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Adipose tissue is now recognized as an active organ with an important homeostatic
function in glucose and lipid metabolism and the development of insulin resistance. The
present research investigates the role of lipid mediators and lipid profiling for controlling
inflammation and the metabolic normal function of white adipose tissue from rats suffering
from diet-induced prediabetes. Additionally, the contribution to the adipose lipidome
induced by the consumption of marine w-3 PUFAs as potential regulators of inflammation
is addressed. For that, the effects on the inflammatory response triggered by high-fat high-
sucrose (HFHS) diets were studied in male Sprague-Dawley rats. Using SPE-LC-MS/MS-
based metabolo-lipidomics, a range of eicosanoids, docosanoids and specialized pro-
resolving mediators (SPMs) were measured in white adipose tissue. The inflammatory
response occurring in prediabetic adipose tissue was associated with the decomposition
of ARA epoxides to ARA-dihydroxides, the reduction of oxo-derivatives and the formation
of prostaglandins (PGs). In an attempt to control the inflammatory response initiated, LOX
and non-enzymatic oxidation shifted toward the production of the less pro-inflammatory
EPA and DHA metabolites rather than the high pro-inflammatory ARA hydroxides.
Additionally, the change in LOX activity induced the production of intermediate
hydroxides precursors of SPMs as protectins (PDs), resolvins (Rvs) and maresins
(MaRs). This compensatory mechanism to achieve the restoration of tissue
homeostasis was significantly strengthened through supplementation with fish oils.
Increasing proportions of w-3 PUFAs in adipose tissue significantly stimulated the
formation of DHA-epoxides by cytochrome P450, the production of non-enzymatic
EPA-metabolites and prompted the activity of 12LOX. Finally, protectin PDX was
significantly reduced in the adipose tissue of prediabetic rats and highly enhanced
through w-3 PUFAs supplementation. Taken together, these actively coordinated
modifications constitute key mechanisms to restore adipose tissue homeostasis with
an important role of lipid mediators. This compensatory mechanism is reinforced through
the supplementation of the diet with fish oils with high and balanced contents of EPA and
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DHA. The study highlights new insides on the targets for effective treatment of incipient
diet-induced diabetes and the mechanism underlying the potential anti-inflammatory
action of marine lipids.
Keywords: adipose tissue, prediabetes, inflammation, w3 lipid mediators, specialized resolvers
INTRODUCTION

Adipose tissue is not considered anymore as an inert reservoir for
energy but an immune organ with endocrine, paracrine and
autocrine functions (1). Adipocytes regulate fat mass and
nutrient homeostasis. They are also implicated in hemostasis,
blood pressure control, the immune response, bone mass, and
thyroid and reproductive function (2). In the context of obesity,
white adipose tissue plays an important homeostatic role in
glucose and lipid metabolism; and the development of insulin
resistance is now recognized to be initiated by inflammation of
the adipose tissue (3). The initial events giving rise to this adipose
tissue inflammation are not well-known yet, because of the
complex combination of endocrine and immune factors that
actively act to modulate this microenvironment. Adipocyte
dysfunctions are now considered essential to explain the low-
chronic level of systemic inflammation linked to diet-induced
metabolic diseases (4). In metabolically unhealthy obesity, the
storage capacity of adipocytes is exceeded, and further caloric
overload leads to fat accumulation in ectopic tissues and visceral
adipose depots, an event commonly defined as “lipotoxicity” (5).
It has been largely demonstrated that excessive lipid
accumulation in ectopic tissues leads to local inflammation and
insulin resistance. Additionally, when adipocytes reach a cell and
tissue expansion limitation, an inflammatory program in
response to this stress is initiated (4). Indeed, a high-energy
state triggers uncontrolled inflammatory responses in white
adipose tissue, leading to chronic low-grade inflammation and
therefore fostering the progression of insulin resistance. Within
this context, a large amount of evidence indicates that the
presence of persistent un-resolved adipose inflammation is
addressed by a deregulated balance between the synthesis and
release of pro-inflammatory lipid and peptide mediators by
adipocytes and reduced levels of anti-inflammatory molecules
(6, 7).

Bioactive lipid mediators have been increasingly recognized
as important endogenous regulators of key cellular processes
triggering inflammation (8). w-6 polyunsaturated fatty acids
(PUFAs) and especially arachidonic acid (ARA), are the prime
precursors for the biosynthesis of inflammatory lipid mediators.
Except for lipoxins, the majority of ARA derived eicosanoids
have pro-inflammatory properties. On the other hand, bioactive
lipid mediators generate from the w-3 PUFAs, eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA) from fish oils, are
capable of decreasing inflammation and the recruitment of
polymorphonuclear leukocyte in many inflammatory disease
models (8). According to the latest research, the programming
of inflammation resolution can be governed by a specialized class
of lipid mediators derived from the metabolism of long-chain
org 2
PUFAs (8, 9). Specialized pro-resolving lipid mediators (SPMs) –
generated from DHA and EPA as protectins (PDs), resolvins
(Rvs) and maresins (MaRs) – can help stop the cycle leading to
unremitting inflammation, protect organs, and stimulate tissue
regeneration (10). They coordinately act to regulate epithelial,
endothelial, and immune cell function for the restoration of
homeostasis in a specific time-limited manner (11). Notably, a
deficit in the biosynthesis of SPMs has recently been uncovered
in inflamed obese adipose tissue in which resolvins, RvD1 and
RvD2, were able to rescue impaired expression and secretion of
adiponectin as well as decreasing pro-inflammatory adipokine
production (12). These SPMs have been shown to improve
insulin sensitivity in obese diabetic mice and attenuate age-
associated adiposity (13).

Strategies for anti-inflammatory nutrition have been largely
focused on decreasing the content of dietary w-6 PUFAs,
saturated fats, and refined carbohydrates that may induce
inflammatory responses, and increasing w-3 PUFAs and
antioxidants that activate endogenous mechanisms to reduce
inflammation (14). Recently, several pieces of information are
starting to emerge in supporting the increased consumption of
EPA and DHA to exert a beneficial effect on white adipose tissue
function and metabolism (15). Previous studies demonstrated
that fish oil supplements given to obese human subjects
decreased expression of inflammasome-associated IL-18 and
IL-1b and circulating IL-18 levels, and other adipose
inflammatory genes (16). Saitoh et al. (17) have reported that
supplementation with fish oil reduced macrophage infiltration
and cytokine levels in mice white adipose tissue contributing to
inhibit the insulin resistance caused by a high-fat diet through an
anti-inflammatory effect. However, other studies have shown
that chronic supplementation of fish oil might alter lipid
signaling in obese adipose tissue suggesting dysregulation of
adipose tissue expansion and inflammatory signaling (18).
Lack of self-resolution, as well as dysregulation in the
utilization of supplementary EPA and DHA for the synthesis
of anti-inflammatory lipid mediators, have been also pointed out
(18). The need for current studies supporting the mechanistic
role of EPA and DHA as potent modulators of adipose tissue and
adipocyte function has been lately indicated (15). Previous works
have demonstrated that supplementation with fish oil resulted in
a lower concentration of plasma ARA pro-inflammatory lipid
mediators in rats fed high-fat high-sucrose diets (HFHS) and
favored the activity of specific antioxidant enzymes related to
oxidative stress as glutathione peroxidase (GPx) (19).

The present research is aimed to investigate the role of w-3
and w-6 PUFAs and the participation of bioactive w-3-derived
lipid mediators in the resolution of adipose tissue inflammation
and the maintenance of metabolic normal function in
April 2021 | Volume 12 | Article 608875
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prediabetic Sprague-Dawley rats. The pathway oriented profiling
of pro-inflammatory and pro-atherogenic eicosanoids and
docososanoids together with the formation of SPMs is
discussed to illustrate their effect to maintain the adipose tissue
homeostasis during overnutrition. Then, the contribution of
marine w-3 PUFAs supplementation to shift adipose lipidome
and ameliorate the low grade of inflammation of prediabetic
adipose tissue is considered. Male Sprague-Dawley rats fed
HFHS diets were compared with controls fed a standard diet
(STD). Fish oil in a balanced 1:1 EPA/DHA proportion was
supplemented in both dietary frameworks. A lipidomic platform
based on SPE-LC-MS/MS was applied to determine the
influence of hyperenergetic diets and fish oil supplementation
on the synthesis of w-3 and w-6 eicosanoids and docosanoids.
The pathway oriented profi l ing of l ipid mediators,
the incorporation of w-3 PUFAs into the adipose tissue fatty
acids and the fatty acid desaturases were discussed. Finally,
ectopic lipid deposition so as plasma markers of inflammation
and lipid and carbohydrate metabolism were associated with a
shift in the adipose tissue lipidome resulting in dysregulation of
eicosanoid and docosanoid mediators.
MATERIAL AND METHODS

Animals and Diets
Thirty-six male 8-9 weeks-old Sprague-Dawley rats weighing
about 322 ± 18 g (Harlan Laboratories Ltd., UK.) were kept in an
insulated room with a constantly regulated temperature (22 ± 2°
C) and controlled humidity (50 ± 10%) in a 12 h artificial light
cycle. The rats were randomized into four groups (9 rats per
group), and fed for 21 weeks one of the following diets: (a) a
standard diet (2014 Teklad Global 14% Protein Diet from
Envigo, IN, USA, STD control group), (b) a STD diet
supplemented with fish oil EPA/DHA in a balanced 1:1 ratio
(STD+w3) (c) a HFHS diet (TD.08811 45% kcal fat diet from
Envigo, IN, USA, HFHS control group), and (d) a HFHS diet
supplemented with fish oil EPA/DHA in a balanced 1:1 ratio
(HFHS+w3). Rats had ad libitum access to water (Ribes,
Barcelona, Spain) and food. Both daily water and food intakes
were recorded throughout the experimental intervention. The
experimental diets were described in the supplementary material
and are the same used for their research by Muñoz et al. (20)
(Supplementary Table S1).

Adequate amounts of commercial fish oils AFAMPES 121
EPA (AFAMSA, Vigo, Spain) and Omega-3 RX (EnerZona,
Milan, Italy) were combined to get the required EPA/DHA 1:1
ratio. Fish oil was administered by oral gavage in w-3 PUFAs
groups, using a gastric probe once a week at a dose of 0.8 mL oil/
kg body weight. This oral incorporation was selected since it
provides the same effect that the incorporation offish oil onto the
feed, mimics human dietary interventions and avoids oxidative
degradation during feed processing. Soybean oil, obtained from
cold pressing unrefined organic soybean oil, was from
Clearspring Ltd. (London, UK). Soybean oil was administered
by oral gavage in the STD and HFHS control groups at the same
Frontiers in Immunology | www.frontiersin.org 3
time at the same dose to compensate for the stress of probing and
the excess of calories from fish oil in w-3 PUFAs groups.

The fatty acid composition of the diets is shown in the
supplementary material, Supplementary Table S2. HFHS diet
contained about 0.05% of cholesterol, mainly from the
anhydrous milk fat. Control diet can contain small amounts of
cholesterol, likely minor 0.001%.

Feed intakes expressed as g/day/100g body weight and mean±
standard deviation, were: STD 4.6 ± 0.5, STD+w3 4.6 ± 0.5, HFHS
3.0 ± 0.1 and HFHS+w3 3.2 ± 0.1. Energy intakes expressed as
kcal/day/100g body weight and mean± standard deviation, were:
STD 13.3 ± 1.4, STD+w3 13.4 ± 1.3, HFHS 15.3 ± 0.5 and HFHS
+w3 15.7 ± 0.5. Energy intake is estimated as metabolizable energy
based on Atwater factors, which assign 4 kcal/g to protein, 9 kcal/g
to fat, and 4 kcal/g to available carbohydrates.

Rats were sacrificed by exsanguination after being
intraperitoneally anesthetized with ketamine and xylazine (80
mg/kg and 10 mg/kg body weight, respectively). All the
procedures followed the European Union guidelines (EU
Directive 2010/63/EU) for the care and management of
laboratory animals, and maximum efforts were made to
minimize suffering. The pertinent permission for this specific
study was obtained from the CSIC (Spanish Research Council)
Subcommittee of Bioethical Issues and the regional Catalan
authorities (reference number DAAM7921).

Plasma and Tissue Sample Collection
The biological samples for fatty acids and metabolites analysis in
plasma and erythrocytes were prepared according to methods
previously described (21). Briefly, blood from each animal was
centrifuged at 850 xg (15 min at 4°C) to remove erythrocytes
(22). Then, PMSF (protease inhibitor) was added to plasma
samples (erythrocyte free). Nitrogen gas was applied for remove
oxygen to all plasma sample just before storing them at –80°C
until used. Liver, kidney, skeletal muscle and white adipose tissue
(perigonadal fat depot) were excised, washed with 0.9% NaCl
solution, weighed, immediately frozen in liquid nitrogen upon
the sacrifice and stored at –80°C until used.

Plasma Biochemical Measurements
Glucose levels were measured by spotting blood on glucose strips
and reading them by an enzyme electrode method using the
Ascensia ELITE XL blood glucose meter (Bayer Consumer Care
AG, Basel, Switzerland). Plasma insulin concentrations were
measured using a Rat/Mouse Insulin ELISA kit according to
the manufacturer’s instructions (Millipore Corporation,
Billerica, MA, USA). These parameters have been described in
the same rat cohort in previous works (23, 24).

Biomarkers of Inflammation
Plasma IL-6 and leptin levels were quantified by Milliplex xMAP
multiplex technology. The activities of alanine transaminase
(AST) and aspartate transaminase (ALT) in plasma were used
to test liver function, measured by Spinreact kits (Sant Esteve de
Bas, Spain) and expressed as the AST/ALT ratio. These
parameters have been described in the same rat cohort in
previous works (20, 23).
April 2021 | Volume 12 | Article 608875
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Lipid Content and Fatty Acids Analysis
Methods used for the analysis of lipid content in plasma, muscle
and tissues were widely described in previous works (21). Briefly,
a Bligh and Dyer (25) protocol was applied to plasma, liver,
kidney, muscle and adipose tissue using dichloromethane:
methanol:water (2:2:1, v/v) as the extraction solvent. Fatty acid
composition was then analyzed through a transesterification
procedure as Lepage and Roy (26) and gas chromatography
(GC/FID, Clarus 500, Perkin–Elmer, MA, USA).

Fatty Acid Desaturase (FAD) Indexes
FAD indexes as surrogate measures of desaturase activities were
estimated as product-precursor ratios of individual fatty acids in
plasma and adipose tissue according to Warensjö et al. (27). The
desaturation from palmitic (16:0) into palmitoleic acid (16:1 w-7)
is regulated by the stearoyl-CoA desaturase SCD-16, while stearic
acid (18:0) is desaturated into oleic acid (18:1 w-9) by SCD-18.
Desaturases D5 and D6 modulate the formation of ARA, EPA and
DHA from LA and ALA. In detail, D5D regulates the desaturation
from DGLA (20:3 w-6) into ARA (20:4 w-6). D6D regulates the
desaturation from LA (18:2 w-6) to GLA (18:3 w-6) which is
elongated to DGLA (20:3 w-6). D6D is involved in the formation
of DHA through microsomal elongation of DPA (22:5w3) to
24:5w3, followed by a second D6-desaturation step to 24:6w3,
finally b-oxidation to produce DHA. The same route works for the
w6 family, yielding 22:5w6 from 24:5w6 The pathway from ALA
(18:3 w-3) into EPA (20:5 w-3) is mediated by the action of both
D5D and D6D, first D6D desaturates ALA into SDA (18:4 w-3),
which is elongated and further desaturated by D5D into EPA.
Therefore, FAD indexes were determined as follows: SCD-16 =
[16:1 w-7/16:0], SCD-18 = [18:1 w-9/18:0], D5D = [20:4 w-6/
DGLA 20:3 w-6], D6D = [20:3 w-6/18:2 w-6], D6D = [22:6 w-3/
22:5 w-3] and D5/6D = [20:5 w-3/18:3 w-3].

Sample Preparation by Solid Phase
Extraction
Lipid mediators from adipose tissue were extracted using a
modified method of a published protocol (28, 29). Frozen
adipose tissue (150 mg) was cut, spiked with 12HETE-d8 (as
internal standard), and extracted by sonication (1 min under 0.6 s
cycle and 100% of amplitude) (Labsonic sonifier form Sartorius,
Germany), in 1 mL cold-methanol containing 0.5% BHT. Samples
were incubated on ice for 10 min and then centrifuged at 800 g for
10 min, at 4°C, to remove potential proteins that may cause
interference. The supernatant was diluted with 4.6 mL of cold
water to a final solution of methanol: water (30:70, v/v).
Conditioned Oasis-HLB cartridges (60mg, 3mL, Waters, MA,
USA) with 5 mL methanol (0.5% BHT) were used for
purification and then, compounds were eluted with cold methyl
formate (0.1% BHT) (30). Extracts were evaporated to dryness
and the residue was dissolved in 30 µL cold ethanol and stored
at –80°C prior to LC-MS/MS analysis.

LC-MS/MS
Chromatographic separation was performed according to
Dasilva et al. (28) in a Dionex UltiMate 3000 Series (Thermo
Frontiers in Immunology | www.frontiersin.org 4
Fisher, Rockford, IL, USA). Briefly, compounds were separated
on a C18-Symmetry column, 150×2.1 mm, 3.5 mm (Waters,
Milford, MA, USA) protected with a 4×2mm C18 guard
cartridge provided by Phenomenex (Torrance, CA, USA). A
binary eluent system of water (A) and methanol (B), both with
0.02% (v/v) of formic acid, was used as mobile phase [0-1 min
(60% B), 2-12 min (80% B), 13-18 min (100% B), and 19-24 min
(60% B)]. A dual-pressure linear ion trap LTQ Velos Pro
(Thermo Fisher) was used for mass spectrometry analyses.
Operating conditions of the ESI source were negative ion mode
with a sheath gas flow rate of 40 units, spray voltage of 5.5 kV,
capillary temperature of 300 °C and S-lens radio-frequency level
of 60%. Nebulizing gas was nitrogen and collision gas was
helium. Instrument control and data acquisition were done
with Xcalibur software. According to the m/z of their parent
ion, compounds were classified into 22 groups. Data acquisition
was a full scan mode ranged from 90 to 400 m/z units with the 22
parent masses in a single segment during the run. LOD and LOQ
values ranged between 0.01 to 17.65 ng/mL and 0.03 to 58.84 ng/
mL, respectively as previously described (28).

Statistics
A two-way analysis of variance (ANOVA) was run with R free
software (version 3.2.4) on a sample of 36 rats to examine the
effect of the background diet (STD or HFHS) and the supplement
(control or w3-PUFAs) on each dependent variable reported in
tables. Normal distribution and heterogeneity were evaluated
and non-parametric Kruskal Wallis analyses were required when
data distribution did not fit a Gaussian model or heterogeneity
was found in variances. In the two-way ANOVA analysis,
significant differences (p < 0.05) were expressed using different
superscripts: *p < 0.05 significant differences given by the factor
“diet” (STD vs. HFHS); $ p < 0.05 significant differences given by
the factor “supplement” (control vs w-3). If the two-way
ANOVA determines a significant interaction (p < 0.05)
between the effects of background diet and supplement on a
certain dependent variable, the interaction is reported by using
the superscript #. When significant differences were found in the
factors, the post-hoc Fisher least square difference (Fisher LSD)
pairwise test was run to compare means values. Means with
different (a, b, c, d) superscript indicate significant differences
(p < 0.05). Data presented are expressed as mean ± SEM or SD.
RESULTS AND DISCUSSION

Insulin Resistance, Ectopic Lipid
Deposition and Low-Grade Inflammation
Rats fed HFHS diets for 21 weeks developed a general prediabetic
state. That state was associated with higher plasma insulin levels
to maintain glucose levels into the normal range, and a
significant increase of the perigonadal white adipose tissue as
described in previous works (23, 31). Accordingly, the HFHS diet
provoked a significant increment of plasma insulin (Table 1).
Indeed, rats fed HFHS diet almost doubled their plasma insulin
levels as compared with STD-fed rats. Plasma glucose levels
April 2021 | Volume 12 | Article 608875
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tendered to be slightly higher in the HFHS group at the end of
the nutritional intervention and the supplementation with w-3
PUFAs did not affect them in both STD and HFHS groups.
However, rats fed HFHS diet supplemented with w-3 PUFAs
showed a trend towards lower plasma insulin values than their
corresponding HFHS-fed counterparts; and plasma insulin levels
of the HFHS+ w-3 group were not significantly different from the
STD control group by the end of nutritional intervention.
Thereby, 67% of the rats fed HFHS diet supplemented with w-
3 PUFAs showed lower levels of insulin than those achieved by
the HFHS control group. In addition, 56% of the HFHS fed rats
supplemented with fish oil reduced the levels of plasma glucose.

High fat and sucrose diets promoted insulin resistance and
impaired glucose tolerance through low-grade systemic
inflammation associated with liver inflammatory cell
infiltration, increased levels of plasma IL-6, PGE2, and reduced
levels of protective short-chain fatty acids (23). Even if no
significant differences were observed in either final body weight
among the groups, consumption of HFHS diets enlarged the
perigonadal white adipose tissue content after 21 weeks and
significantly increased the adiposity index as compared to STD
control (almost 35%) (23). Interestingly, ectopic lipid deposition
was also observed from the values of fat content in different
organs and tissues corresponding to HFHS- fed rats (Table 1).
The high energetic diet resulted in a general increment of the
lipid content of plasma and tissues, and such increment was
significant for kidney, skeletal muscle and adipose tissue.

Supplementation with w-3 PUFAs in both STD and HFHS
groups did not provoke significant differences for the body
weight, perigonadal adipose tissue and the adiposity index.
However, STD or high energetic diets supplemented with w-3
PUFAs significantly diminished lipid content in all the studied
tissues and organs (Table 1). Such reduction was especially
relevant for HFHS-fed rats supplemented with w-3 PUFAs
Frontiers in Immunology | www.frontiersin.org 5
which showed general fat content in plasma, liver, kidney,
skeletal muscle and adipose tissue similar to the STD rats.
These findings are in agreement with the histological liver
steatosis as we previously reported in the same cohort of
rats (24).

Regarding biomarkers of inflammation, as it has been
previously reported, this experimental high-fat and sucrose
dietary model induced a state of systemic low-grade
inflammation in male Sprague-Dawley rats evidenced from
their altered microbiota, liver lobular inflammation and plasma
levels of IL-6 and leptin (23). Accordingly, rats fed HFHS have
evidenced higher levels of plasma IL-6 and leptin than their
counteracted rats fed STD diets. HFHS-fed rats also presented
lobular liver inflammation with lymphoplasmacytic
inflammatory infiltration around the blood vessels (23).
Finally, HFHS-fed rats resulted in an altered microbiota with a
reduced Bacteroidetes : Firmicutes ratio and increased
proportions of Enterobacteriales with as compared to the STD
group (23). This experimental prediabetic model based on high-
fat and sucrose feeding induced a state of systemic low-grade
inflammation in other strains of rats (31).

Supplementation with w-3 PUFAs of both STD and HFHS
groups showed a tendency to reduce the increased levels of
plasma IL-6 and leptin found in HFHS-fed rats (Table 1).
Additionally, w-3 PUFAs partially counteracted liver lobular
inflammation as reported previously (23) and decreased the
marker of hepatic injury, AST/ALT ratio (Table 1).

Lipid Profiling
The fatty acid composition of adipose tissue largely reflected the
profile of diet fatty acids (Supplementary Table S2). Linoleic
acid was the main fatty acid in the adipose tissue of rats fed the
STD diet (~40% of total fatty acids), followed by oleic and
palmitic acids (Table 2). The other fatty acids basically
TABLE 1 | Morphological values, lipid content, insulin resistance and inflammatory parameters from Sprague-Dawley rats with different diets.

STD STD+w3 HFHS HFHS+w3

Mean SD Mean SD Mean SD Mean SD

Body weight after 21 weeks feeding1 526.25 a 31.16 522.78 a 39.40 568.33 a 24.25 579.89 a 35.66
Perigonadal Adipose Tissue1* 8.99 a 3.16 8.53 a 2.52 13.12 b 3.92 13.28 b 4.41
Adiposity index (%)1* 1.67 a 0.44 1.65 a 0.38 2.37 b 0.75 2.32 b 0.69
% FAT CONTENT Erythrocytes* 2.09 a 0.24 2.04 a 0.16 2.27 b 0.16 2.21 b 0.21
% FAT CONTENT Plasma*$# 3.91 a 0.75 3.96 a 1.28 4.34 ab 1.37 2.94 b 0.84
% FAT CONTENT Liver$ 7.01 a 0.51 6.36 b 0.28 7.34 a 0.45 6.55 b 0.38
% FAT CONTENT Kidney*$ 4.31 a 0.23 4.11 b 0.24 5.65 c 0.56 4.39 a 0.39
% FAT CONTENT Muscle*$ 2.51 a 0.71 2.37 b 0.59 3.14 c 0.99 2.51 a 0.31
% FAT CONTENT Adipose Tissue*$ 96.32 a 2.05 92.73 b 3.16 99.51 c 2.03 97.01 a 1.20
Plasma Total Fatty Acids mg/mL*$ 2.19 a 0.25 1.96 ab 0.31 1.85 ab 0.21 1.70 b 0.36
Plasma Insulin ng/ml1* 0.56 a 0.32 0.65 a 0.19 1.81 b 0.82 1.46 b 0.72
Plasma Glucose mg/ml1 63.00 a 4.84 63.44 a 4.10 70.78a 4.99 71.33 a 5.32
AST/ALT1*$# 2.64 a 0.52 2.89 a 0.9 3.14 b 0.92 2.37 a 0.29
IL-6 pg/mL1*$# 43.60 a 24.4 47.41 a 8.41 47.50 b 11.01 39.3 a 6.5
Leptin [pg mL−1] 1 1104 59.7 2200.1 98.6 1792.3 65.8
April 2021 | Volu
me 12 | Article 6
1These parameters have partially been published in a previous report (20, 23). Adiposity index: (total abdominal fat×100)/body weight. Hepatosomatic index: (liver weight×100)/body
weight.
Two-way ANOVA analyses were done. *p < 0.05 significant differences given by the factor “diet” (STD vs. HFHS); $ p < 0.05 significant differences given by the factor “supplement” (control
vs w-3). Superscript # indicates significant interaction (p < 0.05) between the factors diet (ST and HFHS) and supplement (control and w-3 PUFAs supplement). Means with different
superscript (a,b,c,d)indicate significant differences (p < 0.05) (analyzed by post-hoc Fisher LSD).
Values with different superscript letters in the same row indicate significant difference at p < 0.05 between dietary groups (n=9 per group).
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maintained their dietary proportions, with minor increments in
saturated fatty acids and their monounsaturated derivatives. The
adipose tissue of HFHS-fed rats reproduced the proportions of
diet fatty acids as well, although some differences were observed.
As previously described in other rodent models (19), adipose
tissue of HFHS-fed rats concentrated notable levels of oleic acid,
which became the major component in the tissue. Interestingly,
palmitoleic acid was also found to increase. Accumulation of
oleic and palmitoleic acid in adipose tissue has been linked to
obesity (32), hypertriacylglycerolemia, and the risk of developing
insulin resistance (33). This association might be strengthened
under high carbohydrate intake (34).
Frontiers in Immunology | www.frontiersin.org 6
Supplementation with w-3 PUFAs of STD-fed rats increased
the levels of saturated fatty acids, myristic and palmitic acids,
EPA and DHA while decreasing ARA, oleic and linoleic acids.
Then, w-6/w-3 ratio found in adipose tissue was significantly
reduced in the w-3-supplemented group as compared to the
control. In HFHS-fed rats, the levels of myristic acid, EPA and
DHA increased with the w-3 supplementation as compared to
the control group with a subsequent decrease of oleic acid, ARA
and linoleic acid. The inflammatory index w-6/w-3 was
significantly reduced in the HFHS+w-3 rats as well.

Fatty acid desaturase indexes (FADS) evaluated as product:
precursor ratios in adipose tissue were compared with those in
TABLE 2 | Fatty acid composition of the adipose tissue from animals supplemented with STD and HFHS diets divided in controls and w-3 PUFAs supplemented
groups.

STD STD-+w3 HFHS HFHS+w3

FATTY ACID Mean SD Mean SD Mean SD Mean SD

14:0*$ 1.06a 0.07 1.19b 0.09 6.19c 0.28 6.05 c 0.18
16:0* 21.23a 0.70 20.90a 1.01 27.37b 0.81 27.99b 0.63
16:1w7* 3.95a 0.78 4.64a 2.37 6.31b 1.08 5.73b 0.56
18:00* 2.26a 0.26 2.25a 0.36 4.12b 0.41 4.35b 0.31
18:1w9* 21.95a 0.52 22.09a 0.66 39.02b 1.13 39.50b 0.93
18:1w7* 4.85a 0.31 4.82a 0.32 3.64b 0.25 3.88b 0.07
18:2w6*$ 39.79a 1.35 38.39a 2.36 9.46a 0.26 8.57b 0.25
18:3w3* 1.60a 0.08 1.62a 0.08 0.66b 0.07 0.61b 0.07
20:3w6* 0.14a 0.02 0.16a 0.04 0.00b 0.00 0.00b 0.00
20:4w6* 0.66a 0.10 0.64a 0.31 0.13b 0.05 0.12b 0.01
20:5w3$# <0.01a 0.00 0.13b 0.02 <0.01a 0.00 <0.01a 0.00
22:4w6* 0.18a 0.11 0.21a 0.07 0.00a 0.00 0.00a 0.00
22:5w3*$ 0.17a 0.03 0.36b 0.04 <0.01a 0.00 0.06b 0.03
22:6w3*$ 0.12a 0.03 0.50b 0.03 <0.01a 0.00 0.09b 0.02
w3*$ 2.19 a 0.07 2.96b 0.25 0.81c 0.06 0.93d 0.10
w6*$ 41.15 ab 1.26 39.78b 1.83 9.70 c 0.30 8.69d 0.25
w6/w3*$ 18.79 a 1.15 13.42 b 0.86 11.98 b 0.74 9.34 c 0.50
April 2021 | Vo
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Two-way ANOVA analyses were done. *p < 0.05 significant differences given by the factor “diet” (STD vs. HFHS); $ p < 0.05 significant differences given by the factor “supplement” (control
vs w-3). Superscript # indicates significant interaction (p < 0.05) between the factors diet (ST and HFHS) and supplement (control and w-3 PUFAs supplement). Means with different
superscript (a,b,c,d)indicate significant differences (p < 0.05) (analyzed by post-hoc Fisher LSD).
Results are expressed as percentage of total fatty acids (mg/100mg of total fatty acids). Results are expressed as means and standard deviation (SD). Values with different superscript
letters in the same row indicate significant difference at p < 0.05 between dietary groups (n=9 per group).
TABLE 3 | FAD indexes from total fatty acid data of plasma and white adipose tissue calculated as product/precursor ratio.

STD STD+w3 HFHS HFHS+w3

DESATURASES IN PLASMA Mean SD Mean SD Mean SD Mean SD
SCD-16 = [palmitoleic (16:1w7)/palmıt́ic (16:0)] * 0.068 a 0.01 0.068 a 0.01 0.078 b 0.01 0.109 b 0.04
SCD-18 = [oleic (18:1w9)/estearic (18:0)] * 0.859 a 0.13 0.837 a 0.13 1.597 b 0.30 1.589 b 0.36
D5D = [ARA (20:4w6)/DGLA (20:3w6)] *$ 123.536 a 11.12 70.814 b 12.92 48.031 bc 17.08 31.760 c 3.17
D6D = [DGLA (20:3w6)/LA (18:2w6)] *$ 0.013 a 0.00 0.018 b 0.01 0.053 c 0.01 0.058 c 0.01
D6D = [DHA (22:6w3)/DPA (22:5w3)] *$# 2.948 a 0.38 2.656 a 0.43 4.235 b 1.01 5.808 c 0.52
D5D + D6D = [EPA (20:5w3)/ALA (18:3w3)] $ 1.854 a 0.52 2.963 b 0.77 2.308 ab 0.48 6.157 c 0.87
DESATURASES IN ADIPOSE TISSUE Mean SD Mean SD Mean SD Mean SD
SCD-16 = [palmitoleic (16:1w7)/palmıt́ic (16:0)] $# 0.186 a 0.03 0.227 ab 0.13 0.224 b 0.04 0.204 a 0.01
SCD-18 = [oleic (18:1w9)/estearic (18:0)] 9.928 a 1.13 10.201 a 2.21 9.471 a 0.19 9.081 a 0.39
D5D = [ARA (20:4w6)/DGLA (20:3w6) *] 4.999 a 0.66 3.997 a 0.86 No detected – No detected No detected
D6D = [DHA (22:6w3)/DPA (22:5w3)] $ 0.755 a 0.13 1.386 b 0.13 No detected – 1.512 c 0.33
D6D = [DGLA (20:3w6)/LA (18:2w6)] * 0.003 a 0.00 0.004 a 0 0.000 b 0.00 0.000 b 0.00
D5D + D6D = [EPA (20:5w3)/ALA (18:3w3)] 0.000 a 0.00 0.076 b 0.05 0.000 a 0.00 0.000 a 0.00
Two-way ANOVA analyses were done. *p < 0.05 significant differences given by the factor “diet” (STD vs. HFHS); $ p < 0.05 significant differences given by the factor “supplement” (control
vs w-3). Superscript # indicates significant interaction (p < 0.05) between the factors diet (ST and HFHS) and supplement (control and w-3 PUFAs supplement). Means with different
superscript (a,b,c,d)indicate significant differences (p < 0.05) (analyzed by post-hoc Fisher LSD).
Results are expressed as means and standard deviation (SD). Values with different superscript letters in the same row indicate significant difference at p < 0.05 between dietary groups
(n=9 per group).
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plasma (27). Results are shown in Table 3. The high energy diet
resulted in an increment of plasma stearoyl-CoA desaturase 1
indexes: SCD-16 [palmitoleic/palmitic] and SCD-18 [oleic/
stearic]. This increase was also found in adipose tissue which
showed a significantly higher value of SCD-16 in HFHS-fed rats
than in STD-fed rats. Increased SCD-1 activities are associated
with augmented adiposity and progression of the obesity
syndrome in humans (35, 36). Experimental animal studies
have also revealed the association between SCD-1 and obesity
and insulin resistance (37). More SCD-1 activity has
demonstrated to favor the storage of fat (37).

Additionally, the consumption of HFHS diets revealed an
increment of plasma D6D = [DGLA (20:3 w-6)/LA (18:2 w-6)]
together with a decrease of plasma D5D = [ARA (20:4 w-6)/
DGLA (20:3 w-6)] activities, leading to the accumulation of
DGLA. Finally, an up-regulation of plasma D6D related to the
production of DHA (22:6 w-3) via DPA (22:5 w-3)/24:5w3 and
24:6w3 as described above to accumulate more DHA, was also
observed. These FAD indexes, D5D and D6D, remained
unchanged in adipose tissue of HFHS-fed rats compared to
STD controls.

Interestingly, w-3 PUFAs supplementation modulated the
FAD indexes in both STD- and HFHS-fed rats. Plasma
desaturases indexes involving PUFAs were generally modified
and no changes on SCD-1 related to the synthesis of
monounsaturated fatty acids were observed. Adipose instead,
tissue demonstrated a significant modulation of SCD-1 indexes
(Table 3). In consequence, supplementation with w-3 PUFAs
reduced SCD-16 and SCD-18 indexes in prediabetic adipose
tissue. When they were added to the HFHS context, which is
more prone to accumulate oleic and palmitic acids, w-3 PUFAs
were effective at modulating SCD-1 indicating a potential
reduction of the synthesis de novo mediated by this desaturase.
These results are in agreement with previous results found in
plasma and liver of Wistar rats fed HFHS diets (19). Reduction of
SCD-1 in murine adipose tissue has been related to decreased
triglycerides levels in 3T3-L1 adipocytes, and altered markers of
fatty acid reesterification, glyceroneogenesis, and lipolysis (38).
So the lesser SCD-1 indexes found in white adipose tissue of
HFHS-fed rats supplemented with w-3 PUFAs might be
associated with the lesser fat content measured in adipose
tissue of these animals (Table 1). Moreover, in some cell types,
such as adipocytes, b-cells, endothelial cells, macrophages, and
myocytes, SCD-1 participates in the regulation of inflammation
and stress (39).

As regards to PUFAs synthesis, both plasma and adipose
tissue desaturase indexes demonstrated that HFHS-fed rats
supplemented with w-3 PUFAs showed significantly higher
indexes of D6D related to the production of DHA via DPA/
24:5w-3/24:6 w-3. However, this result could be attributed to the
amounts of 22:6 w-3 and 22:5 w-3 provided by the feeds
(Supplementary Table S2). And both dietary frameworks
showed significantly higher values of plasma D5D/D6D = [20:5
w-3/18:3 w-3] for STD- and HFHS-fed rats supplemented with
w-3 PUFAs according to the fatty acids provided by feeds as well.
Adipose tissue of STD rats showed the same result.
Frontiers in Immunology | www.frontiersin.org 7
Supplementation withw-3 PUFAs led to lower values of D5D =
[20:4 w-6/20:3 w-6] in plasma for STD- and HFHS-fed rats. This
result was in agreement with the amounts of 20:3 w-6 and ARA
incorporated through the fish oil supplement to the feeds. The
higher amount of 20:4 w-6 than 20:3 w-6 in the control feeds
implied higher D5D index in the control groups than in the w-3
PUFAs supplemented groups. Finally, there were no effects for
D6D = [DGLA (20:3 w-6)/LA (18:2 w-6)] accordingly with the
amounts of 20:3 w-6 and 18:2 w-6 provided by the feeds as well.
According to several studies, deficiency of SCD-1 provides
positive metabolic effects and reduce obesity-associated to
adipose tissue inflammation (37). However, other desaturases
as D5D or D6D have not been clearly associated with these
metabolic changes.

Lipid Mediators and Specialized Resolvers
of Inflammation
Table 4 showed the levels of lipid mediators found in the
perigonadal white adipose tissue of the STD and HFHS rats.
The effect of the supplementation with w-3 PUFAs in both
dietary frameworks is also shown in Table 4. The aim was to
identify and quantify through a LC-MS/MS-based metabolo-
lipidomic platform the pathway-oriented profiling of lipid
mediators derived from w-3 and w-6 PUFAs together with
SPMs, namely lipoxins, RVs, PDs, and MaRs as well as their
intermediate monohydroxy biosynthetic pathway markers of
RvD1, PD1 and PDX (17HDHA), RvE1 (11HEPE and
18HEPE), and MaR1 (14HDHA) (9).

Lipid Mediator Profile of Adipose Tissue of STD- vs.
HFHS-Fed Rats
Consumption of HFHS diet resulted in a lower concentration of
lipid mediators in adipose tissue. Therefore, the concentration in
prediabetic rats fed the HFHS diet was 90 ng/g vs. 120 ng/g in
STD-fed rats. This fact was especially due to a decrease in
eicosanoids and docosanoids derived from long-chain PUFAs
as ARA, EPA and DHA which were found in lower
concentrations in HFHS-fed rats (Table 2).

A detailed analysis of the type and level of eicosanoids and
docosanoids formed in adipose tissue provided a plethora of
intrinsic signals showing an inflammatory response in
prediabetic adipose tissue. Therefore, reduced levels of
epoxides and oxo-derivatives together with increasing
concentrations of di-hydroxides and pro-inflammatory PGD2
and a reduction of protectin PDX were observed in rats fed the
HFHS diet. This adipose inflammatory state agreed with the low-
grade systemic inflammation previously evidenced from their
altered microbiota (23), liver inflammation (23) and levels of
plasma IL-6, leptin and the ratio ASL/ALT (Table 1).

Accordingly, Table 4 shows a significant reduction of
epoxides generated via cytochrome P450 (CYP) activity from
ARA, namely (±)5(6)-EET and (±)8(9)-EET, and for DHA as (±)
10(11)-EDP and (±)19(20)-EDP. Epoxides have been described
for their anti-inflammatory properties and their beneficial effect
in decreasing insulin resistance, both effects mediated through
the activation of PPARgamma (40). Keto-lipid mediators derived
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from the 5LOX activity on ARA, as 5oxoETE, and from the
12LOX, as 12oxoETE, were found decreased in prediabetic
adipose tissue as well. These keto-compounds, being not well-
known derivatives yet, have been associated with an activation of
the PI3-Akt pathway and therefore enhanced insulin sensitivity
(41). The decrease of both epoxides and oxo-derivatives in
adipose tissue of HFHS-fed rats appeared to contribute to their
lower insulin sensitivity, which corresponded to the
hyperinsulinemia measured in these rats (Table 1).

As a consequence of the reduction in epoxides, HFHS
consumption provoked an increase in the formation of some
pro-inflammatory di-hydroxides derived from the enzymatic
action of epoxyhidrolase, sEH, on their corresponding ARA-
epoxides. Higher synthesis of (±)14(15)-DiHET derived from
(±)14(15)-EET in adipose tissue of prediabetic HFHS-fed rats
Frontiers in Immunology | www.frontiersin.org 8
than in STDwas detected. In consequence, the balance (±)14(15)-
DiHET/(±)14(15)-EET was 0.31 in HFHS-fed rats vs. 0.21 in
STD-fed rats. This finding indicated more activity of the enzyme
sEH in rats fed the hyperenergetic diet likely related to an
incipient inflammatory status of the adipose tissue. Tissue levels
of CYP epoxides derived from PUFAs are limited by sEH activity
since that enzyme converts these anti-inflammatory mediators
into less active diols. These diol-containing DHETs have
drastically reduced biologic activity (42) and those derived from
ARA have been described as highly active pro-inflammatory and
oxidative stress-inducing substances (40). Hence, many studies
have addressed the inhibition of sEH to discover sEH inhibitors
which can efficiently increase the longevity of anti-inflammatory
EETs (43). sEH appeared to be more active on ARA rather than
on other PUFAs. Accordingly, other di-hydroxy lipids were found
TABLE 4 | Levels of lipid mediators in white adipose tissue derived from ARA, EPA and DHA.

STD STD + w3 HFHS HFHS + w3

ARA DERIVATIVES
Lipid Mediator Pathway Mean SEM Mean SEM Mean SEM Mean SEM
5HETE*$ 5LOX/GPX 28.36 a 1.13 18.21 b 1.27 9.72 c 1.26 11.91 c 1.26
5OxoETE* 5LOX/DHO 9.44 a 0.08 8.71 a 0.14 8.51 a 0.07 8.80 a 0.10
11HETE*$# Non enzy 39.95 a 1.18 18.92 b 2.88 18.59 b 2.90 17.38 b 2.08
12HETE*$# 12LOX/GPX 67.88 a 1.51 41.84 b 4.58 34.99 b 5.43 26.56 c 2.43
12OxoETE*$# 12LOX/DHO 39.17 a 0.47 39.98 a 2.77 37.51 b 1.79 40.00 a 0.74
15HETE*$ 15LOX/GPX 36.78 a 1.20 17.72 b 1.60 18.65 b 2.59 18.50 b 1.86
20HETE*$# CYP 2.70 a 0.07 1.95 b 0.29 2.96c 0.07 0.00 d 0.00
(±)5(6)-EET*# CYP 23.95 a 0.36 18.71 b 1.52 10.56 c 0.86 13.77 c 0.50
(±)5(6)-DiHET CYP/sEH 0.00 a 0.00 0.00 a 0.00 0.00 a 0.00 0.00 a 0.00
(±)8(9)-EET* CYP 8.49 a 0.14 8.09 a 0.35 6.50 b 0.22 6.78 b 0.13
(±)8(9)-DiHET CYP/sEH 0.00 a 0.00 0.00 a 0.00 0.00 a 0.00 0.00 a 0.00
(±)11(12)-DiHET* CYP/sEH 0.06 a 0.00 0.05 a 0.01 0.00 b 0.00 0.00 b 0.00
(±)14(15)-EET CYP 1.66 a 0.14 1.27 a 0.31 1.66 a 0.26 1.14 a 0.26
(±)14(15)-DiHET*$# CYP/sEH 0.35 a 0.04 0.25 b 0.05 0.52 c 0.03 0.00 d 0.00
PGE2*$ COX 182.51 a 6.30 142.03 b 18.90 164.61 a 19.37 148.44 ab 9.81
PGD2*$# COX*# 42.47 a 1.91 62.19 b 10.26 56.67 b 3.75 51.63 ab 5.43
PGD2/PGE2*$# COX 0.23 a 0.03 0.44 b 0.18 0.34 ab 0.06 0.35 ab 0.18
LTB4 5LOX 0.00 a 0.00 0.00 a 0.00 0.00 a 0.00 0.00 a 0.00
EPA DERIVATIVES
Lipid Mediator Pathway Mean SEM Mean SEM Mean SEM Mean SEM
5HEPE*$# 5LOX/GPX 1.54 a 0.24 4.18 b 0.24 0.00 c 0.00 0.00 c 0.00
11HEPE$# Non enzy 2.15 a 0.38 3.72 b 0.27 1.84 a 0.27 3.27 b 0.25
12HpEPE$# 12LOX 22.43 a 3.32 62.30 b 17.53 19.68 a 5.68 19.98 a 2.80
12HEPE$# 12LOX/GPX 3.99 a 0.61 12.13 b 1.20 1.97 a 0.44 6.84 b 0.78
15HpEPE*# 15LOX 8.46 a 0.73 8.71 a 0.64 5.16 a 0.03 4.69 a 0.56
15HEPE$ 15LOX/GPX 4.66 a 0.81 7.09 b 0.57 3.96 a 0.39 6.34 b 0.51
18HEPE*$# Non enzy 4.64 a 0.27 5.66 a 0.63 2.43 a 0.09 9.04 b 0.68
(±)17(18)-DiHETE CYP/sEH 0.00 a 0.00 0.00 a 0.00 0.00 a 0.00 0.00 a 0.00
DHA DERIVATIVES
Lipid Mediator Pathway Mean SEM Mean SEM Mean SEM Mean SEM
4HDoHE*$ 5LOX/GPX 3.17 ab 0.27 3.57 b 0.20 2.44 a 0.07 3.75 b 0.30
11HDoHE*$ 12LOX/GPX 1.52 a 0.23 2.68 b 0.15 1.06 c 0.19 2.94 b 0.34
14HDoHE$ 12LOX/GPX 20.85 a 2.72 27.96 b 0.34 18.60 a 2.69 28.75 b 2.36
17HDoHE$# 15LOX/GPX 24.46 a 3.20 33.54 b 2.26 29.78 a 2.51 37.63 b 1.85
PDX*$# 15LOX/GPX 1.31 a 0.32 0.99 a 0.00 0.22 b 0.03 1.34 a 0.15
(±)7(8)-EDP CYP 3.76 a 0.10 4.62 b 0.24 4.01 a 0.28 4.64 ab 0.26
(±)10(11)-EDP*$ CYP 2.45 a 0.11 2.81 b 0.09 1.95 a 0.14 2.54 b 0.18
(±)13(14)-EDP*$ CYP 1.22 a 0.07 1.75 b 0.08 1.09 a 0.10 1.45 b 0.11
(±)19(20)-EDP* CYP 5.20 a 0.42 5.86 ab 0.30 0.00 b 0.00 6.60 c 0.51
(±)19(20)-DiHDPA*# CYP/sEH 3.14 a 0.06 3.73 a 0.24 0.00 b 0.00 0.00 b 0.00
April 2021 | Volu
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Two-way ANOVA analyses were done. *p < 0.05 significant differences given by the factor “diet” (STD vs. HFHS); $ p < 0.05 significant differences given by the factor “supplement” (control
vs w-3). Superscript # indicates significant interaction (p <0.05) between the factors diet (ST and HFHS) and supplement (control and w-3 PUFAs supplement). Means with different
superscript (a,b,c,d)indicate significant differences (p < 0.05) (analyzed by post-hoc Fisher LSD).
Results are expressed as ng/mL. Results are expressed as means with their standard errors of the mean (SEM); n=9 per group.
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decreased in prediabetic rats fed the HFHS diet as the scarcely
pro-inflammatory and pro-oxidant (±)19(20)-DiHDPA derived
from DHA.

HFHS consumption significantly modified COX derived lipid
mediators as prostaglandins resulting from ARA: PGE2 and
PGD2. In line with some previous works in obese adipose
tissue, PGD2 showed substantial up-regulation (44). Also in
line with previous studies that addressed diet-induced obesity,
PGE2 showed a significant down-regulation. The differential
expression of COX within cells at sites of inflammation
determines the profile of prostanoid production. Previous
results have suggested that PGE2 normally plays a key role in
regulating anti-inflammation and immune suppression during
lipolysis (45). PGE2 acutely recruits adipose tissue macrophages
mostly in the anti-inflammatory M2 state, which would likely
restrict the local lipid concentration and lipotoxicity. In
agreement with results found for prediabetic rats fed HFHS
diet, a more limited PGE2 production during the development of
diet-induced prediabetes might play a role in the activation of
inflammatory immune cells. Additionally, PGE2 has induced
expression of brown markers in white adipose tissue addressing
adipocyte trans-differentiation towards beige/brite cells and
exhibiting anti-inflammatory actions (44).

The pro- or anti-inflammatory behavior of PGD2 depends on
the disease process and etiology. PGD2 has been described as
responsible for driving macrophages toward an M2 phenotype
(44). In line with a potential anti-inflammatory role, PGD2 level
in adipose tissue macrophages was positively correlated with
both peripheral and adipose tissue insulin sensitivity in humans
(44). However, high-fat feeding studies in mice have
demonstrated that overproduction of PGD2 in vivo lead to
pronounced adipogenesis, and increased insulin sensitivity
(46). Accordingly, the higher concentration of PGD2 in
prediabetic adipose tissue of these HFHS-fed rats can be
associated with the ectopic lipid deposition found (Table 1)
and adipocyte hypertrophy detected (31).

The study of the hydroxides derived from lipoxygenases
(LOXs) activity upon ARA and EPA revealed an interesting
feature regarding adipose tissue homeostasis in prediabetic
conditions. To counteract the inflammatory state described
above, a compensatory mechanism aimed to favor the
Frontiers in Immunology | www.frontiersin.org 9
formation of EPA and DHA metabolites over ARA seemed to
be activated in adipose tissue of HFHS-fed rats. Therefore,
although the proportions of ARA in adipose tissue were
similar in STD versus HFHS-fed rats (Table 2) and the net
concentration of hydroxides was lower in HFHS fed animals, the
formation of ARA derived-hydroxides was significantly inhibited
in prediabetic rats (Table 5). Then, the ratio EPA-hydroxides/
ARA-hydroxides was favored in HFHS. In particular, in spite of
the fact that the relative proportion of ARA was higher than the
EPA one in adipose tissue, the formation of 15HEPE was favored
over the formation of 15HETE in prediabetic rats (Figure 1A).
The balance 15HEPE/15HETE was 0.13 for STD rats and 0.21 for
HFHS rats. Therefore, white adipose tissue of rats fed the HFHS
diet enhanced the formation of less inflammatory EPA-derived
monohydroxides over the formation of high pro-inflammatory
ARA monohydroxides.

This feature has a sound significance since ARA derived
hydroxides are considered more active pro-inflammatory
molecules than EPA- and DHA-hydroxides. Many EPA and
DHA derivatives have been suggested as signaling molecules
and less harmful compounds than the corresponding w-6
metabolites (47). Furthermore, some of the EPA and DHA
derived hydroxides are intermediate monohydroxy biosynthetic
pathway markers of SPMs as Rvs, PDs and Mars. According to
the predominant action of 15LOX upon EPA found in prediabetic
rats, the balance between 15HEPE and its corresponding
precursor, the hydroperoxide 15HpEPE, was higher in HFHS-
fed rats than in STD-fed rats (values 15HEPE/15HpEPE: 0.77 and
0.55, respectively, Figure 1B). This fact could indicate both, a
major formation of the EPA precursor hydroperoxide in
prediabetic rats than in STD-fed rats accompanied by activity
of the antioxidant enzyme GPx substrate to detoxify the
hydroperoxides produced. GPx reduces hydroperoxides into
secondary metabolites like hydroxides and catalyzes the
detoxification of harmful oxygen radicals (20).

Significant production of leukotrienes in adipocytes is
associated to advanced steps of the insulin resistance process
(9). Consequently, leukotrienes as Leukotriene B4 (LTB4)
produced from activity of 5LOX upon ARA were not detected
in adipose tissue of prediabetic rats (Table 4). Activity of 5LOX
and 12LOX upon ARA produced the hydroxides 5HETE and
TABLE 5 | Percent distribution of ARA, EPA and DHA in total PUFAs present in adipose tissue.

STD STD+w3 HFHS HFHS+w3

Mean SD Mean SD Mean SD Mean SD

% ARA$ 74.05 a 1.21 52.30 b 0.98 73.75 a 2.07 50.79 b 1.53
% EPA*$# 6.30 a 0.88 14.71 b 1.43 4.41 c 0.39 12.50 c 0.86
% DHA$ 19.64 a 0.59 32.98 b 1.22 21.82 a 1.01 36.73 b 1.25
% ARA hydroxides in total hydroxides*$# 72.39 a 2.12 54.00 b 1.62 57.76 b 1.74 42.99 c 2.14
% EPA hydroxides in total hydroxides$# 6.99 a 0.17 8.90 b 1.07 6.93 a 0.22 14.74 c 0.23
% DHA hydroxides in total hydroxides*$# 20.60 a 1.44 37.09 b 1.17 35.29 b 0.63 42.25 c 1.97
April 2021 | Volum
e 12 | Article 60
Two-way ANOVA analyses were done. *p < 0.05 significant differences given by the factor “diet” (STD vs. HFHS); $ p < 0.05 significant differences given by the factor “supplement” (control
vs w-3). Superscript # indicates significant interaction (p < 0.05) between the factors diet (ST and HFHS) and supplement (control and w-3 PUFAs supplement). Means with different
superscript (a,b,c,d)indicate significant differences (p < 0.05) (analyzed by post-hoc Fisher LSD).
Percent distribution of ARA, EPA and DHA monohydroxides in adipose tissue. Results are expressed as means and standard deviation(SD). Values with different superscript letters in the
same row indicate significant difference at p < 0.05 between dietary groups (n=9 per group).
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12HETE, together to the oxo-derivatives 5oxoHETE and
12oxoHETE in prediabetic rats. Therefore, LOX activity upon
ARA in adipose tissue of prediabetic rats seemed to be
preferentially modulated towards the production of 5HETE
Frontiers in Immunology | www.frontiersin.org 10
(via GPx activity) and 5oxoHETE (via DHO activity) rather
than the production of leukotrienes (via the consecutive activities
of 5LOX, 5LOX–activating protein, and leukotriene A4
hydrolase) during the first steps of incipient diet-
induced diabetes.

Consumption of the HFHS diet differentially affected the
formation of lipid mediators produced from non-enzymatic
free radical peroxidation. The relative amounts of non-
enzymatic hydroxides regarding the total hydroxides formed,
resulted in a preferential formation of EPA-derivatives over
ARA-derivatives in HFHS-fed animals. Particularly, non-
enzymatic 11HETE counted 22.7% of total ARA hydroxides
for STD-fed rats and remained 21.8% for HFHS-fed rats
(Figure 1C). However, the formation of 11HEPE derived from
EPA counted 12.7% of total EPA hydroxides for STD-fed rats
and resulted significantly increased as for 22.3% in HFHS-fed
rats, even though the contribution of EPA was lower in HFHS
adipose tissue than STD one (Table 5). Accordingly, the total
contribution of non-enzymatic EPA derived hydroxides
(11HEPE and 18HEPE) to the total EPA hydroxides was
higher in HFHS-fed rats than STD ones. Both hydroxides
counted 39.9% of total EPA derived hydroxides in STD rats
against 51.9% for HFHS rats. Interestingly, 11HEPE and
18HEPE are intermediate monohydroxy biosynthetic pathway
markers of RvE1. RvE1 has powerful pro-resolving and insulin-
sensitizing actions in the vasculature and metabolic organs and
its therapeutic potential for immunometabolic alterations
associated with type 2 diabetes has been largely suggested (48).

The formation of DHA hydroxides related to the total
hydroxides was found also to increase in HFHS-fed rats versus
STD ones (Table 5). The proportion of DHA versus ARA and
EPA slightly increased in the adipose tissue of prediabetic rats
according to the higher value for DHA synthesis mediated by
desaturase D6D = [22: 6 w-3/22: 5 w-3]. Additionally, adipose
tissue also offered a set of markers of DHA-resolvers of
inflammation. As for EPA metabolites, HFHS diets shifted the
LOX activity upon DHA to ARA addressing a greater
proportional formation of SPMs precursors (Table 5). So, the
relative formation of 17HDoHE derived from the subsequent
activities of 15LOX, GPx and 5LOX upon DHA and which is
precursor of PDX and RvDs, was significantly higher in HFHS-
fed rats than in STD (Figure 1D). Additionally, combined
activities of 12LOX and GPx upon DHA stimulated the
formation of 14HDoHE, a precursor of MaRs. Interestingly,
sEH is involved in several of these pathways. In particular, sEH
catalyzes the formation of MaRs from 14HDoHE and the
formation of RvE1 from 11HEPE and 18HEPE. And sEH
activity was up-regulated in adipose tissue of these HFHS-fed
rats as it is mentioned above.

Finally, PDX was detected in the adipose tissue of both STD-
and HFHS-fed rats. But the concentration measured in HFHS
prediabetic rats was significantly lower. PDX has demonstrated
to ameliorate insulin resistance and inflammation in models of
palmitate- or high-fat diet-induced insulin resistance (49). Its
anti-inflammatory and antidiabetic effects are linked to attenuate
inflammation and insulin resistance in adipocytes via an AMPK-
A

B

C

D

FIGURE 1 | Comparison of lipid mediators formed in the perigonal adipose
tissue of rats fed STD, STD+w3, HFHS or HFHS+w3 diets. (A). Balance of
several EPA/ARA LOX-Hydroxides, particularly, 5HEPE/5HETE, 12HEPE/
12HETE and 15HEPE/15HETE measured in adipose tissue from rats fed
STD, STD+w3, HFHS or HFHS+w3 diets. (B). Balance of several Hydroxides/
Hydroperoxides from EPA, particularly 12HEPE/12HpHEPE and 15HEPE/
15HpHEPE, measured in in adipose tissue from rats fed STD, STD+w3,
HFHS or HFHS+w3 diets. (C). Percentage of 11HETE in total ARA
Hydroxides and percentage of 11HEPE in total EPA Hydroxides measured in
adipose tissue from rats fed STD or HFHS diets. (D). Percentage of several
DHA Hydroxides, particularly 4HDoHE, 11HDoHE, 14HDoHE and17HDoHE,
in total LOX-Hydroxides measured in adipose tissue from rats fed STD or
HFHS diets (n=9 per group). *Significant differences among groups (p < 0.05).
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dependent pathway (50). Previous works have identified PDs in
adipose tissue of rodents (51). Protectins notably decline with
obesity, indicating adipose SPMs deficiency, which potentially
ending in unresolved inflammation. A similar pattern in which
protectins and the precursors 17HDoHE and 18-HEPE, but no
RvDs or RvE1 has been described in human adipose tissue depots
(10). PDX is a stereo and geometric isomer of PD1. In contrast to
PD1, PDX is produced from DHA via a di-oxygenation
mechanism by 15LOX. Therefore, this pattern could be related
with the higher 15LOX activity over DHA found in adipose
tissue (Table 4). Taken together, these results support that HFHS
diet resulted in a lower absolute amount of lipid mediators than
STD diet. But, as a homeostasis mechanism to control
inflammation, enzymatic and non-enzymatic activities of
adipose tissue were modulated to enhance the formation of
EPA and DHA derived hydroxides over ARA derived
hydroxides. Enhancing the enzymatic activity of LOXs upon
DHA and EPA versus ARA helped keep a lower inflammatory
lipid mediator profile and stimulate the formation of SPMs in
rats suffering from diet-induced prediabetes. Since prediabetic
adipose tissue has demonstrated an inflammatory status marked
by up-regulation of sEH, formation of PGD2 and reduced levels
of epoxides, PGE2 and PDX, these actively coordinated
modifications favoring the production of EPA and DHA lipid
mediators constitute key mechanisms to restore adipose tissue
homeostasis and preserve normal adipose tissue function in
those very first steps of the diabetes onset.

Effect of Fish Oil on Adipose Tissue
The supplementation with w-3 PUFAs in STD or HFHS diets,
resulted in an enrichment of lipid mediators derived from EPA
and DHA, together with a decrease of ARA derivatives (Table 4).
This is in alignment with the increased concentrations of w-3
PUFAs detected in adipose tissue (Table 2), particularly
attributed to a higher proportion of EPA and DHA and lower
levels of 18:2 w-6. For both dietary interventions, the pathway-
oriented profiling of lipid mediators in adipose tissues illustrated
several routes modulated by the incorporation of w-3 PUFAs.

According to the higher concentration of DHA achieved
through the supplementation with w-3 PUFAs, STD-fed rats
presented an increment of DHA-derived epoxides together with
a trend to a decline in the concentration of epoxides derived from
ARA. Considering that the relative proportion of ARA in the
adipose tissue dropped after the supplementation with fish oil
(Table 2), this trend to increase DHA epoxides versus ARA
epoxides draws the attention to a potential modulation of CYP
for DHA in presence of fish oil, probably associated with a
substrate competition. Recent research showed that EPA and
DHA are highly efficient alternative substrates of CYP enzymes
suggesting that the CYP pathway is the dominant pathway in
metabolizing w-3 PUFAs in vivo (51). In prediabetic rats fed the
HFHS diet, fish oil increased the level of DHA derived epoxides
as well (Table 4). Previous studies suggest that CYP metabolites
as DHA-derived epoxides might play an important role in
mediating the anti-cancer and anti-angiogenic effects of w-3
PUFAs (52).
Frontiers in Immunology | www.frontiersin.org 11
Considering the activity of sEH, supplementation with fish oil
in HFHS-fed rats significantly down-regulated the sEH activity
for ARA epoxides reducing the formation of pro-inflammatory
ARA di-hydroxides. Therefore, the balance (±)14(15)-DiHET/
(±)14(15)-EET was very similar in STD-fed rats with and
without w-3 PUFAs supplementation (0.21 in STD vs 0.20 in
STD+w3 rats) but was significantly reduced in HFHS-fed rats
(0.31 in HFHS vs 0.00 in HFHS+w3rats).

As regards DHA epoxides and their corresponding di-
hydroxides, w-3 PUFAs feeding did not significantly influence
the conversion of (±)19(20)-EDP to (±)19(20)-DiHDPA in STD-
fed rats. However,w-3 PUFAs provoked an increase of (±)19(20)-
EDP in prediabetic rats fed the HFHS diet. Its corresponding di-
hydroxide, (±)19(20)-DiHDPA, was not detected. Therefore, in
agreement with ARA results, sEH activity for DHA was found
down-regulated in the prediabetic rats supplemented with w-3
PUFAs. Accumulating evidence suggests the combination of w-3
PUFAs intake and sEH inhibition as potent anti-inflammatory
strategies. Recent studies have provided evidence that w-3
epoxides and sEH inhibition regulate autophagy and
endoplasmic reticulum stress in insulin-sensitive tissues, and
modulate inflammation in obese adipose tissue and liver (53).
sEH inhibitors in combination with a w-3 rich diet have
demonstrated to contribute to lowering systolic blood pressure
and attenuating inflammation in angiotensin-II-dependent
hypertension as well (54).

The formation of PGD2 and PGE2 was also modulated in
both STD- and HFHS-fed rats. w-3 PUFAs supplementation in
STD-fed rats showed a trend to decrease PGE2 while increasing
PGD2. As a result, the balance PGD2/PGE2 was found enhanced
(Table 4). In the HFHS animal model, supplementation with w-3
PUFAs showed a diminution of both prostaglandins and a
tendency towards upper values of the ratio PGD2/PGE2 as
well. The effect of fish oil for ameliorating the production of
prostaglandins and leukotrienes has been widely suggested (55).
Ex vivo experiments carried out on peripheral blood
mononuclear cells (PBMCs) has shown that dietary intake of a
fish oil rich in DHA decreased the release of PGE2 and pro-
inflammatory cytokines as well as the myeloid growth factor G-
CSF (55). However, COX-2 may have pro-inflammatory and
anti-inflammatory properties depending on the different
expression of downstream PGH2 isomerases. A shift from
PGD2 to PGE2 formation, and hence a decrease in PGD2/
PGE2 balance, has been associated with the progression of
inflammatory disorders (56). The results for the STD group
supplemented with w-3 PUFAs agreed with previous studies in
which PGD2 has been found overexpressed in asymptomatic
inflammatory situations, associated with NF-kappaB inactivation
and MMP-9 suppression, whereas PGE2 pathway was
significantly prevalent in symptomatic inflammatory
conditions (56). Additionally, Fergusson et al. (57) have
recently suggested that w-3 PUFAs supplementation prior to
inflammatory stress may lead to dis-inhibition of prostaglandin
genes that are normally down-regulated during inflammation.
Therefore, w-3 PUFAs supplementation has demonstrated to up-
regulate prostaglandin synthase gene PTGDS, which expresses
April 2021 | Volume 12 | Article 608875
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the rate-limiting enzyme in the production of PGD2 and is
required for integrated inflammatory responses to stress induced
by endotoxemia in human adipose tissue (57).

Enrichment of EPA and DHA through w-3 PUFAs
supplementation provoked a general decrease in the amount of
ARA hydroxides/mg of adipose tissue derived from the
consecutive action of LOX and GPx. This decrement affected
all the enzymatic ARA hydroxides in STD-fed rats, including
12HETE and 20HETE derived from CYP. And it significantly
affected 12HETE and 20HETE in HFHS-fed rats. Meanwhile, the
proportion of hydroxides derived from EPA and DHA increased
(Table 5).

The amount of EPA hydroxides/mg of adipose tissue
increased after w-3 PUFAs supplementation. The only
exception was 5HETE in HFHS-fed rats. Concerning DHA
hydroxides, supplementation with w-3 PUFAs of both STD
and HFHS groups resulted in a LOX-derived hydroxide
pattern similar to the corresponding controls, being 17HDoHE
the main hydroxide formed followed by 14HDoHE. The amount
of DHA hydroxides/mg of adipose tissue increased after w-3
PUFAs consumption in both dietary frameworks. 11HDoHE
showed the highest increment in both STD- and HFHS-fed rats
compared to their corresponding controls.

Particularly, a detailed analysis of hydroxides derived from
the action of 5LOX/GPx, 12LOX/GPx and 15LOX/GPx on ARA,
EPA and DHA showed that w-3 PUFAs consumption in STD-
fed rats resulted in the following features:

a) Lesser formation of 15HETE than 5HETE and 12HETE.

b) Higher formation of 5HEPE and 12HEPE than 15HEPE.

c) Higher formation of 11HDoHe than other DHA-derived
hydroxides.

Therefore, in a STD-diet framework, w-3 PUFAs might
down-regulate the activity of 15LOX upon ARA much more
than 12LOX and 5LOX. And w-3 PUFAs might stimulate the
activity of 5LOX and 12LOX upon EPA over 15LOX. As for
DHA, w-3 PUFAs seemed to enhance the activity of 12LOX over
the other LOXs. Consequently, in adipose tissue of healthy rats,
results addressed a down-regulation of 15LOX and up-regulation
of 5 and 12LOX mediated by w-3 PUFAs.

Supplementation with fish oil produced a higher balance
between 12HEPE and its corresponding precursor, the
hydroperoxide 12HpEPE, and a higher balance between
15HEPE and its corresponding precursor, the hydroperoxide
15HpEPE as compared to the STD control (Figure 1B). These
findings pointed out the GPx activity in HFHS-fed rats
supplemented with w-3 PUFAs to detoxify hydroperoxides.
The inclusion of EPA and DHA into the STD and HFHS
feeding of female Wistar rats has triggered significantly higher
activities of plasma antioxidant enzymes including GPx (9).

In HFHS-fed rats, w-3 PUFAs supplementation contributed
to increase the previously observed shift towards EPA-derived
hydroxides over ARA hydroxides (Figure 1A). The
supplementation with fish oil provoked a higher balance
between 12HEPE/12HETE and 15HEPE/15HETE in HFHS
+w3 PUFAs group than in STD+w3 PUFAs group. Therefore,
Frontiers in Immunology | www.frontiersin.org 12
the potential compensatory mechanism aimed to favor the
production of less inflammatory EPA metabolites over ARA-
derived compounds in prediabetic rats appeared to be
significantly strengthened with supplementation of fish oils in a
balanced proportion EPA/DHA.

The detailed analysis of hydroxides derived from the action of
5LOX/GPx, 12LOX/GPx and 15LOX/GPx on ARA, EPA and
DHA showed that w-3 PUFAs consumption in HFHS-fed rats
resulted in the following features:

a) Lesser formation of 12HETE than 5HETE and 15HETE.

b) Higher formation of 12HEPE than 15HEPE. 5HEPE was not
detected.

c) Higher formation of 11HDoHe than 4HDoHe, 14HDoHe, and
lesser for 17HDoHe.

According to this predominant action of 12LOX upon EPA
than 15LOX, the balance between 12HEPE and its corresponding
precursor, the hydroperoxide 12HpEPE, increased in greater
proportion as compared to HFHS controls than the balance
15HEPE/15HpEPE (the increment of 12HEPE/12HpEPE was
240% but barely 75% for 15HEPE/15HpEPE) (Figure 1B).
Therefore, in prediabetic rats, regular consumption of w-3
PUFAs shifted the activity of LOXs to EPA versus ARA,
enhancing the activity of 12LOX over the other LOXs.
Additionally, w-3 PUFAs enhanced the activity of 5LOX and
12LOX upon DHA over 15LOX as well. Collectively the data
reveals that w-3 PUFAs supplementation of the diet-induced
prediabetes is marked by promotion of 12LOX activity upon
EPA and DHA and further amplification of the anti-
inflammatory cascade. Such preference could be associated
with substrate competition. Growing evidence suggests a role
for 12LOX and 15LOX activities in obese adipose tissue driving
chronic local inflammation and metabolic dysfunction (58).
Disruption of normal 12LOX and 15LOX functions was
associated with adipocyte dysfunction, insulin resistance and
diabetes. Emerging research points towards a significant
requirement for 12LOX act iv i ty in adipocytes for
adipocyte differentiation.

Formation of non-enzymatic hydroxides derived from ARA
(11HETE) was inhibited after w-3 PUFAs supplementation in
STD-fed rats (Table 4). And formation of non-enzymatic
hydroxides derived from EPA (11HEPE and 18HEPE) was
favored. Interestingly, the formation of 11HETE was not
significantly affected after w-3 PUFAs supplementation in
HFHS-fed rats, but fish oil increased the formation of EPA
non-enzymatic hydroxides in these prediabetic rats. Therefore,
the intermediate monohydroxy biosynthetic pathway markers of
RvE1, 11HEPE and 18HEPE were found increased in both, STD-
and HFHS-fed rats supplemented with w-3 PUFAs. 17HDoHE,
as a precursor of PDX and RvDs, and 14HDoHE were found
significantly enhanced in both diet groups as well. Noteworthy,
the amount of PDX was found significantly augmented in all
animals supplemented with w-3 PUFAs.

This shift towards a lower inflammatory state described by
fatty acid profiles and lipid mediators’ synthesis in w-3 PUFAs
supplemented groups compared with controls was highly in
April 2021 | Volume 12 | Article 608875
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agreement with the lower values of plasma IL-6, leptin and
balance AST/ALT reported in the liver (Table 1) (20, 24).
Additionally, this anti-inflammatory condition attributed to
supplementation with fish oils was associated with decreased
lipid deposition in plasma and organs, and the lower plasma
insulin values for 67% of the rats fed the HFHS diet.
CONCLUSIONS

Diet-induced prediabetes resulted in general ectopic lipid
deposition in plasma, tissues and organs of Sprague-Dawley
rats fed HFHS diets. These results were in agreement with the
worsen of insulin sensitivity and the increment of perigonadal
white adipose tissue detected in these rats after 21 feeding weeks.
Adipose tissue of prediabetic rats accumulated lipids with
enrichment in palmitic and oleic acids, both of them associated
with the risk of developing insulin resistance. Accordingly,
consumption of the hyperenergetic diet resulted in an
increment of plasma and adipose tissue stearoyl-CoA
desaturase 1 indexes, favoring the storage of fat. Meanwhile,
prediabetic adipose tissue of HFHS-fed rats showed a pro-
inflammatory state associated with an up-regulation of sEH, a
trend to release PGD2 together to reduced levels of PGE2 and
PDX. In an attempt to control the inflammatory response
initiated, LOX and non-enzymatic activities appeared
stimulated for EPA and DHA versus ARA. Enhancing the
enzymatic activity of LOXs upon DHA and EPA resulted in a
lower inflammatory lipid mediator profiling and the formation
of intermediate hydroxides precursors of SPMs. This
compensatory mechanism to achieve restoration of tissue
homeostasis was significantly strengthened through
supplementation with fish oils. Thus, increasing proportions of
w-3 PUFAs in adipose tissue significantly stimulated the
formation of DHA epoxides by cytochrome P450, enhanced
the activity of 12LOX upon EPA and DHA, promoted a higher
release of non-enzymatic EPA metabolites and favored the
formation of SPMs. Additionally, w-3 PUFAs supplementation
led to a lower w-6/w-3 index and reduced sEH and SCD-1
activities in adipose tissue avoiding the accumulation of pro-
inflammatory lipids. As a result of this anti-inflammatory
condition, fish oils decreased ectopic lipid deposition and
contributed to lower plasma insulin values for 67% of the rats
fed the HFHS diet. Taken together, these actively coordinated
modifications appeared as key mechanisms to restore adipose
tissue normal function.

In conclusion, our data suggest a clear compensatory
mechanism in prediabetic adipose tissue aimed to restore the
anti-inflammatory state through a specific modulation of the
production of lipid mediators. Data supported that this
homeostas i s mechanism is reinforced through the
supplementation of the diet with fish oils having high and
balanced contents of EPA and DHA. The study highlights new
insides on the targets for effective treatment of incipient diet-
induced diabetes and the mechanism underlying the potential
anti-inflammatory action of marine lipids. These findings can
Frontiers in Immunology | www.frontiersin.org 13
have a strong impact for the development of nutritional
strategies and for the right design of nutritional supplements
based on fish oils.
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Analysis of Polyunsaturated Fatty Acids and Their Oxygenated Metabolites in
Plasma by Solid-Phase Extraction Followed by LC-MS. Anal Bioanal Chem
(2014) 406(12):2827–39. doi: 10.1007/s00216-014-7701-3

30. Balvers MGJ, Verhoeckx KCM, Meijerink J, Bijlsma S, Rubingh CM,
Wortelboer HM, et al. Time-Dependent Effect of In Vivo Inflammation on
Eicosanoid and Endocannabinoid Levels in Plasma, Liver, Ileum and Adipose
Tissue in C57BL/6 Mice Fed a Fish-Oil Diet. Int Immunopharmacol (2012) 13
(2):204–14. doi: 10.1016/j.intimp.2012.03.02

31. Ramos-Romero S, Hereu M, Atienza L, Casas J, Taltavull N, Romeu M, et al.
Functional Effects of the Buckwheat Iminosugar D-Fagomine on Rats with
Diet-Induced Prediabetes. Mol Nutr Food Res (2018) 62(16):e1800373.
doi: 10.1002/mnfr.201800373

32. Mutch DM, O’Maille G, Wikoff WR, Wiedmer T, Sims PJ, Siuzdak G.
Mobilization of Pro-Inflammatory Lipids in Obese Plscr3-Deficient Mice.
Genome Biol (2007) 8(3):R38. doi: 10.1186/gb-2007-8-3-r38

33. Vessby B, Gustafsson I-B, Tengblad S, Berglund L. Indices of Fatty Acid
Desaturase Activity in Healthy Human Subjects: Effects of Different Types of
Dietary Fat. Br J Nutr (2013) 110:871–9. doi: 10.1017/S0007114512005934

34. Gong J, Campos H, McGarvey S, Wu Z, Goldberg R, Baylin A. Adipose Tissue
Palmitoleic Acid and Obesity in Humans: Does it Behave as a Lipokine? Am J
Clin Nutr (2010) 93(1):186–91. doi: 10.3945/ajcn.110.006502

35. Vinknes KJ, Elshorbagy AK, Nurk E, Drevon CA, Gjesdal CG, Tell GS, et al.
Plasma Stearoyl-CoA Desaturase Indices: Association with Lifestyle, Diet, and
Body Composition. Obesity (Silver Spring) (2013) 21(3):E294–302.
doi: 10.1002/oby.20011

36. Hulver MW, Berggren JR, Carper MJ, Miyazaki M, Ntambi JM, Hoffman EP,
et al. Elevated Stearoyl-CoA Desaturase-1 Expression in Skeletal Muscle
Contributes to Abnormal Fatty Acid Partitioning in Obese Humans. Cell
Metab (2005) 2(4):251–61. doi: 10.1016/j.cmet.2005.09.002

37. Rahman SM, Dobrzyn A, Lee SH, Dobrzyn P, Miyazaki M, Ntambi JM.
Stearoyl-CoA Desaturase 1 Deficiency Increases Insulin Signaling and
Glycogen Accumulation in Brown Adipose Tissue. Am J Physiol Endocrinol
Metab (2005) 288(2):E381–87. doi: 10.1152/ajpendo.00314.2004

38. Dragos SM, Bergeron KF, Desmarais F, Suitor K, Wright DC, Mounier C, et al.
Reduced SCD1 Activity Alters Markers of Fatty Acid Reesterification,
Glyceroneogenesis, and Lipolysis in Murine White Adipose Tissue and
3T3-L1 Adipocytes. Am J Physiol Cell Physiol (2017) 313(3):C295–304.
doi: 10.1152/ajpcell.00097.2017
April 2021 | Volume 12 | Article 608875

https://doi.org/10.1016/j.mce.2009.08.018
https://doi.org/10.1111/j.1365-201X.2005.01468.x
https://doi.org/10.1111/j.1365-201X.2005.01468.x
https://doi.org/10.1007/s11906-010-0096-4
https://doi.org/10.1007/s11906-010-0096-4
https://doi.org/10.1038/nrendo.2017.90
https://doi.org/10.2337/db15-1213
https://doi.org/10.4049/jimmunol.0901355
https://doi.org/10.1111/j.1365-2796.2007.01852.x
https://doi.org/10.1111/j.1365-2796.2007.01852.x
https://doi.org/10.2353/ajpath.2010.100322
https://doi.org/10.1016/j.mce.2015.09.033
https://doi.org/10.1016/j.cmet.2013.10.006
https://doi.org/10.1096/fj.06-7227rev
https://doi.org/10.4049/jimmunol.1201272
https://doi.org/10.1096/fj.10-178657
https://doi.org/10.1096/fj.10-178657
https://doi.org/10.3390/jcm5010003
https://doi.org/10.1210/js.2018-00220
https://doi.org/10.1007/s12562-019-01374-4
https://doi.org/10.1017/s0029665120001998
https://doi.org/10.1016/j.jnutbio.2017.02.007
https://doi.org/10.3390/md16100353
https://doi.org/10.1016/j.foodchem.2016.03.020
https://doi.org/10.1172/JCI109491
https://doi.org/10.1038/s41598-019-52678-5
https://doi.org/10.3390/nu11112606
https://doi.org/10.1093/clinchem/39.5.825
https://doi.org/10.1016/S0022-2275(20)38861-1
https://doi.org/10.1016/S0022-2275(20)38861-1
https://doi.org/10.1186/1476-511X-8-37
https://doi.org/10.3390/molecules24122276
https://doi.org/10.1007/s00216-014-7701-3
https://doi.org/10.1016/j.intimp.2012.03.02
https://doi.org/10.1002/mnfr.201800373
https://doi.org/10.1186/gb-2007-8-3-r38
https://doi.org/10.1017/S0007114512005934
https://doi.org/10.3945/ajcn.110.006502
https://doi.org/10.1002/oby.20011
https://doi.org/10.1016/j.cmet.2005.09.002
https://doi.org/10.1152/ajpendo.00314.2004
https://doi.org/10.1152/ajpcell.00097.2017
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Dasilva et al. Lipid Mediators in Prediabetic Adipose Tissue
39. Liu X, Strable MS, Ntambi JM. Stearoyl CoA Desaturase 1: Role in Cellular
Inflammation and Stress. Adv Nutr (2011) 2(1):15–22. doi: 10.3945/an.110.000125

40. Norwood S, Liao J, Hammock BD, Yang G-Y. Epoxyeicosatrienoic Acids and
Soluble Epoxide Hydrolase: Potential Therapeutic Targets for Inflammation
and its Induced Carcinogenesis. Am J Transl Res (2010) 2(4):447–57.

41. Hosoi T, Sugikawa E, Chikada A, Koguchi Y, Ohnuki T. TG1019/OXE, A
Galpha(i/o)-Protein-Coupled Receptor, Mediates 5-Oxo-Eicosatetraenoic
Acid-Induced Chemotaxis. Biochem Biophys Res Commun (2005) 334
(4):987–95. doi: 10.1016/j.bbrc.2005.06.191

42. Morisseau C, Hammock BD. Impact of Soluble Epoxide Hydrolase and
Epoxyeicosanoids on Human Health. Annu Rev Pharmacol Toxicol (2013)
53:37–58. doi: 10.1146/annurev-pharmtox-011112-140244

43. Hiesinger K, Wagner KM, Hammock BD, Proschak E, Hwang SH.
Development of Multitarget Agents Possessing Soluble Epoxide Hydrolase
Inhibitory Activity. Prostaglandins Other Lipid Mediat (2019) 140:31–9.
doi: 10.1016/j.prostaglandins.2018.12.003

44. Virtue S, Masoodi M, de Weijer BA, van Eijk M, Mok CY, Eiden M, et al.
Prostaglandin Profiling Reveals a Role for Haematopoietic Prostaglandin D
Synthase in Adipose Tissue Macrophage Polarisation in Mice and Humans.
Int J Obes (Lond) (2015) 39(7):1151–60. doi: 10.1038/ijo.2015.34

45. Hu X, Cifarelli V, Sun S, Kuda O, Abumrad NA, Su X. Major Role of
Adipocyte Prostaglandin E2 in Lipolysis-Induced Macrophage Recruitment.
J Lipid Res (2016) 57(4):663–73. doi: 10.1194/jlr.M066530

46. Fujitani Y, Aritake K, Kanaoka Y, Goto T, Takahashi N, Fujimori K, et al.
Pronounced Adipogenesis and Increased Insulin Sensitivity Caused by
Overproduction of Prostaglandin D2 In Vivo. FEBS J (2010) 277(6):1410–
19. doi: 10.1111/j.1742-4658.2010.07565.x

47. Waddington E, Sienuarine K, Puddey I, Croft K. Identification and
Quantitation of Unique Fatty Acid Oxidation Products in Human
Atherosclerotic Plaque Using High Performance Liquid Chromatography.
Anal Biochem (2001) 292:234–44. doi: 10.1006/abio.2001.5075

48. Sima C, Paster B, Van Dyke TE. Function of Pro-Resolving Lipid Mediator
Resolvin E1 in Type 2 Diabetes. Crit Rev Immunol (2018) 38(5):343–65.
doi: 10.1615/CritRevImmunol.2018026750

49. Jung TW, Kim H, Abd El-Aty AM, Jeong JH. Protectin DX Ameliorates
Palmitate- or High-Fat Diet-Induced Insulin Resistance and Inflammation
Through an AMPK-PPARa-Dependent Pathway in Mice. Sci Rep (2017)
7(1):1397. doi: 10.1038/s41598-017-01603-9

50. Jung TW, Chung YH, Kim HC, Abd El-Aty AM, Jeong JH. Protectin DX
Attenuates LPS-Induced Inflammation and Insulin Resistance in Adipocytes
via AMPK-Mediated Suppression of the NF-kB Pathway7. Am J Physiol
Endocrinol Metab (2018) 315(4):E543–51. doi: 10.1152/ajpendo.00408.2017

51. Kwon Y. Immuno-Resolving Ability of Resolvins, Protectins, and Maresins
Derived from Omega-3 Fatty Acids in Metabolic Syndrome. Mol Nutr Food
Res (2020) 64:1900824. doi: 10.1002/mnfr.201900824
Frontiers in Immunology | www.frontiersin.org 15
52. Wang W, Yang J, Nimiya Y, Lee KSS, Sanidad K, Qi W, et al. w-3
Polyunsaturated Fatty Acids and Their Cytochrome P450-Derived
Metabolites Suppress Colorectal Tumor Development in Mice. J Nutr
Biochem (2017) 48:29–35. doi: 10.1016/j.jnutbio.2017.06.006

53. Fischer R, Konkel A, Mehling H, Blossey K, Gapelyuk A, Wessel N, et al.
Dietary Omega-3 Fatty Acids Modulate the Eicosanoid Profile in Man
Primarily via the CYP-Epoxygenase Pathway. J Lipid Res (2014) 55
(6):1150–64. doi: 10.1194/jlr.M047357
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