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Abstract A vast literature on fatty acids in mammals exists,
but comparable compositional data on oxylipins is lacking.
Weanling Sprague-Dawley rats were therefore provided con-
trol diets or diets with higher linoleic acid (LA) or with higher
LA and «-linolenic acid (LA+ALA) for 6 weeks. Kidneys, liv-
ers, and serum were analyzed for oxylipins and fatty acids.
The proportion of tissue oxylipins derived from LA was
greater than the relative proportion of LA itself, whereas ara-
chidonic acid (AA) oxylipins were overrepresented in serum.
Higher dietary LA increased kidney LA and AA oxylipins,
despite not altering LA or AA. In liver, both LA and AA and
their oxylipins were higher, whereas in serum only LA oxy-
lipins were higher with higher dietary LA. Higher LA resulted
in a higher ratio of n-6/n-3 PUFA-derived oxylipins; adding
ALA to the LA diet mitigated this and many, but not all,
effects of the LA diet. Approximately 40% of oxylipins de-
tected were influenced by sex and, unlike their PUFA precur-
sors, most (>90%) of these were higher in males.ll These
differences in dietary LA and sex on oxylipin and fatty acid
profiles further our understanding of the effects of fatty ac-
ids and may have implications for dietary LA recommenda-
tions.—Leng, S., T. Winter, and H. M. Aukema. Dietary LA
and sex effects on oxylipin profiles in rat kidney, liver, and
serum differ from their effects on PUFAs. J. Lipid Res. 2017.
58:1702-1712.
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There is a vast and growing literature on fatty acids in
mammals, but basic compositional data on the bioactive lip-
ids derived from these fatty acids is currently lacking. One
important set of bioactive lipids that mediate many of the ef-
fects of PUFAs are known as oxylipins. These oxygenated
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products of PUFAs are produced via the cyclooxygenase
(COX), lipoxygenase (LOX), and cytochrome P450 (CYP)
pathways to produce oxylipins, such as prostaglandins (PGs),
thromboxanes (TXs), leukotrienes (LTs), and many more,
including the more recently described resolvins and protec-
tins (1). With the advancement of MS methods in tandem
with LC (2), profiling of these oxylipins is now feasible. Sev-
eral recent studies in renal disease suggest that PUFA compo-
sition may not necessarily provide an accurate reflection of
oxylipins in tissues (3, 4). Because fatty acid composition is
often interpreted under the assumption that many of its ef-
fects are mediated via the oxylipins that it produces, it is im-
perative to determine the actual oxylipin profile and how it is
associated with the PUFA profile under normal conditions.
Oxylipin compared with fatty acid profiling may have rel-
evance to dietary recommendations for PUFAs. For exam-
ple, linoleic acid (LA) intake has increased over the last half
century in North America (5, 6), but a consensus on opti-
mal intake has not been reached. Recommendations for
dietary LA still vary considerably around the world, ranging
from 1-2% of energy, the level required to prevent essential
fatty acid deficiency, to 5-10% of energy, the level thought
to reduce the risk of chronic disease [reviewed in (7)]. The
dietary reference intake report for fatty acids and the Dietary
Guidelines for Americans 2015-2020 support 5-10% of en-
ergy from n-6 PUFAs (predominantly LA) for optimal health
(8, 9), while the American Heart Association suggests that
even more than 10% energy from n-6 PUFAs may confer
additional benefits (10). This remains highly controversial
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because a higher n-6/n-3 PUFA ratio is thought to increase
inflammation via its effect on altering the n-6/n-3 oxylipin
profile (11-13). However, although it has recently been
shown that large changes in LA alter the levels of LA oxy-
lipins (4, 14, 15), whether changes in dietary LA in the nor-
mal range of current intake affect LA oxylipins is not known.
The effect of dietary LA on LA oxylipins is also likely impor-
tant because LA oxylipins can make up more than half of all
oxylipins by mass (e.g., rat kidney) (4). Further, it is not
known how normal dietary LA affects oxylipins derived
from other n-6 or n-3 PUFA-derived oxylipins. The arachi-
donic acid (AA)-derived oxylipins are of particular interest,
as they are the most well-characterized and have predomi-
nantly pro-inflammatory effects (1, 13). Large changes in
dietary LA do not alter blood AA levels (16), so it has been
assumed that AA oxylipins are also not affected, but whether
this tight regulation of AA levels in blood is reflected in AA
oxylipins or whether blood oxylipin levels accurately reflect
tissue levels is also not known.

Oxylipin profiling may also be relevant to further under-
standing sex differences in health and disease (17). Sex
effects on fatty acid metabolism have been documented
(18-20), but effects in oxylipins have largely been restricted
to studies of one or two eicosanoids derived from AA (21, 22)
and to in vitro and ex vivo studies of sex hormone effects on
oxylipin synthetic and degradative enzymes (23-25). Results
from these studies appear to be conflicting, with no pattern
being apparent. Examination of the overall oxylipin profile
in tissues may reveal such patterns and provide further un-
derstanding of sex differences in health and metabolism.

In the current study, we report the oxylipin profiles in
rat kidney, liver, and serum and examine the effect of di-
etary LA and sex differences on these profiles. These com-
positional data, in comparison to PUFA data, reveal that
the oxylipin profile differs significantly from the profile of
the precursor PUFA, and that dietary LA and sex effects on
the oxylipin profile also do not mimic the PUFA profile.
The serum oxylipin profile also does not reflect tissue pro-
files. This foundational data has implications for further
understanding of fatty acids and their effects on mamma-
lian physiology, including dietary and sex effects.

MATERIALS AND METHODS

Diets and rat procedures

Six male and six female weanling Sprague-Dawley rats were pro-
vided three different diets, for a total of 36 rats. The rats were pro-
vided diets based on the AIN93G diet, except that the diets contained
10 g oil per100 g diet instead of 7 g oil per 100 g diet, and the source
of oil varied between diets, as outlined below and in the diet compo-
sition table (Table 1). The control diet had adequate levels of LA
and o-linolenic acid (ALA). In comparison, the LA diet had 3 g
more LA per 100 g diet and the same amount of ALA. The LA+ALA
diet also had 3 g more LA per 100 g diet than the control diet, plus
a higher ALA level to match the LA/ALA ratio of the control diet.
The higher LA and ALA in the latter diets were primarily at the ex-
pense of MUFAs, so all three diets had similar saturated and unsatu-
rated fatty acid compositions. All diet ingredients were obtained
from Dyets Inc. (Bethlehem, PA), except for tertbutylhydroqui-
none, which was from Sigma-Aldrich (Oakville, ON, Canada).

Rats were weighed bi-weekly and after 6 weeks of feeding were
anesthetized with isofluorane and euthanized via decapitation to
collect trunk blood to obtain serum, which was stored at —80°C
until analysis. The right kidney and a portion of the liver were
subsequently removed, immediately frozen in liquid nitrogen,
and also stored at —80°C until analysis. All procedures were per-
formed in accordance with the Canadian Council for Animal
Care guidelines and approved by the University of Manitoba Ani-
mal Care Committee.

Oxylipin analysis

Kidneys and livers were lyophilized, a representative portion was
homogenized in Tyrode’s salt solution, and samples for oxylipin
analysis were prepared and analyzed by HPLC/MS/MS multiple-
reaction monitoring, as described (4, 26). Briefly, 200 wl of tissue
homogenate or 400 ul of serum containing antioxidant were used
for oxylipin analysis. After adding deuterated internal standards
(Cayman Chemical, Ann Arbor, MI), samples were adjusted to pH
<3. Solid phase extraction was with Strata-X SPE columns (Phe-
nomenex, Torrance, CA) that were preconditioned with methanol
and pH 3 water, loaded with sample, rinsed with 10% methanol in
pH 3 water, and eluted with methanol. Samples were dried down
and resuspended in the starting mobile phase (water/acetoni-
trile/acetic acid, 70/30/0.02, v/v/v) for analysis by HPLC/MS/
MS (QTRAP 6500; Sciex, ON, Canada). Quantification of oxy-
lipins was determined using the stable isotope dilution method
(27). Dose response curves were used to determine response fac-
tors, which were applied to all oxylipins, unless otherwise noted
when primary standards were unavailable. Further details of oxy-
lipins scanned for, but below the limit of detection (<3 times above
baseline) or below the limit of quantitation (<5 times above base-
line), as well as mass transitions, internal standards, and retention
times, are provided in supplemental Tables S1 and S2.

Fatty acid analysis

For fatty acid analysis, 250 pl aliquots of the tissue homoge-
nates and serum containing antioxidants were used and ana-
lyzed as described (28). Briefly, lipids were extracted via solvent-
solvent extraction and purified by TLC (heptane/isopropyl/
acetic acid, 60/40/3, v/v/v) to isolate the phospholipid fraction
from tissues, while the whole lipid extract from serum was used
for fatty acid analysis. The phospholipid fraction was analyzed
for the tissues because PUFAs in phospholipid are the source
of oxylipins in tissue (29, 30). Oxylipins in blood, however, are
secreted from multiple tissues, so the total fatty acids in serum
were analyzed as representative of overall fatty acid composi-
tion. Fatty acids were methylated using methanolic HCI and
quantified by GC.

Statistical analyses

Data were analyzed using SAS 9.3 (SAS Institute Inc., Cary, NC).
The Shapiro-Wilk test was used to test normality. Data were analyzed
by using two-way ANOVA to test the main effects or were analyzed
using the Kruskal-Wallis test when data could not be normalized by
logarithmic transformation. The protected least squares means test
was used to detect differences between the three diets. Outliers were
removed if they were outside of the mean + 3SD for the diet and sex

group.

RESULTS

Differences in oxylipin and fatty acid profiles in rat
kidney, liver, and serum

All rats grew well, with males having higher body weights
throughout the study (supplemental Table S3). Of the 163
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TABLE 1.

Formulation of experimental diets

Control LA LA+ALA
/100 g diet

Ingredients
Cornstarch 34.9 34.9 34.9
Casein (87% protein) 20.7 20.7 20.7
Dextrinized cornstarch 13.7 13.7 13.7
Sucrose 10.3 10.3 10.3
Fiber 5.17 5.17 5.17
Mineral mix (AIN93G) 3.62 3.62 3.62
Vitamin mix (AIN 93) 1.03 1.03 1.03
L-cystine 0.31 0.31 0.31
Choline bitartrate 0.259 0.259 0.259
tert-Butylhydroquinone 0.002 0.002 0.002
Safflower oil — 4.3 —
Olive oil 7 — —
Soy oil 2.2 3.8 10
Coconut oil 0.65 1.9 —
Flax oil 0.15 — —

Total 100 100 100

Fatty acids
LA 2.13 5.21 5.35
ALA 0.27 0.28 0.71
Saturated fatty acids 1.93 2.37 1.56
Unsaturated fatty acids 6.63 7.16 8.15
MUFAs 4.22 1.66 2.07
PUFAs 2.41 5.5 6.08
LA/ALA 7.76 18.31 7.50
n-6/n-3 fatty acid ratio 7.74 18.11 7.45

oxylipins scanned, 69 were quantified in the kidney, 71 in
liver, and 60 in serum. As illustrated in the example in Fig. 1
and in detail in supplemental Table S4, ~80-90% of oxy-
lipin mass in kidney and liver was derived from n-6 PUFAs,
particularly from LA (33-61%) and AA (22-44%). Simi-
larly, >90% of oxylipin mass in serum was derived from n-6
PUFAs, but in serum most (73-81%) was derived from AA
rather than LA. In comparison to the mass amount of LA,
the oxylipins in kidney and liver derived from LA were pro-
portionately higher than LA itself, and the opposite was
true for AA and the other n-6 oxylipins. In comparison, in
serum, it was the AA oxylipins that were proportionately
higher than the level of their AA precursor (Fig. 1, supple-
mental Table S4).

Higher dietary LA results in higher levels of n-6 PUFA-
derived oxylipins, even when n-6 PUFAs are not higher
Increasing the level of dietary LA from 2 to 5 g per 100 g
diet resulted in higher n-6 oxylipins, even when the precur-
sor PUFA level was not increased. This was most clearly ex-
hibited in the kidney, where eicosadienoic acid (EDA) was
the only renal n-6 PUFA that was higher in the rats given
the LA diet, yet oxylipins derived from LA (4), AA (11),
and one each from +y-linolenic acid (GLA), dihomo-GLA
acid (DGLA), EDA, and adrenic acid (AdA) were higher
(Fig. 2; complete data and statistics are in supplemental
Tables Sba, S8). Other n-6-derived oxylipins that were not
significantly elevated followed the same trend, as evidenced
by the higher levels of total LA (84% higher), total AA
(35% higher), and total n-6-derived oxylipins (64% higher)
in the LA compared with the control group. In liver, the
LA diet increased the levels of LA, EDA, and AA, but not
GLA, DGLA, or AdA. This was accompanied by higher lev-
els of oxylipins from LA (7), AA (12), GLA (1), EDA (1),
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and AdA (1), as well as higher levels of total LA (175%
higher) and total n-6 PUFA-derived oxylipins (82% higher)
(Fig. 3; complete data and statistics are in supplemental
Tables S6a, S9). In comparison, serum exhibited only ele-
vated levels of EDA and AdA in LA compared with control-
fed rats, and only exhibited higher levels of oxylipins
derived from LA (5) and total LA oxylipins (75% higher)
(Fig. 4; complete data and statistics are in supplemental
Tables S7a, S10).

Higher dietary LA results in lower levels of n-3
PUFA-derived oxylipins

A higher level of dietary LA had fewer effects on n-3
PUFA-derived oxylipins that also differed in kidney, liver,
and serum. In kidney, the LA compared with the control
diet reduced EPA and DHA levels, but not ALA. Yet, only
one oxylipin derived from DHA was lower in kidneys of LA
fed rats (Fig. 2; supplemental Tables Sbb, S8). In the liver,
EPA was lower, but two ALA oxylipins were higher in the
LA group, and one EPA oxylipin and one DHA oxylipin
were lower (Fig. 3; supplemental Tables S6a, S9). In serum,
EPA and DHA, but not ALA, were lower in the LA group,
but only three EPA oxylipins were lower (Fig. 4; supple-
mental Tables S7a, S10). As a result, in kidney, liver, and
serum, both the fatty acid and the oxylipin n-6/n-3 ratios
were higher in the LA compared with the control group
(Table 2).

Higher LA with ALA, together, mitigates some, but not all,
effects on n-6 oxylipins

When both LA and ALA were increased in the diet to
maintain a similar LA/ALA ratio, the effect of elevating
n-6 oxylipins followed the same pattern as higher dietary
LA alone, although fewer n-6 PUFA-derived oxylipins were
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diet. Data are from female and male rats combined. For separate female and male data for all diets in kidney,

liver, and serum, see supplemental Table S4.

elevated. In the kidney, LA, EDA, and GLA (in males) were
higher in the LA+ALA compared with control-fed rats; this
treatment resulted in higher levels of oxylipins derived
from LA (5), AA (4), and one each from GLA and DGLA,
as well as higher levels of total LA (121% higher), total AA
(24% higher), and total n-6 PUFA-derived oxylipins (82%
higher) (Fig. 2; supplemental Tables S5a, S8). In liver, the
LA+ALA diet increased only LA and EDA, but increased
n-6 PUFA oxylipins derived from LA (7), AA (5), and EDA
(1), as well as resulting in higher levels of total LA (150%
higher) and total n-6 PUFA-derived oxylipins (59% higher)
(Fig. 3; supplemental Tables S6a, S9). Similar to the fewer
effects of the LA diet on n-6 PUFA-derived oxylipins in se-
rum compared with kidney and liver, the effects of LA+ALA
in serum on these oxylipins were also fewer: only LA and
three LA-derived oxylipins were higher in serum of rats
given the high LA+ALA diet compared with the control
diet (Fig. 3; supplemental Tables S7a, S10).

Higher LA with ALA, together, results in higher n-3
oxylipins, even when n-3 PUFAs are not higher

The LA+ALA diet had a much greater effect on n-3
PUFA-derived oxylipins than the LA diet when both were
compared with the control diet, particularly in the kidney.
In the kidney, the LA+ALA diet increased three ALA, four
EPA, and seven DHA oxylipins, as well as total ALA (186%
higher), total EPA (46% higher), total DHA (38% higher),
and total n-3 PUFA-derived oxylipins (55% higher) when
compared with the control group. These higher levels of
EPA and DHA oxylipins were present even though there
were no differences in EPA or DHA levels between the
LA+ALA and control groups (Fig. 2; supplemental Tables
S5b, S8). In the liver and serum, the LA+ALA diet also
affected n-3 PUFA-derived oxylipins, but the differences

were fewer than in the kidney. In the liver, only three ALA
oxylipins and one EPA oxylipin, as well as total ALA-
derived oxylipins were higher (by 278%) when compared
with the control diet. Again, these were higher despite a
lack of any differences in the levels of ALA or EPA between
these two groups (Fig. 3; supplemental Tables S6b, S9). In
serum, ALA was increased by the LA+ALA diet, and so were
two ALA as well as total ALA oxylipins (202% higher),
while neither EPA nor DHA, nor their oxylipin levels, were
different in rats given the LA+ALA compared with the con-
trol diet (Fig. 4; supplemental Tables S7b, S10). Therefore,
in contrast to the higher n-6/n-3 fatty acid and oxylipin
ratios in the LA compared with control groups, in the
LA+ALA group, these ratios were more similar to the con-
trol group (Table 2).

Oxylipins with sex effects are higher in males

Sex differences were observed in ~40% (30/69 oxylipins
in kidney, 32/71 in liver, and 23/60 in serum) of oxylipins
(Figs. 2—4, supplemental Tables S5-S7). Out of these, al-
most all were higher in males, with the following excep-
tions: in kidney, 20-HETE, 5,6-dihydroxy-eicosatrienoic
acid (DiHETYE) in the LA+ALA group, and all DHA-
derived oxylipins with sex effect were higher in females; in
liver, PGA, in the LA group, tetranor-12-HETE, 12-oxoETE,
20-carboxy-AA, PGF,,, and 13-hydroxy-docosahexaenoic
acid (HDoHE) were higher in females; in serum, 12,13-Di-
HODE and PGF;, were higher in females. In comparison,
the only PUFAs that were higher in males were DGLA in
kidney, LA, GLA, and DGLA in liver, and AdA in serum,
while in females all three n-3 PUFAs were higher in kidney,
AA and DHA were higher in liver, and GLA, AA, EPA, and
DHA were higher in serum (Figs. 2-4, supplemental Tables
S7-S10).

Rat tissue oxylipins: dietary linoleic acid and sex effects 1705



1706

n-6 Oxylipins

n-3 Oxylipins

Diet LA LA+ALA

Sex F M F M
AA oxylipins
PGD,
15d-PGD2
15d-PGJ2
PGE2
15k-PGEz [ ] =
PGA2
PGF2a
6k-PGFia
TXB:2
12-HHTrE
5-HETE
5,15-DiHETE
S-oxo0EIE
8-HETE
8,15-DiHETE
9-HETE
11-HETE

[ |

||
I .

12-HETE I .

12-0x0ETE --

tetranor-12-HETE --

HXB3 *

15-HETE .

15-0x0ETE

16-HEIE

20-HETE

5,6-DiHEITE

8,9-DiHEITE

11,12-DiHEITE

14,15-DiHEITE

5-iso- PGF2aV1
8-iso -PGF2alll

Sum

LA oxylipins

9-HODE

9-0x00DE
13-HODE
13-0x00DE

9,12,13-TriHOME

9,10-DiHO ME
12,13-DiHO ME
Sum

DGLA oxylipins
PGFia

8-HETYE
15-HETrE

Sum

8-iso-15k-PGF2¢s [N RN
sem NN RN

Other n-6 oxylipins
13-HO TrE-y
15-0x0EDE
Dihomo-PGD2 *
Dihomo-PGE2 *
Dihomo-PGF2a
Sum n-6

Sex
Effect

=

o

=2=2=

=

M

Diet
Sex

LA LA+ALA Sex
F_ M  Effect

ALA oxylipins
9-HOTrE
9-0x00TrE
13-HOTrE
12,13-EpODE
Sum

EPA oxylipins
PGE3

PGF3 a
S-HEPE
9-HEPE
12-HEPE
15-HEPE
18-HEPE
Sum

1
]
=2 =2+

DHA oxylipins
4-HDoHE
7-HDoHE
8-HDoHE
10-HDoHE
11-HDoHE
13-HDoHE
14-HDoHE
16-HDoHE
17-HDoHE
20-HDoHE
19,20-DiHDoPE
Sum

e R Mo R e B B B B B |

Sum n-3

E

Fatty Acids

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

'i

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

mmj =

Fig. 2. Differences in kidney oxylipins and fatty acids in rats given LA and LA+ALA compared with control
diets for 6 weeks. Oxylipins that are higher (black boxes) or lower (gray boxes) than the control diet are de-
noted by shading. Sex effects in at least one of the diets are denoted by M (higher in males) or F (higher in
females). Means, SEs, and P values are shown in supplemental Tables S5 and S8. *Denotes no primary stan-
dard so not quantified and not included in the sums. d, deoxy; DiHDoPE, dihydroxy-docosapentaenoic
acid; DiIHETrE, dihydroxy-eicosatrienoic acid; DiIHOME, dihydroxy-octadecenoic acid; EpODE, epoxy-
eicosadienoic acid; HDoHE, hydroxy-docosahexaenoic acid; HEPE, hydroxy-eicosapentaenoic acid;
HETYE, hydroxy-eicosatrienoic acid; HHTYE, hydroxy-heptadecatrienoic acid; HOTrE, hydroxy-octadecatrienoic
acid; HX, hepoxilin; k, keto; oxoEDE, oxo-eicosadienoic acid; oxoETE, oxo-eicosatetraenoic acid; oxoODE,
oxo-octadecadienoic acid; oxoOTrE, oxo-octadecatrienoic acid; PG, prostaglandin; TriHOME, trihydroxy-

octadecenoic acid; TX, thromboxane.
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Fig. 3. Differences in liver oxylipins and fatty acids in rats given LA and LA+ALA compared with control diets for 6 weeks. Oxylipins that
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by M (higher in males) or F (higher in females). Means, SEs, and Pvalues are shown in supplemental Tables S6 and S9. *Denotes no primary
standard so not quantified and not included in the sums. cooh, carboxy; d, deoxy; DiHDoPE, dihydroxy-docosapentaenoic acid; DIHETYE,
dihydroxy-eicosatrienoic acid; DIHOME, dihydroxy-octadecenoic acid; EpDPE, epoxy-eicosadocosapentaenoic acid; EpOME, epoxy-
octadecenoic acid; HDoHE, hydroxy-docosahexaenoic acid; HEPE, hydroxy-eicosapentaenoic acid; HETrE, hydroxy-eicosatrienoic
acid; HOTrE, hydroxy-octadecatrienoic acid; k, keto; LT, leukotriene; oxoEDE, oxo-eicosadienoic acid; oxoETE, oxo-eicosatetraenoic
acid; oxoODE, oxo-octadecadienoic acid; oxoOTrE, oxo-octadecatrienoic acid; PG, prostaglandin; Ry, resolvin; TriHOME, trihydroxy-
octadecenoic acid; TX, thromboxane.
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Fig. 4. Differences in serum oxylipins and fatty acids in rats given LA and La+ALA compared with control diets for 6 weeks. Oxylipins that
are higher (black boxes) or lower (gray boxes) than control diet are denoted by shading. Sex effects in at least one of the diets are denoted
by M (higher in males) or F (higher in females). Means, SEs, and Pvalues are shown in supplemental Tables S7 and S10. d, deoxy; DiIHETE,
dihydroxy-eicosatetraenoic acid; DiHDoPE, dihydroxy-docosapentaenoic acid; DIHOME, dihydroxy-octadecenoic acid; EpDPE, epoxy-
eicosadocosapentaenoic acid; EpOME, epoxy-octadecenoic acid; HDoHE, hydroxy-docosahexaenoic acid; HEPE, hydroxy-eicosapentaenoic
acid; HETrE, hydroxy-eicosatrienoic acid; HOTrE, hydroxy-octadecatrienoic acid; HX, hepoxilin; k, keto; LT, leukotriene; oxoETE,
oxo-eicosatetraenoic acid; oxoODE, oxo-octadecadienoic acid; oxoOTrE, oxo-octadecatrienoic acid; PG, prostaglandin; t, trans; TriHOME,

trihydroxy-octadecenoic acid; TX, thromboxane.

To account for the differing PUFA levels on oxylipin lev-
els, the ratios of oxylipins to parent PUFAs were deter-
mined for oxylipins formed from multiple PUFAs via the
following pathways: COX/PGE synthase, 5-LOX, 12-LOX,
15-LOX, CYP hydroxylase (PUFA hydroxylated at n-2 se-
lected), and CYP epoxygenase. These analyses revealed
that oxylipin/PUFA ratios in males were greater than or
similar to females for all oxylipins for all PUFA substrates
(except for the serum 12,13-DiHODE/ALA ratio). This
was also the case for DHA-derived oxylipins in kidneys,
which were higher in females despite having greater than
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or similar oxylipin/DHA levels for males. Oxylipin/PUFAs
for liver 5-LOX in rats provided control diets is shown in
Fig. 5 as an example; data for other enzymes for kidney,
liver, and serum and all diet groups are in supplemental
Table S11.

Oxylipin to PUFA ratios are n-3 > n-6 and 18-carbon
> 20-carbon > 22-carbon

The oxylipin to PUFA ratios were also used to examine
the relative levels of oxylipins compared with their pre-
cursor PUFAs. The pattern was similar in all pathways,



TABLE 2. The n-6/n-3 oxylipin and fatty acid ratios in kidney, liver, and serum of rats given control, LA and LA+ALA diets for 6 weeks

Control LA LA+ALA
Diet Female Male Female Male Female Male Diet Sex
Oxylipin ratios
Kidney 3.81 + 0.45" 6.09 + 0.60 7.71 + 0.80" 9.72 +0.77 453 +0.60° 7.54+0.77 <0.0001 0.0002
Liver 4.13 + 0.40° 4.2+0.15° 6.61 £ 0.49" 9.72 + 0.66" 5.31 £ 0.59" 5.23 + 0.28° 0.0022°
Serum 13.5 +2.34" 14.4 £ 0.92 18.1 +1.16* 20 +2.63 8.93 + 0.62° 12.2+1.07 <0.0001
Fatty acid ratios
Kidney 8.59 + 0.246° 16.2 £ 0.545 12.7 £ 0.897" 22 +0.745 9.73 + 0.493" 16.9 £ 0.293 <0.0001 <0.0001
Liver 3.98 +0.072° 4.55 + 0.08" 4.32 + 0.264° 6.82 + 0.532" 3.34 + 0.093° 5.31 + 0.252" <0.0001
Serum 7.85 + 0.515" 9.50 + 0.581 11.9 + 0.461* 14.9 + 0.811 7.48 + 0.221" 8.94+0.717 <0.0001 0.0001

Differing uppercase superscript letters shown on the female values within a row indicate differences between diets. Differing lowercase superscript

letters within a row indicate differences between means.

“Pvalue for diet x sex interaction or for Wilcoxin’s test Pvalue if the data were not normally distributed.

with relative oxylipin levels being higher in oxylipins de-
rived from n-3 compared with n-6 PUFAs. In addition,
the order of oxylipin/PUFA ratios was 18-carbon = 20-
carbon = 22-carbon PUFAs, with the exception of the 15-
LOX pathway, where 20-HDoHE/DHA was higher than
18-hydroxy-eicosapentaenoic acid (HEPE) /EPA in kidney
and serum (Fig. b, supplemental Table S11).

DISCUSSION

The oxylipin profiles of rat kidney, liver, and serum pre-
sented herein provide fundamental data on these bioactive
lipids. These compositional data complement the vast fatty
acid literature that currently exists and provides an ex-
panded perspective of the physiological effects of lipids
based on fatty acid profiles. It also points to the imperative
for greater understanding of the functions of oxylipins
individually and in combination in the context of tissue-
specific profiles, as our understanding of the functions and
relative bioactivities of many oxylipins is still limited. While
the rat tissue oxylipin profiles generally were similar to the
PUFA profiles, notable differences were observed that have
implications for how fatty acid data are interpreted.

Although large changes in dietary LA have been shown
to alter LA oxylipin production, the current study demon-
strates that more moderate differences in dietary LA also
affect LA oxylipins. Prior studies that have shown increased
LA oxylipins with increased dietary LA have compared di-
ets ranging from 4% to 40% of energy from LA in obese
rats (4), from 0.4% to 10.5% in normal rats (31), and from
2.4% to 6.7% in humans (32). In the current study, dietary
LA levels were 4.7% in the adequate diet and 11.4-11.8%
in the LA and LA+ALA diets, similar to the 5-10% of
energy range of dietary LA that is recommended by the
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Institute of Medicine (8). Thus dietary LA changes around
the normal range of intake levels influences LA oxylipins,
even when tissue LA levels may not be altered.

Because only extreme differences in LA intake have pre-
viously been documented to alter a small number of tissue
AA oxylipins (4, 14, 15, 33), and because there is strong evi-
dence that dietary LA does not alter blood AA levels (16),
it has been concluded that dietary LA has minimal effects
on AA oxylipins. The current findings, however, demon-
strate that increased dietary LA within the usual dietary
range resulted in higher levels of 10-12 AA oxylipins in
kidney and liver, as well as many LA, GLA, EDA, DGLA,
and AdA oxylipins in these tissues, and LA oxylipins in se-
rum. This may have implications for the current contro-
versy on whether dietary LA levels should be increased in
the Western diet. Over the past half century, dietary LA
consumption in the US has more than doubled (5, 6), and
current recommendations sanctioned by the American
Heart Association suggest that increasing these levels to
over 10% of energy may confer a cardiovascular benefit
(10). On the other hand, n-6 (compared with n-3) PUFAs
are generally considered to have pro-inflammatory charac-
teristics and caution in increasing the level of these PUFAs
also has been suggested (34-36). However, attempts to find
a pro-inflammatory effect of dietary LA using classical cyto-
kine and chemokine inflammatory markers have largely
failed to demonstrate an increase in these biomarkers (37).
The current study reveals that AA and other n-6 PUFA-
derived oxylipins with generally pro-inflammatory effects are
elevated in tissues of normal rats provided a higher LA diet.

Further, higher dietary LA also resulted in lower levels of
a small number of n-3 PUFA-derived oxylipins, as previ-
ously shown with more extreme changes in dietary LA (14,
31). Thus, the increase in n-6 PUFA oxylipins resulted in
an increase (by 37-96%) in the ratio of oxylipins derived

HFemale Fig. 5. Oxylipin/PUFA ratios for 5-LOX in liver in
O Male rats given control diets for 6 weeks. Differing letters
above each set of bars indicate differences between

oxylipin/PUFA ratios (P< 0.05). For all ratios [COX/

PGE synthase, 5- LOX, 12- LOX, 15-LOX, CYP hydrox-

o ylase (PUFA hydroxylated at n-2 selected), and CYP

epoxygenase] for all control, LA, and LA+ALA diets in
kidney, liver and serum, see supplemental Table S11.
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from n-6 to n-3 PUFAs, a change that would also be ex-
pected to increase inflammation, as n-3 oxylipins tend
to have anti-inflammatory properties (38). Increasing the
ALA content of the diet in the LA+ALA diet to maintain
the same LA/ALA ratio as in the control diet mitigated
some of the higher n-6 PUFA oxylipin levels even though
tissue LA levels were not different between the LA and
LA+ALA diets. This change in n-6 PUFA oxylipins in com-
bination with the higher levels of many n-3 PUFA oxylipins
in tissues and serum from rats given the LA+ALA diet re-
sulted in a lower or similar ratio of n-6/n-3 oxylipins to that
of the control diet, indicating that a small amount of ALA
may counteract the effects of a high LA diet.

The mechanism by which oxylipins are altered without a
corresponding change in their precursor PUFA levels in tis-
sue phospholipid remains to be explored. It may be that the
PUFA pool that provides precursors for oxylipin synthesis is
not reflected in tissue phospholipid or serum total PUFA
content. In addition, the PUFA amount is two to three orders
of magnitude greater than the oxylipin level in tissues, so
only a very small portion of PUFA is converted to oxylipins.
There is also some evidence that phospholipid is not the only
possible source of tissue oxylipins (39). If other lipid classes
are also direct sources of oxylipins, or are indirect sources via
flux of fatty acids through phospholipids, then the phospho-
lipid fatty acid composition may not necessarily reflect oxy-
lipin levels. The conversion of PUFAs to oxylipins and/or
their degradation also may be altered differently with differ-
ent dietary PUFAs, as indicated by the differences in the
oxylipin/PUFA ratios for different PUFAs metabolized by
the same enzymes. Other metabolic pathways, including
B-oxidation of fatty acids and conversion of fatty acids to
other fatty acids and lipid mediators, also possibly contribute
to differences in the levels of the products and precursors
(40-42).

Interestingly, the higher n-3-derived oxylipins in kidneys
from rats given the LA+ALA diets compared with both the
control and the LA groups resulted in higher levels of not
only ALA, but also EPA and DHA oxylipins (despite no dif-
ferences in EPA or DHA). This is consistent with our stud-
ies in models of renal disease that have demonstrated
increased DHA and EPA oxylipins with flax oil feeding (3,
4). Although the conversion of ALA to DHA is considered
to be very limited under normal conditions, DHA levels
can be increased by dietary ALA up to a plateau (43). A
similar phenomenon may be occurring at the oxylipin pro-
duction level and whether DHA oxylipins also reach a pla-
teau remains to be determined. The relative efficacy of
dietary ALA compared with EPA or DHA in increasing
their oxylipins also needs to be elucidated, as studies sug-
gest that the change in EPA and DHA oxylipins with dietary
fish oil is much greater than the relatively small differences
observed in the current study (44—46).

The effect of sex on oxylipin levels in tissues is largely
unexplored and the reports that are in the literature have
examined only individual or small numbers of oxylipins in
a number of tissues, with no general pattern being appar-
ent. Approximately 40% of all oxylipins detected in the
current analysis displayed sex effects and, of these, ~90%
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were higher in males. Further, when the level of oxylipins
was standardized relative to the precursor PUFA level (i.e.,
oxylipin/PUFA ratios), almost all oxylipins that had a sex
effect were higher in males.

Because sex differences in oxylipin profiles have not pre-
viously been reported, the rationale for this has not been
explored, but may be due to several factors. One reason
may be the level of substrate PUFAs, as was the case with
higher DHA oxylipins in female kidneys. In this case, the
much higher renal DHA levels in female kidneys was associ-
ated with higher DHA oxylipins, even though renal oxy-
lipin/DHA were either higher or not different in males
compared with females. Estrogen increases delta-6 desatu-
rase expression and liver and plasma DHA levels in rats
(20), likely providing some explanation for the higher
DHA and subsequent formation of DHA oxylipins in fe-
male kidneys. However, in many cases, sex differences in
PUFA and oxylipin levels were not correlated. Sex hormone
effects on enzymes involved in oxylipin synthesis or metab-
olism have been observed, and some examples may explain
some of the findings herein: increased renal 5-LOX in
ovariectomized rats with metabolic syndrome (23); inhibi-
tion of liver COX-2 activity (24); and increased TxA, excre-
tion in spontaneously hypertensive female rats (21). On
the other hand, there are also examples in the literature
that appear to conflict with the current findings: estrogen
induces 12- and 15-LOX activity in vascular smooth muscle
cells and upregulates COX-1 expression in pulmonary ar-
tery endothelium (25); peritoneal exudates of female mice
have higher levels of LTs (47).

One of the exceptions to the finding of higher oxylipin
levels in males was the higher level of 20-HETE or its me-
tabolite (20-carboxy-AA) in females. This finding also re-
quires further exploration because, while renal 20-HETE
levels have been reported to increase differentially during
different phases of pregnancy in rats (48), another report
demonstrated that androgen treatment in male CYP 4al4
knockout mice increases 20-HETE levels (49). Thus, while
the current data provides original data on sex differences
in oxylipins in the rat, much work remains to understand
and elucidate these differences.

The oxylipin/PUFA ratios also provide information on
in vivo PUFA selectivity of enzymes involved in the syn-
thesis and/or degradation of oxylipins. The n-3/n-6 oxy-
lipin ratios were higher than the precursor n-3/n-6 PUFA
ratios, indicating increased conversion and/or decreased
degradation of n-3 compared with n-6 oxylipins, relative
to their precursor PUFAs. Similar findings were shown in
kidneys of obese rats (4) and in CYP metabolites in the
blood and urine of normal volunteers supplemented
with fish oil (50). While the selectivity of CYP products by
n-3 over n-6 PUFAs has been supported by in vitro analy-
sis of various CYP isoforms (44), opposite selectivity has
been observed in vitro in other studies of LOX and COX
enzymes (51-54), indicating the complexity of the regu-
lation of these pathways. The discrepancy may also be
due to the fact that oxylipin/PUFA ratios not only reflect
synthesis but also may reflect degradation. Additionally,
the oxylipin/PUFA ratios for tissue C18 PUFAs compared



with their longer-chain PUFA counterparts were higher,
also consistent with previous findings in obese rat kid-
neys (4). As a result, C18-derived oxylipins are present in
much higher amounts than would be predicted from
their fatty acid levels, suggesting that they may have a
greater impact on physiology. Although much less is
known about the physiological effects of C18 compared
with C20- and C22-derived oxylipins, they have been as-
sociated with varied effects that are either protective
or harmful in a number of states, including inflammation
in processes associated with atherosclerosis, mitogenic
effects associated with cancer, pain sensitivity, and with
obesity and the metabolic syndrome (55, 56).

Although the data presented herein provide fundamental
data on oxylipins, several important limitations exist. Over
160 oxylipins were scanned for, but there are more metabo-
lites that are known, but for which standards are unavailable,
as well as potentially many other oxylipins that are yet to
be discovered. This also has implications for the n-6/n-3
oxylipin ratios calculated herein, and it is possible that un-
known oxylipins not measured could impact these ratios. In
addition, the oxylipins analyzed are those that are present in
free form and therefore presumably the bioactive forms, but
it does not include those esterified to tissue lipids. Hydrolysis
procedures that are currently used to cleave these bound oxy-
lipins result in degradation of certain classes of oxylipins and
potential formation of artifacts, thus limiting the use of this
approach (57). Furthermore, solid phase extraction meth-
ods for oxylipins vary in their efficiency, with some favoring
some types of oxylipins over others (58). The method used
herein is one of the most efficient overall, but there are some
oxylipins (e.g., some of the AA-derived CYP products) that
are not extracted, as well as by other procedures (58).

In conclusion, these data provide the first comprehen-
sive profile of oxylipins in rat kidney, liver, and serum, and
demonstrate that PUFA and oxylipin profiles can be highly
divergent. Dietary LA increases many LA and AA oxylipins
and reduces some n-3 PUFA-derived oxylipins, and dietary
ALA mitigates many of these effects. Further, higher levels
of oxylipins in male rats may have important physiological
effects that remain to be elucidated. Tissue n-3 compared
with n-6, and C18 compared with C20 and C22 PUFAs, ap-
pear to increase oxylipins more efficiently in vivo. Blood
oxylipin profiles do not necessarily reflect tissue profiles,
which has implications for human studies that typically uti-
lize blood as the primary and often only tissue sampled.
Future studies of dietary lipids that include oxylipin analy-
sis will therefore provide a greater understanding of their
physiological effects. Bl
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