardiac neutral lipid fatty acids.”
Fatty 16% Fat Energy 50% Fat Energy 50% Fat Energy
acid LF High OA High SFA
12:0 0.06 + 0.05%¢ 0.04 + 0.05 0.41 + 0.49
14:0 0.79 £ 0.45%P 0.42 £ 0.12° 1.65 + 1.27°
16:0 9.2 + 5.4% 4.0 + 0.8° 6.6 + 3.2%P
18:0 2.6 + 1.3 2.3 + 0.6 2.1 + 0.5
20:0 0.17 £ 0.09 0.12 £ 0.04 0.12 + 0.03
22:0 0.05 £ 0.02° 0.11 + 0.03° 0.06 + 0.01°
16:1n-7 2.1 £ 1.4 0.3 £ 0.1° 1.1 + 0.7
18:1n-7 0.56 + 0.25% 0.21 + 0.05" 0.30 + 0.11°
18:1n-9 14.3 £ 7.2 14.7 + 6.2 11.2 + 5.8
20:1n-9 0.30 + 0.10° 0.1 + 0.03° 0.23 + 0.07*P
22:1n-9 0.11 £ 0.05 0.00 + 0.00 0.08 + 0.01
18:2n-6 3.7 £ 1.28 1.5 + 0.3" 3.1 + 1.2
18:3n-6 0.01 + 0.02 0.00 + 0.01 0.03 + 0.02
20:2n-6 0.04 + 0.02° 0.00 + 0.01° 0.01 + 0.01%P
20:3n-6 0.10 + 0.02 0.09 £ 0.02 0.12 + 0.02
20:4n-6 0.23 + 0.08 0.20 + 0.05 0.24 + 0.04
22:4n-6 0.04 + 0.02* 0.01 + 0.01° 0.05 + 0.01°
18:3n-3 0.71 + 0.27° 0.34 £ 0.12° 0.68 + 0.31°
20:3n-3 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
20:5n-3 0.06 + 0.03° 0.01 + 0.02° 0.07 + 0.01°
22:5n-3 0.49 + 0.10* 0.33 + 0.07° 0.60 + 0.07*P
22:6n-3 0.65 £ 0.15 0.72 £ 0.18 0.70 + 0.07
Total 36.2 + 17.3 25.6 + 7.7 29.5 + 13.6

n=8 n=7 n=7

LF, Low fat; OA, Oleic acid; SFA, Saturated fatty acid.
¢ Data are mean + SD and are umol/g wet weight.
4 Means with different letters are significantly different (p < 0.05) from values in the same row by one way ANOVA.
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Table 10
Impact of high OA vs high SFA diets on epididymal adipose fatty acids.!
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Fatty 16% Fat Energy 50% Fat Energy 50% Fat Energy
acid LF High OA High SFA
12:0 64.3 + 9.6%¢ 43.4 + 0.4° 416 + 3.6°
14:0 97.8 + 12.8% 63.0 + 4.3b 370 + 40°
16:0 794 + 135° 462 + 7.7° 949 £ 34°
18:0 59.6 + 11.0° 64.3 + 74> 103.3 + 93¢
20:0 2.9 + 0.5% 2.0 + 0.3 2.7 + 0.2°
22:0 1.1 + 0.3% 1.6 + 0.3 0.6 £ 0.2°
24:0 0.5 + 0.1% 0.5 £ 0.4% ND £ NDP
12:1n-7 1.5 + 0.2* 0.8 + 0.1 8.1 £ 0.7¢
14:1n-7 6.2 + 1.1° 2.1 + 0.4 29.4 £ 3.5°
16:1n-7 311 + 43* 104 + 13° 366 £ 37°
18:1n-7 56.9 + 11.2* 25.4 + 4.3b 35.1 + 4.9¢
18:1n-9 1717 + 266° 3187 + 416> 1663 + 116*
20:1n-9 21.2 + 3.12 16.1 + 2.3° 13.6 £ 1.0
22:1n-9 1.4 + 0.2 0.8 + 0.2 1.0 + 0.1%P
18:2n-6 794 + 177 339 + 49> 498 + 74°
18:3n-6 6.2 + 1.0° 3.0 + 0.3 4.8 £ 0.5¢
20:2n-6 3.5 + 0.8 1.7 + 0.2 2.4 + 0.5¢
20:3n-6 3.7 + 0.8 2.3 + 0.3 3.1 + 0.4°
20:4n-6 5.4 + 1.22 3.3 + 0.6" 45 £ 0.7
18:3n-3 220 + 312 87 + 8> 145 £ 1420
20:3n-3 1.3 + 0.3 0.1 + 0.1 0.8 + 0.5°
20:5n-3 3.7 + 0.7% 1.7 + 0.2 2.8 + 0.4
22:5n-3 4.8 + 1.3° 22 + 0.4° 3.7 + 0.5¢
22:6n-3 7.6 + 1.6 5.3 + 0.9° 5.4 + 1.1°
n=9 n=8 n=8

LF, Low fat; OA, Oleic acid; SFA, Saturated fatty acid.
4 Data are mean + SD and are pumol/g wet weight.

¢ Means with different letters are significantly different (p < 0.05) from values in the same row by one way ANOVA.

table showing the hepatic oxylipins observed and their parent fatty
acids is provided in Supplementary Table 1.

In adipose tissue, 19 oxylipin were detected, of which 7 were
changed by consumption of the high fat diet (Fig. 5). The 9-hydroxy
and 13-hydroxy derivatives of LA and ALA were reduced from animals

Table 11
Impact of high OA vs high SFA diets on total epididymal adipose pool of fatty acids.’

fed the high OA diet. Moreover, the poly-oxygenated metabolites of LA,
comprised of 9,10,13-trihydroxyoctaenoic acid (9,10,13-triHOME),
9,10-dihydroxy octaenoic acid (9,10-DiHOME) and 12,13-DiHOME,
were reduced by consumption of the high OA diet compared to
controls. None of the adipose oxylipin analytes were altered by

Fatty 16% Fat Energy 50% Fat Energy 50% Fat Energy
acid LF High OA High SFA
12:0 74 + 23%¢ 73 + 16° 694 + 145°
14:0 113 £ 35% 107 + 27% 623 £ 151°
16:0 931 + 337° 790 + 2347 1609 £ 439P
18:0 70 + 242 110 + 320 174 + 43¢
20:0 3.2 £ 0.8* 3.4 + 1.0%P 45 £ 0.9"
22:0 1.2 + 0.5% 2.6 + 0.8" 0.5 + 0.7%
24:0 0.2 + 0.3 0.9 + 0.3 0.00 + 0.00°
12:1n-7 1.7 £ 0.5% 1.4 + 0.3% 13.5 £ 2.8°
14:1n-7 7.1 £ 2.0° 35 + 1.1° 49.2 + 11.3°
16:1n-7 363 £ 1272 176 + 44> 617 + 162¢
18:1n-7 68 £ 29 44 + 14 59 + 17
18:1n-9 2000 £ 677° 5427 + 1484° 2796 £ 652°
20:1n-9 24 £ 7 28 + 8 23 + 5
22:1n-9 1.6 £ 0.4 1.4 + 0.5 1.6 + 0.3
18:2n-6 930 + 3512 577 + 163" 835 + 2212P
18:3n-6 7.2 £ 2.4%b 5.0 £ 1.22 8.2 + 2.2°
20:2n-6 4.2 £ 1.8 2.9 + 0.7 4.1 + 1.2
20:3n-6 45 £ 1.9 3.8 + 1.1 5.2 £ 1.4
20:4n-6 6.4 + 2.7 5.7 + 1.6 7.6 £ 2.3
18:3n-3 254 £ 792 148 + 35P 246 + 67%
20:3n-3 1.5 + 1.0° 0.1 + 0.4 1.4 + 0.9*
20:5n-3 4.4 £ 1.7 2.8 + 0.5" 4.7 £ 1.5°
22:5n-3 5.8 + 2.6%P 3.7 + 1.1° 6.3 + 1.8°
22:6n-3 8.9 £ 3.5 8.8 + 1.6 9.1 + 2.6
n=9 n=8 n=8

Fatty acid content values (umol/g, Table 6) were multiplied by the total epididymal adipose mass to yield total fatty acid content for the adipose depot. LF, Low fat; OA, Oleic acid; SFA,

Saturated fatty acid.
4 Data are mean + SD.

¢ Means with different letters are significantly different (p < 0.05) from values in the same row by one way ANOVA.
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Fig. 4. High OA diet reduces hepatic LA—derived and ALA derived oxylipins
and increases PGF 5. Data are the mean + SD; n=9 control; n=8 for high OA and high
SFA diets Data were compared using a one-way ANOVA with Tukey's contrasts. Columns
with different letters are significantly different, p<0.05. HODE; Hydroxyoctadecadienoic
acid; HOTTE, Hydroxyoctadecatrienoic acid; LF, Low fat; OA, Oleic acid; SFA, Saturated
fatty acid.

consumption of the high SFA diet. A comprehensive table of the
adipose oxylipins observed is provided in Supplementary Table 2.

4. Discussion

Studies indicate that obesity may impair the synthesis of LCPUFA
from dietary ALA and LA [12,13]. The extent to which the non-
essential fatty acid (SFA and MUFA) components of obesogenic diets
impact PUFA metabolism is not clear. Therefore we examined whether
obesogenic diets made with SFA vs OA had different impacts on
LCPUFA metabolism. A strength of this current work is that the
animals consumed identical amounts of ALA and LA between all three
groups. Thus, changes in PUFA metabolic endpoints are not attribu-
table to differences in dietary PUFA but rather to OA and SFA content.

That non-essential fatty acids like OA and SFA impact the meta-
bolism of PUFA was recognized with respect to induction of PUFA
deficiency in growing animals [20,21,35]. In all peripheral organs we
examined, the content of LA and ALA was reduced by intake of a high
OA diet but not a diet made with high SFA. These decrements of ALA
and LA did not translate into reductions in the tissue content of their
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respective elongated n-3 and n-6 LCPUFA, DHA and ARA, in liver and
heart. Surprisingly, the high SFA diet led to selective increases in LC
PUFA, namely hepatic NL-esterified DHA, renal PL-esterified DHA and
ARA, and cardiac PL-esterified ARA. The causes for these SFA-induced
elevations are not clear.

The accumulation of DHA and ARA in the hepatic NL pool in high
OA-treated animals may reflect a decrease in TAG export from the liver
given the elevated hepatic TAG content. Previous data indicate that
infusion of OA reduces very low density lipoprotein (VLDL) secretion
from the liver [36]. The physiological impact of elevated DHA in the NL
fraction of high OA-fed mice is not clear. While the liver is considered a
major site for the synthesis and export of DHA, the rat heart, on the
other hand, has very limited ability to synthesize DHA and must obtain
DHA from the plasma [37]. That cardiac levels of DHA were not
impacted by the high OA diet suggests that the accumulation of DHA in
the hepatic NL fraction may not be rate limiting for distribution to
other tissues.

Our data indicate that the high OA, obesogenic diet affected renal
PUFA metabolism. In the kidney, decreases in NL-esterified n-3 PUFA
(DHA, ALA, and intermediates) and n-6 PUFA (LA and intermediates)
occurred. Similarly, while renal PL-esterified DHA and ARA were not
altered, levels of 20 carbon n-3 intermediates (in addition to ALA) and
ARA precursors were reduced. It is not clear why there was a selective
reduction of DHA, but not ARA, in the NL fraction. Subsequent study is
needed to determine the extent to which PUFA elongation and
desaturation products synthesized within the kidney are reduced vs
those obtained acquired from plasma lipoproteins, e.g. from hepatic
export or chylomicrons.

It is generally held and clinical data support that adipose tissue
fatty acid composition reflects the fatty acid of the diet [38,39]. While
our data do show that the SFA and MUFA content of the adipose tissue
reflects that of the diet, this observation does not apply to PUFA. Our
observations indicate that even under conditions of constant PUFA
intake, PUFA composition of visceral (epididymal) adipose tissue is
modifiable by intake of the obesogenic diets and by the OA content of
those diets. We hypothesize that at least two separate mechanisms exist
that lead to reductions in adipose PUFA. The first mechanism
represents dilution of PUFA by the higher levels of MUFA and SFA
during adipose expansion. This may account for the observed decreases
in PUFA when expressed as a mol fatty acid / gram adipose and
normalization of these decreases when expressed as the total adipose
mass for the high SFA group. That ALA and LA levels in the high OA
diet groups were reduced compared to the SFA group under both
conditions indicates an inhibition of LA and ALA uptake into the
adipose tissue.

That there can be competitive inhibition of LA and ALA uptake into
cells is supported by the fact that the fatty acid transporter CD36
transports OA with a lower Ky; (60 nM) than for linoleic acid (220 nM),
although the Ky, for ALA has not been reported [40]. This transporter
is expressed in a number of cell types including adipocytes, enterocytes,
and fibroblasts [41-43]. The extent to which there is competition for
incorporation into specific lipid pools intracellularly is not clear. In vivo
tracer studies using labeled ALA and LA and in vitro experiments are
needed to confirm these mechanisms.

In addition to basic fatty acid endpoints, we examined whether
downstream PUFA metabolism to oxylipins was influenced by fatty acid
content of the diet. Oxylipins derived from the oxidation of LA and ALA
have biological activity in vitro and their levels can be modified by dietary
ALA and LA content [14,16,44,45] in vivo. In humans, plasma levels of 9-
HODE and 13-HODE are elevated with hepatic steatosis and decrease
following weight loss [46]. Our data indicate that the hepatic and adipose
levels of 9-HODE (derived from LA) and 9-HOTrE (derived from ALA)
and other oxylipins are reduced by dietary MUFA under high-fat condi-
tions even though hepatic lipids and blood glucose are elevated. As such,
the extent that these oxidation products are related to the development of
fatty liver and insulin resistance is not clear.
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Fig. 5. High OA diet suppresses multiple LA-derived and ALA-derived oxylipins in epididymal adipose tissue. Data are the mean + SD; n=9 control; n=8 for high OA and
high SFA diets. Data were compared using a one-way ANOVA with Tukey's contrasts. Columns with different letters are significantly different, p<0.05. DiHOME,
Dihydroxyoctadecaenoic acid; HODE, Hydroxyoctadecadienoic acid; HOTTE, Hydroxyoctadecatrienoic acid; LF, Low fat; OA, Oleic acid; SFA, Saturated fatty acid; TriHOME,
Trihydroxyoctadecaenoic acid.

While the data point to decreases in tissue content of LA and ALA formation or an increase in the rate of clearance of these oxylipins. It is
as initial causes of lower levels of these oxylipins, other explanations unlikely that changes in adipose content are a simple influence of mass
may exist. We cannot exclude that there is a decrease in the rate of balance given that adipose levels of LA and ALA are magnitudes higher
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than in liver yet the adipose content of 9-HODE and 9-HOTTE are 10-
fold lower than in liver. As these oxylipins are observed in the plasma,
the adipose content of these oxylipins may be a function of accumula-
tion from the plasma compartment [15,47].

The elevation of hepatic levels of PGF», in animals consuming the
high OA diet was the only change in the prostanoid endpoints
observed. The increase in hepatic PGF, is intriguing as PGF», modifies
hepatic glucose metabolism [48—-50]. Some studies have shown that
PGF,, released from Kuppfer cells blocks glycogenolysis through
inhibition of glucagon-stimulated cAMP formation [50]. Rat hepato-
cytes express receptors for the PGF», receptor with a Kp of 3 nM, a
concentration similar to the tissue levels of PGF,, detected in our
murine liver samples [51,52].

Changes in hepatic CL fatty acid composition influence the activity of
several mitochondrial enzymes [34,53,54]. Although the level of PL-
esterified LA was reduced by the high OA diet, we were surprised to
observe that the percent of CL-esterified LA was not changed whereas the
content of OA and ARA were elevated. The high SFA diet increased the
desaturation level of CL by increasing ARA and DHA while reducing
palmitate content. These data indicate that both high-fat diets increased
the level of unsaturated fatty acids in the CL fraction. Higher level of
unsaturation of mitochondrial PLs is associated with increased mitochon-
drial uncoupling rates and fatty acid oxidation rates and may underlie in
part an adaptation to increase fatty acid utilization for energy [34].

The differences in hepatic TAG content were striking given the fact
that both diets contained the same energy as fat and that both
obesogenic diets induced the same level of weight gain and increase
in adiposity. Several mechanisms may underlie this result including
OA-induced decreases in hepatic VLDL secretion, changes in fatty acid
oxidation and elevated fatty acid inputs either from de novo lipogenesis
or from plasma free fatty acids [36,55,56]. Similar to our work,
Buettner and colleagues demonstrated that intake of an obesogenic
diet made with coconut oil promotes insulin sensitivity and elevates
adiposity. In that study, however, hepatic TAG content was elevated vs
controls, unlike our results, perhaps as a result of the near total lack of
PUFA in the coconut oil-based diet used in that study [5].

Our data indicate that more study is needed to evaluate the health roles
of medium chain SFA. Multiple studies have used the medium chain SFA
octanoic acid (8:0) and decanoic acid (10:0) to show a protective effect
against obesity in humans and reduces steatosis in a rodent model
[3,57,58]. Our diet contained only minor amounts of decanoic acid.
However, the high SFA diet did contain significant amounts of lauric acid
(12:0) which has properties of both MCT and longer chain SFA and
undergoes chylomicron transport to adipose [58]. Subsequent research is
needed to determine how specific SFAs impact the development of hepatic
steatosis. In our study we chose to SFA that comprised the spectrum of
SFA eaten worldwide [59]. While 12:0 is not common is the western diet,
the use of coconut oil is increasing, and moreover, levels of obesity are
increasing in Middle Eastern and Asian countries [1,60].

In our study we chose to use high fat, hypercaloric diets that are typically
used in mechanistic studies to induce obesity in rodents. We recognize that
total amount of fat energy (50% en) in the diets is higher than median
reported intake (35% en) for Americans (2013—-2014 NHANES) and as such
have a higher percent of calories from OA, total SFA, and palmitic acid [59].
With dietary guidelines emphasizing the reduction of SFA intake [6] and
efforts to replace PUFA with OA in dietary oils [61], our results indicate the
need for greater study of the impact of OA and SFA at differing intake levels
upon PUFA metabolism and hepatic lipid metabolism.
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Supplementary Table S1. Oxylipins detected in hepatic tissue

Oxylipin
10-HDoHE1
11,12 DIHETrE
11,12 EpETrE
118 PGF2a
11-HDoHE
11-HETE
12,13 diHODE
12,13 diHOME
12,13 EpODE
12,13 EpOME
12-HEPE
12-HETE
12-HHTrE
12-oxoETE

13 oxoOTrE
13-HDoHE
13-HODE
13-HOTrE
13-HOTrE-y
13-0xoODE
14,15 DIiHETrE
14,15 EpETE
14,15 EpETrE
14-HDoHE
15d PGA2
15-HEPE
15-HETE
15-HETrE
15-oxoETE
16,17 EpDPE
16-HDoHE
16-HETE
17,18 EpETE
17-HDoHE
17-HETE
18-HEPE
18-HETE
19,20 DiHDoPE
19,20 EpDPE
20-HDoHE
4-HDoHE
5,15 diHETE
5,6 EpETrE
5-HEPE
5-HETE
5-0xoETE

Parent PUFA
18:2n-6
20:4n-6
20:4n-6
20:4n-6
22:6n-3
20:4n-6
18:3n-3
18:2n-6
18:3n-3
18:2n-6
20:5n-3
20:4n-6
20:4n-6
20:4n-6
18:3n-3
22:6n-3
18:2n-6
18:3n-3
20:3n-6
18:2n-6
20:4n-6
20:5n-3
20:4n-6
22:6n-3
20:4n-6
20:5n-3
20:4n-6
20:3n-6
20:4n-6
22:6n-3
22:6n-3
20:4n-6
20:5n-3
22:6n-3
20:4n-6
20:5n-3
20:4n-6
22:6n-3
22:6n-3
22:6n-3
22:6n-3
20:4n-6
20:4n-6
20:5n-3
20:4n-6
20:4n-6

16% Fat Energy
Low Fat

Mean SD

3.12E-02 6.70E-03
2.80E-03 7.24E-04
6.11E-03 2.84E-03
1.47E-01 8.20E-02
4.37E-02 1.18E-02
2.81E-02 5.36E-03
5.02E-02 1.88E-02
2.55E-02 7.13E-03
1.08E-02 4.72E-03
3.08E-02 1.55E-02
4.08E-01 2.53E-01
8.84E-02 3.17E-02
4.92E-02 1.27E-02
1.85E-02 8.22E-03
2.73E-01 1.45E-01
2.15E-02 2.15E-03
2.80E-01 7.00E-02
6.83E-02 1.80E-02
1.43E-02 4.56E-03
6.65E-02 3.99E-02
5.10E-03 1.06E-03
2.27E-03 1.17E-03
3.47E-03 1.52E-03
7.50E-02 1.87E-02
7.76E-02 3.71E-02
1.69E-02 8.31E-03
3.42E-02 7.73E-03
3.45E-03 9.49E-04
8.99E-03 4.19E-03
6.92E-02 2.94E-02
1.83E-02 2.55E-03
1.37E-02 2.59E-03
3.64E-03 2.24E-03
3.92E-02 5.28E-03
4.36E-03 1.93E-03
2.55E-01 1.45E-01
1.51E-02 4.30E-03
1.51E-02 4.60E-03
5.85E-03 2.88E-03
2.81E-01 1.77E-01
1.45E-01 5.23E-02
4.50E-03 1.38E-03
1.14E+00 6.33E-01
5.75E-02 2.04E-02
3.62E-02 1.29E-02
1.15E-02 5.94E-03

Dietary Groups

50% Fat Energy
High OA

All values are nmol/g tissue

Mean
3.48E-02
3.94E-03
5.16E-03
8.42E-02
5.46E-02
2.67E-02
3.89E-02
2.68E-02
6.97E-03
2.32E-02
3.56E-01
8.73E-02
6.25E-02
2.23E-02
2.06E-01
2.35E-02
1.57E-01
2.73E-02
8.84E-03
5.57E-02
8.37E-03
2.08E-03
3.28E-03
8.10E-02
6.08E-02
1.20E-02
3.11E-02
4.47E-03
1.11E-02
8.09E-02
2.17E-02
1.20E-02
3.05E-03
4.29E-02
4.52E-03
1.78E-01
1.57E-02
3.49E-02
8.03E-03
3.15E-01
1.77E-01
4.53E-03
8.92E-01
4.90E-02
3.49E-02
1.29E-02

SD
1.40E-02
1.32E-03
2.98E-03
3.01E-02
1.98E-02
1.04E-02
2.78E-02
3.17E-02
5.04E-03
1.68E-02
2.63E-01
4.04E-02
3.04E-02
9.04E-03
8.50E-02
9.61E-03
8.94E-02
1.19E-02
3.09E-03
5.25E-02
5.80E-03
2.44E-03
3.17E-03
2.60E-02
2.24E-02
5.30E-03
1.10E-02
3.04E-03
4.96E-03
6.55E-02
1.05E-02
2.46E-03
3.04E-03
1.66E-02
1.99E-03
8.95E-02
4.58E-03
3.09E-02
6.46E-03
2.05E-01
6.82E-02
1.48E-03
7.08E-01
2.28E-02
1.15E-02
5.28E-03

50% Fat Energy
High SFA

Mean
3.36E-02
3.88E-03
6.03E-03
1.09E-01
4.64E-02
2.55E-02
3.32E-02
1.87E-02
1.14E-02
3.53E-02
3.10E-01
8.90E-02
4.46E-02
1.72E-02
2.06E-01
2.57E-02
2.47E-01
7.44E-02
1.06E-02
6.01E-02
6.95E-03
2.63E-03
4.23E-03
8.55E-02
8.41E-02
1.85E-02
3.35E-02
2.97E-03
8.08E-03
8.74E-02
2.23E-02
1.50E-02
4.33E-03
4.60E-02
6.01E-03
2.74E-01
2.09E-02
1.81E-02
7.57E-03
3.46E-01
1.64E-01
4.52E-03
1.04E+00
5.47E-02
3.49E-02
1.08E-02

SD
1.32E-02
1.07E-03
2.68E-03
2.13E-02
1.61E-02
6.78E-03
1.08E-02
5.65E-03
3.97E-03
1.46E-02
9.93E-02
2.94E-02
1.26E-02
7.27E-03
8.97E-02
8.46E-03
1.46E-01
5.93E-02
4.81E-03
3.84E-02
2.37E-03
1.91E-03
2.90E-03
3.31E-02
3.84E-02
1.18E-02
8.43E-03
8.74E-04
3.85E-03
6.48E-02
7.81E-03
6.66E-03
3.62E-03
1.53E-02
3.50E-03
1.52E-01
8.03E-03
6.63E-03
6.44E-03
2.29E-01
7.10E-02
1.21E-03
6.38E-01
1.76E-02
9.08E-03
5.65E-03



6 keto PGFla
LXA4

7-HDoHE

8,9 DIiHETTE

8,9 EpETrE
8-HETE

8-HETrE

9 oxoOTrE

9,10 diHOME
9,10 EpOME
9,10,13 triHOME
9,12,13 triHOME
9-HEPE
9-HODE*
9-HOTrE*
9-o0xo0ODE
dihydro keto PGE2

dihydro keto PGF2a

PGD3

PGE2

PGE3

PGF2a*

tetranor 12-HETE
TXB2

TXB3

20:4n-6
20:4n-6
22:6n-3
20:4n-6
20:4n-6
20:4n-6
20:3n-6
18:3n-3
18:2n-6
18:2n-6
18:2n-6
18:2n-6
20:5n-3
18:2n-6
18:2n-6
18:2n-6
20:4n-6
20:4n-6
20:5n-3
20:4n-6
20:5n-3
20:4n-6
20:4n-6
20:4n-6
20:5n-3

1.57E-03
1.59E-02
1.63E-02
8.68E-04
6.46E-03
8.75E-03
5.90E-03
1.68E-02
7.30E-03
2.48E-02
9.00E-02
8.85E-01
1.29E-01
2.55E-01
8.70E-02
1.49E-01
1.54E-02
3.84E-04
1.92E-02
1.24E-03
1.14E-02
3.41E-03
4.95E-03
1.89E-03
1.32E-03

5.30E-04
8.26E-03
5.15E-03
2.65E-04
2.71E-03
2.27E-03
2.92E-03
9.76E-03
2.14E-03
1.26E-02
3.72E-02
3.12E-01
6.74E-02
5.47E-02
2.83E-02
1.04E-01
1.28E-02
1.10E-04
1.32E-02
2.70E-04
5.36E-03
1.04E-03
1.82E-03
3.24E-04
3.20E-04

n=9

1.55E-03
1.57E-02
1.93E-02
1.26E-03
7.32E-03
8.26E-03
6.22E-03
1.16E-02
5.64E-03
1.58E-02
9.89E-02
7.55E-01
1.03E-01
1.56E-01
4.13E-02
1.16E-01
1.33E-02
6.51E-04
1.66E-02
1.49E-03
6.47E-03
6.13E-03
4.90E-03
2.89E-03
1.31E-03

7.95E-04
9.63E-03
6.29E-03
5.25E-04
4.31E-03
3.18E-03
3.70E-03
1.05E-02
3.09E-03
1.28E-02
8.43E-02
5.72E-01
5.38E-02
9.62E-02
1.97E-02
1.01E-01
3.45E-03
2.21E-04
1.67E-02
6.35E-04
2.20E-03
3.55E-03
1.67E-03
1.62E-03
5.48E-04

n=8

1.57E-03
9.61E-03
1.77E-02
1.18E-03
5.62E-03
7.71E-03
4.36E-03
1.41E-02
6.00E-03
2.17E-02
8.00E-02
1.43E+00
1.05E-01
1.93E-01
7.09E-02
1.02E-01
5.18E-02
3.70E-04
2.16E-02
1.42E-03
3.20E-02
3.94E-03
5.00E-03
2.46E-03
1.23E-03

6.29E-04
6.33E-03
7.01E-03
3.47E-04
2.20E-03
1.44E-03
1.11E-03
9.33E-03
2.04E-03
8.52E-03
4.90E-02
1.75E+00
3.06E-02
7.11E-02 a,b
3.06E-02 a,b
6.30E-02
9.28E-02
1.76E-04
2.20E-02
3.42E-04
4.53E-02
7.73E-04 a,b
2.38E-03
8.38E-04
3.93E-04

n=8

*Oxylipins only for which there are significant differences are listed in the main text. In many cases, there
were either no differences between groups or several values were below the limit of detection. Values for

oxylipins denoted with a different letter are significantly different from other groups using a one-way
ANOVA with Tukey contrasts.

Abbreviations: Dihydroxyoctadecaenoic acid (DiHOME); Epoxydocosapentaenoic acid (EpDPE); Epoxyeicosatetraenoic acid
(EpETE); Epoxyoctadecadienoic acid (EpODE); Epoxyoctadecaenoic acid (EpOME); Epoxyeicosatrienoic acid (EpETrE);
Hydroxydocosahexaenoic acid (HDoHE); Hydroxyeicosapentaenoic acid (HEPE); Hydroxyeicosatetraenoic acid (HETE);
Hydroxyeicosatrienoic acid (HETrE); Hydroxyoctadecadienoic acid (HODE); Hydroxyoctadecatrienoic acid (HOTrE); Low fat
(LF); Polyunsaturated fatty acid (PUFA); Oleic Acid (OA); Prostaglandin (PG); Saturated Fatty Acid (SFA); Thromboxane (Tx);



Supplementary Table S2. Oxylipins detected in epididymal adipose tissue

Dietary Group

16% Fat Energy 50% Fat Energy 50% Fat Energy
Low Fat High OA High SFA
All values are nmol/g tissue

Oxylipin Parent PUFA Mean SD Mean SD Mean SD

11-HETE1 20:4n-6 7.79E-04 4.41E-04 5.86E-04 2.53E-04 1.10E-03 9.34E-04
12,13 diHOME* 18:2n-6 5.50E-03 3.23E-03 a 8.66E-04 8.97E-04 b 1.10E-03 4.48E-04
12-HEPE 20:5n-3 1.70E-03  1.22E-03 8.72E-04 5.01E-04 8.96E-04 3.01E-04
13-HODE* 18:2n-6 7.42E-02 4.84E-02 a 2.78E-02 8.59E-03 b 4.06E-02 1.83E-02
13-HOTrE* 18:3n-3 1.16E-02 7.40E-03 a 2.89E-03 7.91E-04 b 7.34E-03 2.61E-03
14-HDoHE 22:6n-3 4.37E-03 2.63E-03 3.18E-03 8.54E-04 4.37E-03 1.83E-03
15-HETrE 20:3n-6 4.98E-04 2.22E-04 LOD> 3.28E-04 1.54E-04
16-HDoHE 22:6n-3 9.75E-04 1.97E-04 7.10E-04 2.95E-04 7.88E-04 1.86E-04
17-HDoHE 22:6n-3 8.22E-03 2.26E-03 6.05E-03 1.40E-03 5.66E-03 9.25E-04
4-HDoHE 22:6n-3 1.75E-03 1.12E-03 1.21E-03 4.71E-04 1.34E-03 4.72E-04
5-HEPE 20:5n-3 7.67E-03  1.32E-02 2.74E-03 1.10E-03 4.12E-03 1.62E-03
5-HETE 20:4n-6 2.55E-03 2.51E-03 8.35E-04 1.98E-04 1.31E-03 2.74E-04
9,10 diHOME* 18:2n-6 1.93E-03 1.72E-03 a 1.01E-03 0.00E+00 b 1.48E-03 1.38E-03
9,10,13 triHOME* 18:2n-6 3.64E-01 6.91E-01 a 4.50E-02 4.00E-02 b 3.01E-01 5.69E-01
9,12,13 triHOME* 18:2n-6 2.49E+00 4.64E+00 a 3.42E-01 2.89E-01 b 1.30E+00 1.84E+00
9-HODE* 18:2n-6 5.50E-02 5.96E-02 a 1.40E-02 5.36E-03 b 2.77E-02  1.67E-02
9-HOTrE* 18:3n-3 3.56E-03 1.84E-03 a 1.21E-03 2.28E-04 b 2.31E-03 1.06E-03
PGE2 20:4n-6 3.32E-04 3.55E-04 3.42E-04 2.55E-04 2.67E-03 2.33E-03
Resolvin D2 22:6n-3 2.48E-02 2.35E-02 1.39E-02 1.20E-02 6.86E-03  6.40E-03

n=9 n==8 n=8

*Oxylipins only for which there are significant differences are listed in the main text. In many
cases, there were either no differences between groups or several values were below the limit of
detection (LOD). Values for oxylipins denoted with a different letter are significantly different
from other groups using a one-way ANOVA with Tukey contrasts.

Abbreviations: Dihydroxyoctadecaenoic acid (DiHOME); Epoxydocosapentaenoic acid (EpDPE); Epoxyeicosatetraenoic acid
(EpETE); Epoxyoctadecadienoic acid (EpODE); Epoxyoctadecaenoic acid (EpOME); Epoxyeicosatrienoic acid (EpETrE);
Hydroxydocosahexaenoic acid (HDoHE); Hydroxyeicosapentaenoic acid (HEPE); Hydroxyeicosatetraenoic acid (HETE);
Hydroxyeicosatrienoic acid (HETrE); Hydroxyoctadecadienoic acid (HODE); Hydroxyoctadecatrienoic acid (HOTrE); Low fat
(LF); Polyunsaturated fatty acid (PUFA); Oleic Acid (OA); Prostaglandin (PG); Saturated Fatty Acid (SFA); Thromboxane (Tx);
Trihydroxyoctadecaenoic acid (TriHOME)

a,b

a,b
a,b

a,b
a,b
a,b
a,b
a,b
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