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ABSTRACT

Scope

Brown and brite adipocytes within the mammalian adipose organ provide non-shivering
thermogenesis and thus, have an exceptional capacity to dissipate chemical energy as heat.
Polyunsaturated fatty acids of the n3-series, abundant in fish oil, have been repeatedly
demonstrated to enhance the recruitment of thermogenic capacity in these cells, consequently
affecting body adiposity and glucose tolerance. We scrutinized these effects in mice housed in a

thermoneutral environment and in a human dietary intervention trial.

Methods and results

Mice were housed in a thermoneutral environment eliminating the superimposing effect of mild
cold-exposure on thermogenic adipocyte recruitment. Dietary fish oil supplementation in two
different inbred mouse strains neither affected body mass trajectory nor enhanced the recruitment
of brown and brite adipocytes, both in the presence and absence of a 3 adrenoreceptor agonist
imitating the effect of cold-exposure on adipocytes. In line with these findings, dietary fish oil
supplementation of persons with overweight or obesity failed to recruit thermogenic adipocytes in

subcutaneous adipose tissue.

Conclusion

Thus, our data question the hypothesized potential of n3-polyunsaturated fatty acids as modulators

of adipocyte-based thermogenesis and energy balance regulation.

This article is protected by copyright. All rights reserved.
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Dietary fish oil supplementation has been repeatedly demonstrated to enhance the recruitment of
thermogenic brite cells in subcutaneous adipose tissue. These cells, expressing the uncoupling
protein 1 (UCP1), have an exceptional capacity to dissipate chemical energy as heat and are
proposed to affect energy balance e.g. reducing body adiposity. In this study, dietary
supplementation of fish oil in mice housed at 30°C and humans did not affect the recruitment of
UCP1 expressing brite adipocytes.
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Introduction

Brown adipocytes abundantly express uncoupling protein 1 (Ucp1), a protein of the mitochondrial
inner membrane that uncouples 02 consumption from ATP production. Activation of Ucpl enhances
macronutrient catabolism, mitochondrial substrate oxidation and consequently, energy expenditure

L2 an inducible

in brown adipose tissue (BAT). The same mechanism is provided by brite adipocytes
cell type of white adipose tissue (WAT) that morphologically and functionally resembles bona fide
brown adipocytes. The recruitment and activation of thermogenic brown and brite adipocytes is
considered a therapeutic strategy to tackle overweight, obesity and associated disorders. In this
context, the potential of nutritional components has been comprehensively explored in recent
yearsB_S].

Polyunsaturated fatty acids (PUFA) influence the effect of a high-fat diet on Ucp1 expression in
rodent BAT'®. Dietary fish oil is a rich source of n3-PUFAs abundantly providing eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA). Supplementation of mice with fish oil or EPA/DHA-
enriched diets has been performed repeatedly (for a detailed overview of studies, see Supporting
Information Table S1). Multiple studies reported increased Ucpl expression in BAT and/or WAT

upon n3-PUFA supplementation, which can affect body adiposity”

, While some reports found no
effect on Ucpl expression 7). Increased Ucp1 expression has been reproduced in cell culture
studies employing human and murine models of brown and brite adipogenesis treated with EPA and
DHA182831 conversely, Ucpl induction is attenuated or absent upon n6-PUFA supplementation of
cultured human adipocytes?>?**?. various direct and indirect mechanisms have been proposed to
underlie these observations including interactions of n3-PUFAs with the sympathetic nervous
system, an activation of free fatty acid receptor 4, or the metabolization of dietary PUFAs into
oxygenated metabolites (oxylipins, i.e. octadecanoids, eicosanoids and docosanoids) of the n6 or n3-

Serie5[11'14’20’28’33,34].

This article is protected by copyright. All rights reserved.
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Collectively, the current state of the art suggests a reciprocal effect of n3 and n6-PUFAs on
thermogenic adipocyte recruitment and energy balance regulation. However, there are major
limitations to this conclusion. Firstly, in vivo studies with mice demonstrating beneficial effects of n3
PUFA supplementation on thermogenic adipocyte recruitment have been mostly conducted under

[7-12,14-19,21-24.26,2735] The thermoneutral zone of common laboratory

subthermoneutral conditions
mice is ~30 32°C environmental temperature®®. Housing of mice below this temperature enforces
Ucpl dependent thermoregulation to maintain body temperature. This process is under control of
the sympathetic nervous system which influences the assessment of PUFA effects on thermogenic
adipocytes and limits the translational potential to humans, living under thermoneutral conditions
most of their lives 7). Secondly, n3-PUFA supplementation effects are divergent. Studies with mice
mostly reported thermogenic adipocyte recruitment in response to high-fat diets comprising fish oil,

EPA or DHA instead of lard, palm oil or dairy fat?’->**731>16.18l

, all of which are poor sources for n3-
PUFAs. In rats, fish oil supplementation reduces WAT expansion and increases Ucpl expression in
BAT in comparison to safflower oil, which is high in the n6-PUFA linoleic acid®®. Interestingly, the
same effect occurs with borage oil versus safflower oil due to its relatively high content of the
linoleic acid-derivative y linolenic acid®. Thus, the effect of borage oil on the recruitment of
thermogenic adipocytes may differ from that of other fat sources that are low in n3 PUFAs and/or
high in n6 PUFAs. To our knowledge, brown and brite adipocyte recruitment in mice upon fish oil
supplementation has not yet been compared to borage oil or any other y linolenic acid-rich oil.
Thirdly, the effect of dietary n3-PUFA supplementation on thermogenic adipocyte recruitment has
not yet been investigated in a human dietary intervention trial, leaving the translational relevance of
findings from cell culture and rodent in vivo studies unclear.

In this study, we employed two different inbred mouse strains fed with fish oil, borage oil or palm oil

under thermoneutral housing conditions to explore the efficacy of dietary n3-PUFA supplementation

on body mass accumulation and thermogenic adipocyte recruitment. To elucidate the translational

This article is protected by copyright. All rights reserved.
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potential of this physiology, brite adipogenesis was investigated in subcutaneous adipose tissue of
human subjects supplemented with n3-PUFAs during an intervention study. Collectively, our data
demonstrate that dietary n3-PUFAs do not affect thermogenic adipocyte recruitment and body

adiposity, neither in mice nor in humans.

This article is protected by copyright. All rights reserved.
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1. Material and Methods
Animals and housing
All animal experimentation was performed in accordance with the German animal welfare law with
permission from the district government of Upper Bavaria (Regierung von Oberbayern, reference
numbers 55.2-1-54-2532-198-13 and ROB-55.2-2532.Vet_02-16-166). An overview of all animal
experiments is provided in the supplements (Supporting Information Figure S1). Male mice of the
inbred strains C57BL/6J and 12956/SvEvTac were bred and housed at room temperature (23°C + 1°C)
and fed standard rodent chow-diet (V1124-300, Ssniff Spezialdidten GmbH, Soest/Germany) prior to
the beginning of experiments. At the age of 7-11 weeks, mice were transferred to climate cabinets
(HPP750life, Memmert, Schwabach/Germany or UniProtect, Zoonlab, Castrop-Rauxel/Germany)
conditioned to 30°C and 55% relative humidity. At the same time, mice were switched to a purified
control diet (CD) (S5745-E720, Ssniff) with a fat content of 50 g/kg providing ~13% energy from
soybean oil (Supporting Information Table S2). In all experiments, ad libitum CD feeding was
conducted prior to other experimental interventions described below. Tissues for molecular analyses

were collected from mice killed by CO2 asphyxiation.

Dietary PUFA supplementation of mice

Following 3-4 weeks of CD-feeding, mice were assigned to experimental groups with similar mean
body mass. Mice were switched to intermediate-fat diets (IFD) with a total fat content of 140 g/kg
providing ~31% energy from soybean oil (50 g/kg) and an experimental fat source (90 g/kg borage
oil, fish oil, a proportionate mixture of both, or palm oil; Supporting Information Table S2). Following
IFD-feeding, mice were either killed for tissue dissection (Supporting Information Figure S1A and B)
or administered high-fat diets (HFD) with a total fat content of 250 g/kg (50 g/kg soybean oil, 110
g/kg palm oil and 90 g/kg experimental oil) providing ~48% energy from fat (Supporting Information

Table S2, Supporting Information Figure S1C). Fish-oil comprising diets were produced using a

This article is protected by copyright. All rights reserved.
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pharmaceutical marine oil preparation (Henry Lamotte Oils, Bremen/Germany) with a total n3-PUFA
content of ~34% including ~18% EPA and ~12% DHA. All IFDs (S5745-E141 (90 g/kg palm oil), -E142
(90 g/kg borage oil), -E143 (90 g/kg fish ail), -E152 (80 g/kg borage oil, 10 g/kg fish oil), -E153 (60
g/kg borage oil, 30 g/kg fish oil)) and HFDs (S5745-E722 (palm oil), -E146 (borage oil) and -E147 (fish
oil)) were produced by Ssniff Spezialdidten GmbH, and supplemented with butylated hydroxytoluene
and exchanged twice per week to minimize fatty acid peroxidation in a thermoneutral environment.
Mice were provided ad libitum access to IFDs and HFDs for 4 weeks in all experiments. Food intake
was assessed regularly based on the difference in feeder weights between two time points. Body
composition was determined by nuclear magnetic resonance spectroscopy (mq7.5, Bruker BioSpin

GmbH, Rheinstetten/Germany).

CL-316,243 treatment

Intraperitoneal injection of CL-316,243 (0.2 mg/kg) was conducted once daily on 7 consecutive days
at the same time of the day. Vehicle-treated mice received saline. Body composition was assessed
on the day of the first injection and on the day after the last injection. Mice were killed and dissected

one day after the last injection.

Oral glucose tolerance tests

After 6 hours of fasting, mice received an oral glucose load of 2.8 g/kg lean mass. Blood glucose
levels were measured at incised tail tips before (0 min) and during 2 hours after glucose gavage
(FreeStyle Lite, Abbott, Wiesbaden/Germany). Fasting and glucose tolerance tests were performed
at room temperature (23°C + 1°C) to enhance glucose uptake by BAT and brite adipose tissue via
mild cold-activation. Using this experimental design we previously demonstrated Ucpl-dependent

differences in oral glucose tolerance 0] The total area under the curve of blood glucose levels was

This article is protected by copyright. All rights reserved.
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calculated by the trapezoidal method®". Glucose tolerance was determined at the end of IFD and

HFD feeding.

Oxylipin analysis

Whole blood was collected in lithium heparin-coated tubes (Sarstedt, Niimbrecht/Germany) and
centrifuged for 5 min with 2,000 g at room temperature. The plasma supernatant was transferred to
fresh tubes, snap-frozen in liquid nitrogen and stored at -80°C until use. An entire lobe of deep-
frozen inguinal WAT was grinded in liquid nitrogen. Aliquots of WAT and plasma were shipped on
dry ice to commercial oxylipin analysis (Metatoul platform of metabolomics and fluxomics,
Toulouse/France). Oxylipin abundance was normalized to plasma volume or tissue mass,

respectively.

Histology

Inguinal WAT and interscapular BAT were fixed in 4% formaldehyde and stored in 70% ethanol.
Following automated dehydration and paraffin-embedding, 5 um sections were drawn to object
slides, dried at 37°C and stained with hematoxylin and eosin using an automated multistainer
(ST5020, Leica, Wetzlar/Germany). Sections were mounted, dried and analyzed by bright field

microscopy (M8, PreciPoint, Freising/Germany).

SDS-PAGE and Western Blot

Interscapular BAT was homogenized with a disperser (Miccra D-1, Miccra GmbH,
Heitersheim/Germany) in a total volume of 10 pl/mg lysis buffer (50 mM Tris, 1% NP-40, 0.25%
sodium deoxycholate, 150 mM NaCl, 1 mM EDTA) containing protease and phosphatase inhibitor
cocktail (0.1% each, Sigma-Aldrich, St. Louis MO/USA). Homogenates were centrifuged with 14,000-

16,000 g at 4°C. The supernatant was centrifuged again and cleared from residual fat. Total protein

This article is protected by copyright. All rights reserved.
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was resolved in a 12.5% gel and transferred to a nitrocellulose membrane. Primary antibodies were
applied to detect Ucpl (~32 kDa, custom-made rabbit-anti-hamster 1gG known to reliably detect
murine Ucp1[42]) or pan actin (~43 kDa, anti-actin clone c4, Merck Millipore, Burlington MA/USA). A
molecular weight marker (PageRuler Prestained Protein Ladder, Thermo Fisher Scientific) was used
to confirm the detection of target proteins. IR-dye conjugated secondary antibodies (LI-COR, Lincoln
NE/USA) were applied and detected at 700 nm or 800 nm with the Odyssey imager (LI-COR). Image
analysis was conducted with the Odyssey software 3.0 (LI-COR) or Image Studio Lite software 5.2 (LI-
COR). Ucp1 was normalized to pan-actin or total protein staining (REVERT Total Protein Stain, LI-

COR) as indicated in figure legends.

RNA isolation and quantitative real-time PCR of murine samples

Inguinal WAT was homogenized in TRIsure™ (Bioline, London/UK) with a dispersing instrument
(Miccra D-1, Miccra, Heitersheim/Germany). Volumes containing precipitated RNA were transferred
to spin columns (SV Total RNA Isolation System, Promega, Madison WI/USA), centrifuged for 1 min
with 12,000 g and further processed according to the manufacturers protocol. RNA concentrations
were determined spectrophotometrically (Infinite 200 PRO NanoQuant, Tecan,
Mannedorf/Switzerland). Generation of cDNA was performed with the SensiFAST cDNA Synthesis Kit
(Bioline) or QuantiTect Reverse Transcription Kit (Qiagen, Hilden/Germany). Quantitative real-time
PCR was performed in a 384 well plate format with the LightCylcer 480 system (Roche Diagnostics,
Rotkreuz/Switzerland) and SensiMix SYBR no-ROX (Bioline). Primers (Eurofins Genomics Germany
GmbH, Ebersberg/Germany): Ucpl (TCTCTGCCAGGACAGTACCC and AGAAGCCCAATGATGTTCAG),
cell death-inducing DNA fragmentation factor, alpha subunit-like effector A (Cidea)
(TGCTCTTCTGTATCGCCCAGT and GCCGTGTTAAGGAATCTGCTG), cytochrome c oxidase subunit 7a
isoform 1 (Cox7al) (CCGACAATGACCTCCCAGTA and TGTTTGTCCAAGTCCTCCAA), general

transcription factor 1B (Gtf2b) (TGGAGATTTGTCCACCATGA and GAATTGCCAAACTCATCAAAACT),

This article is protected by copyright. All rights reserved.
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ribosomal protein lateral stalk subunit PO (Rplp0, also known as 36b4)
(CTTTATCAGCTGCACATCACTCAGA and TCCAGGCTTTGGGCATCA). Target gene expression was

normalized as indicated in figure legends.

Human dietary intervention study

The MyNewGut study was a 12-week randomized crossover trial that investigated diet-induced
effects on gut microbiota composition and markers of metabolic syndrome in individuals with
overweight'®. The study is registered at Clinical Trial (NCT02215343), was conducted according to
the guidelines laid down in the Declaration of Helsinki, and carried out at the University of
Copenhagen (Department of Nutrition, Exercise and Sports) in accordance with the ethical standards
of the responsible regional committee on human experimentation in Denmark. In brief, the study
was composed of two 4-week dietary interventions separated by a 4-week wash out period. In one
of the dietary interventions, participants supplemented their diet with 10.4 g/d wheat bran extract
rich in arabinoxylan oligosaccharides (AXOS). In the other dietary intervention, participants
supplemented their diet with fish oil containing 3.6 g/d n3 PUFA, including 1.32 g DHA and 1.86 g
EPA. Apart from increasing the intake of fish oil, the PUFA intervention also aimed at increasing
PUFA intake to 10% of total energy intake by reducing the intake of saturated fatty acids. The
participants had not supplemented their diet with fish oil for six weeks preceding study start.
Inclusion criteria can be found elsewhere!®. Briefly, the participants baseline characteristics were; a
median age of 46 years (IQR: 34 — 53 years), a median body mass index of 30.0 kg/m2 (IQR: 27.4 —
31.7 kg/m2), a median waist circumference of 94.3 cm (IQR: 90.3 — 102.0 cm). Besides having
increased waist circumference 32.1 %, 17.9 %, 7.1 % and 3.6 % of the participants had a metabolic

[44]

syndrome (MetS) score”™™ of 1,2,3 and 4, respectively.

Gene expression analyses in human abdominal subcutaneous adipose tissue

This article is protected by copyright. All rights reserved.
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Subcutaneous adipose tissue was obtained from the abdominal region after an overnight fast before
and after each dietary intervention. Following skin sterilization and local anaesthetization (lidocaine
1% or 2%), a small incision was made in the abdominal skin. Trained medical staff sampled ~1 g of
subcutaneous fat by biopsy needles (5 mm, Pelomi, Albertslund/Denmark). Adipose samples were
immediately rinsed in sterile saline and submerged in Allprotect Tissue Reagent (Qiagen,
Hilden/Germany) before being frozen in liquid nitrogen and cryopreserved at -80°C until extraction
of RNA. Frozen adipose tissue biopsies (~100 mg) were homogenized using a GentleMACS
Dissociater (Miltenyi Biotec, Bergisch Gladbach/Germany). Total RNA was extracted using QlAzol
lysis buffer and the miRNeasy Mini Kit (Qiagen). RNA concentration and purity were determined
using a NanoDrop Spectrophotometer (Thermo Fisher Scientific, Waltham MA/USA). Synthesis of
cDNA was based upon 136 ng of RNA and carried out using TagMan Reverse Transcription Reagents
(Thermo Fisher Scientific) and a 7900 HT Fast Real-Time PCR Thermocycler (Applied Biosystems,
Waltham MA/USA). cDNA related to the same participant was synthesized on the same plate. gPCR
was performed using a 7900 HT Fast Real-Time PCR Thermocycler (Applied Biosystems), TagMan
Fast Advanced Master Mix (Thermo Fisher Scientific), and TagMan Gene Expression Assay containing
primers and probes for Ucpl (Thermo Fisher Scientific, Hs00222453 m1) and adiponectin (Thermo
Fisher Scientific, Hs00605917_m1). All samples from each participant were analyzed in triplicate and
on the same plate in order to avoid bias from inter-run variation. Conditions for thermal cycling
were: 50°C for 2 minutes, 95°C for 20 minutes, and 50 cycles of 1 second at 95°C and 20 seconds at
60°C. Peptidylprolyl isomerase A (PPIA) (ThermoFisher Scientific, Hs04194521 s1) was chosen as the

reference gene for normalization.

Lipidomic Analysis of human plasma
Venous blood samples were drawn after an overnight fasting period at the start and end of each

dietary intervention period. Samples were collected in EDTA tubes, placed directly on ice and
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immediately centrifuged at 2500 g for 10 min at 4°C. Samples were stored at -80°C until shipped to
University Hospital Regensburg, Germany for lipidomic analysis. Lipids were quantified by direct flow
injection electrospray ionization tandem mass spectrometry (ESI-MS/MS) in positive ion mode using
the analytical setup and strategy described previously'*>’. A fragment ion of m/z 184 was used for
lysophosphatidylcholine!®. The following neutral losses were applied: PE-based plasmalogens were
analyzed according to the principles described by Zemski-Berry®’). Cholesteryl ester were quantified
using a fragment ion of m/z 369 after selective derivatization of free cholesterol“®. Lipid species
were annotated according to the recently published proposal for shorthand notation of lipid

structures that are derived from mass spectrometry[49].

Dosage Information

Doses of borage and fish oil supplemented in the mouse diets (Supporting Information Table S2)
were chosen in order to match either the n6/n3-ratio found in modern western diets (16:1) or the
recommendation for a healthy fatty acid ratio (1:1)"°. For the diets containing the highest doses of
fish oil (90 g/kg) the dose was 225 mg/d based on an average food consumption of 2.5 g/dat30¢g
body weight. Based on body surface area™", this corresponds to a human equivalent fish oil dose of
33.7 g/d for a 60 kg person. This dose of fish oil cannot be achieved by available nutritional
supplements.

The MyNewGut study aimed at providing a high amount of n3-PUFA using an intake of six daily
capsules (1.32g/d EPA and 1.86 g/d DHA). This amount is at least twice the amount oftentimes
applied but is in accordance with EFSAs safety guidelines stating that the combined daily intake of

EPA and DHA should not exceed 5 g/d"?.

Statistics

This article is protected by copyright. All rights reserved.
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Data are displayed as individual values with the group mean indicated as horizontal line, or as mean
values * standard deviation. Statistical analyses were conducted using Prism 6 and 8 for mouse and
human data, respectively (GraphPad Software Inc., La Jolla CA/USA). Murine data were analyzed by
2-Way ANOVA (Figure 1, Figure 2, Figure 3, Figure 4 E-H, Figure 5 B) or 2-Way repeated measures
ANOVA (Figure 4 A-D, Figure 5 A & C-H) and Holm-Sidak post-test if applicable. Significant effects are
indicated by asterisks (* p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001). Energy intake (Figure 4H,
Figure 5B) is depicted as mean energy intake per cage for each mouse. Principle component analysis
(PCA) was calculated in R (version 3.6.3) and R-Studio (version 1.2.5033) with the packages
factoextra (version 1.0.7) and FactoMineR (version 2.3) on scaled and centered data. Human data

were analyzed using two-tailed Wilcoxon matched-pairs signed rank test.
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2. Results
Fish oil and borage oil supplementations cause divergent changes in PUFA metabolism
Dietary fish oil supplementation has been reported to recruit thermogenic adipocytes in murine BAT
and WAT 7?2 To investigate this effect under thermoneutral housing conditions, two common
inbred mouse strains, C57BL/6J and 12956/SvEvTac, were subjected to dietary PUFA
supplementation at 30°C (Supporting Information Figure S1A). Mice of both strains received a fish
oil-comprising diet rich in EPA and DHA to increase n3 PUFA uptake (dietary n6/n3 ratio = 1.0).
Alternatively, mice were administered a borage oil-comprising diet rich in n6-PUFAs including y-
linolenic acid (dietary n6/n3 ratio = 23.2). A third group of mice was used as control and fed an
isocaloric, palm oil-comprising diet devoid of these fatty acids (dietary n6/n3 ratio = 12.7; Supporting
Information Figure S2). Plasma oxylipin profiling was conducted after 4 weeks of feeding to validate
PUFA supplementation by the chosen fat sources. In line with respective elevated PUFA
concentrations, fish oil and borage oil increased the total plasma oxylipin concentration compared to
palm oil-fed mice of both mouse strains (Figure 1A). The ratio of n6-derived to n3-derived plasma
oxylipins was approximatively doubled by borage oil versus palm oil supplementation, while it was
strongly reduced by fish oil supplementation (Figure 1B). Thus, borage oil promoted the systemic
production of n6 derived oxylipins, while fish oil strongly enhanced n3-derived oxylipin production.
This diet-induced difference in oxylipin abundance was less pronounced in inguinal WAT (iWAT), a
subcutaneous fat depot with a high propensity to undergo browning. The relative increase in the
total oxylipin concentration upon fish and borage oil supplementation was lower in iWAT compared
to plasma in both mouse strains and even less pronounced in the 12956/SvEvTac strain (Figure 1A
and C). Similarly, borage oil supplementation doubled the ratio of n6 derived to n3 derived iWAT
oxylipins over that of palm oil fed mice in the C57BL/6J but not 1295S6/SvEvTac strain, suggesting a

strain specific response to n6-PUFA supplementation (Figure 1D). Fish oil supplementation reduced
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the ratio of n6 derived to n3 derived oxylipins in iWAT of both mouse strains (Figure 1B), but within a
lower order of magnitude compared to plasma (Figure 1D).

We performed principal component (PC) analyses, which clearly separated the plasma oxylipin
profiles of the diet groups (Figure 1E). In line with a strong decrease of the n6/n3 oxylipin ratio in
plasma (Figure 1B), fish oil supplementation resulted in a positive shift along PC2 in both mouse
strains (Figure 1E). This shift was caused primarily by increased concentrations of n3-oxylipins
(Supporting Information Table S3). Additionally, fish oil and borage oil supplementation resulted in a
negative shift along PC1, separating both diets from palm oil. This shift was caused primarily by the
highly abundant n3-derived hydroxy-DHA (14-HDoHE and 17-HDoHE) and n6-derived
hydroxyoctadecadienoic acids (13-HODE and 9-HODE) as well as the n6-oxylipin 6k-PGFla
(Supporting Information Table S3). Similarly, the PC analysis of iWAT separated the oxylipin profile of
fish oil-fed mice via a negative shift along PC2 (Figure 1F), based on the contribution of n3-derived
oxylipins (Supporting Information Table S4). Oxylipin profile in iWAT of fish oil and borage oil
supplemented animals separated from palm oil via a positive shift along PC1 (Figure 1F). This shift
was primarily caused by increasing concentrations of n6-derived cytochrome P450 products (5,6-
EET, 8,9-EET and 14,15-EET) as well as n6-derived (5-HETE, 50x0oETE and Leukotriene B4) and n3-
derived (9-HODE and 13-HODE) lipoxygenase products (Supporting Information Table S4).
Interestingly, this shift was more pronounced in iWAT of fish oil-fed C57BL/6J than in 129S6/SvEvTac
mice (Figure 1F). Thus, n3-PUFA supplementation via fish oil enhanced the abundance of all
detectable n3 derived oxylipins (Supporting Information Tables S3 and S4) but also increased n6
derived oxylipins. Taken together, borage and fish oil comprising diets abundantly provided n6 and

n3-PUFAs, respectively, and efficiently modulated fatty acid metabolism.

Dietary n3-PUFA supplementation does not influence the recruitment of thermogenic adipocytes

in murine adipose tissues
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To investigate whether dietary n3-PUFA supplementation affected the recruitment of thermogenic
adipocytes, we determined Ucp1 expression in BAT and WAT. Administration of n3-rich fish oil did
not enhance Ucpl expression in interscapular BAT (iBAT) or iWAT of either mouse strain (Figure 2A
and B). On the contrary, supplementation of n6-rich borage oil increased transcript abundance of
brite adipocyte markers Ucpl and Cidea compared to palm and fish oil-fed mice of the C57BL/6J
strain (Figure 2B and C), while the expression of thermogenic marker genes was unaffected by the
dietary fat source in WAT of 12956/SvEvTac mice (Figure 2B-D).

In a second experiment we investigated whether the recruitment of brown and brite adipocytes is
facilitated by the availability of n3-PUFAs upon adrenergic stimulation (Supporting Information
Figure S1B). C57BL/6J mice were fed diets (Supporting Information Figure S4) with gradual increasing
dietary n6/n3 ratios from ~1 (IFD1, previously “fish oil”), ~5 (IFD5), ~11 (IFD11) and ~18 (IFD18,
previously “borage oil”) for 4 weeks. Additionally, the B3-adrenoreceptor agonist CL-316,243 was
administered on 7 consecutive days during the last week (days 21-28) of the dietary intervention to
stimulate the recruitment of brown and brite adipocytes.

In line with the ability to recruit and activate thermogenesis[53’54], CL 316,243 treatment resulted in
Ucp1 protein induction and a strong reduction in iBAT mass (Figure 3A and B), the latter of which
was likely the consequence of concomitant Ucp1 activation and lipid oxidation to fuel
thermogenesis. Similarly, CL 316,243 administration resulted in a slight reduction of iWAT mass
(Figure 3C) and the induction of brite adipocyte marker gene expression (Figure 3D-F). In line with
these effects, CL 316,243 reversed diet induced lipid droplet hypertrophy in brown adipocytes and
promoted iWAT remodeling by brite adipogenesis (Figure 3G). However, the dietary n6/n3 ratio
neither affected thermogenic adipocyte abundance in vehicle nor in CL-316,243 treated mice.
Interestingly, elevated Ucp1l expression in iWAT of borage oil (IDF18) versus fish oil (IDF1)-fed mice
(as observed in our previous experiment, Figure 2B) was absent in mice of this experiment (Figure

3D), suggesting that this effect is not robust. Based on the low gene expression levels of TNFa and
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F4/80 in inguinal white adipose tissue (Supporting Information Figure S6) we did not see any
indications of inflammation. Inhibition of Ucp1 gene expression by adipose tissue inflammation and

macrophage infiltration as published before ©**

is therefore unlikely. Collectively, the recruitment of
brown and brite adipocytes was affected by CL 316,243 but not by the dietary fat source.

Mice of all diet groups had comparable body mass and body composition at the beginning of CL
316,243 treatment following 3 weeks of PUFA supplementation (Supporting Information Figure S7).
While body mass remained constant or tended to increase in vehicle treated mice, body mass was
reduced by CL-316,243 administration initially but remained constant thereafter (Figure 4A-D). This
small, CL 316,243-induced body mass reduction was similar for all dietary n6/n3 ratios (Figure 4E)
and caused by a reduction in fat, not lean mass (Figure 4F and G). Mice fed with n3-rich IFD1 tended
to show attenuated total body mass reduction in response to CL-316,243 despite significant fat mass
loss (Figure 4E and F) caused by a minor gain in lean mass (Figure 4G). In line with these physiological
effects, energy intake was not influenced by dietary n6/n3 ratios and comparable between vehicle
and CL 316,243 treated mice (Figure 4H). Thus, thermogenic adipocyte recruitment and energy
balance regulation were influenced by B3 adrenoreceptor agonism but not by dietary fat source.
Taken together, dietary fatty acid composition of isocaloric diets fed under thermoneutral housing

conditions did not influence recruitment of murine thermogenic adipocytes, neither alone nor in

synergy with the B3-adrenergic route of thermogenesis.

Dietary n3-PUFA supplementation does not influence the development of diet-induced obesity
The induction of thermogenic adipocytes by dietary n3-PUFAs has been associated with attenuated

10,121 .
[781012,15,35,36] \We assessed dietary fat

development of diet-induced obesity and glucose intolerance
source effects on these parameters in a third experiment (Supporting Information Figure S1C). Mice

of the C57BL/6J strain received palm oil, fish oil or borage oil comprising intermediate-fat diets (IFD,

140 g/kg total fat content) as conducted in the previous experiments. In line with our previous
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findings (Figure 4E), body mass gain was unaffected by the dietary fat source during 4 weeks of IFD-
feeding (Figure 5A). To promote the development of diet-induced obesity and glucose intolerance,
IFDs were subsequently exchanged for high-fat diets (HFD) with a total fat content of 250 g/kg. The
original proportion of borage and fish oil (90 g/kg) was maintained in these HFDs (Supporting
Information Table S2). As expected, the enhanced caloric value of the HFD promoted body mass gain
due to increased energy intake (Figure 5A and B). This enhanced body mass gain during HFD feeding
was caused by fat mass, not lean mass gain (Figure 5C E). However, none of these parameters was
affected by dietary fatty acid composition. We observed a similar pattern in a parallel experiment
conducted with mice of the 12956/SvEvTac strain (Supporting Information Figure S8A-E).

To elucidate the effect of dietary PUFA supplementation on glucose homeostasis, mice were
subjected to oral glucose tolerance tests at the end of IFD and HFD-feeding, respectively. In both
mouse strains, blood glucose response after oral glucose gavage was not influenced by the dietary
fat source at the end of IFD feeding (Figure 5F and H and Supporting Information Figure S8F and H).
In line with enhanced body mass gain, the switch from IFD to HFD impaired glucose tolerance in
C57BL/6J mice. Interestingly, this diet induced alteration was prevented by supplementation of fish
oil-comprising HFD (Figure 5G and H). Impairment of glucose tolerance by HFD was, however, absent
in 129S6/SvEvTac mice (Supporting Information Figure S8G and H) and thus, demonstrating a strain
specific protective effect of fish oil.

In summary, dietary n3-PUFA supplementation under thermoneutral conditions did not influence
body mass accretion or adiposity in mice, but attenuated diet-induced impairment of oral glucose

tolerance in a strain-specific manner.

Dietary n3-PUFA supplementation does not promote browning of WAT in human subjects

Supplementation of n3-PUFAs affects brite adipogenesis of cultured human adipocytes?>?**%. To

investigate whether such in vitro effects translate into WAT browning in vivo, we took advantage of
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the MyNewGut study, a 12-week randomized crossover trial investigating the effects of a dietary
intervention on subjects with overweight and obesity[43]. Twenty-nine participants supplemented
their diet either with a wheat bran extract rich in arabinoxylan oligosaccharides (AXOS intervention)
or fish oil to consume EPA and DHA at a dose of 3.6 g per day (PUFA intervention). Lipidomic analysis
of plasma samples revealed increased levels of cholesteryl esters and other lipids derived from DHA
and EPA in response to PUFA but not AXOS supplementation, thus substantiating the efficacy of the
dietary intervention (Figure 6A-D, Supporting Information Figure S9). The effect of PUFA
supplementation on browning of WAT was investigated based on subcutaneous fat biopsies. As
expected, mRNA encoding the adipose-derived hormone adiponectin was abundantly expressed
(average Ct-values of 23) confirming the biopsies as adipose tissue (Figure 6E and F). In contrast,
Ucpl mRNA was barely expressed (average Ct-values of 38) and only detectable in a subset of
biopsies obtained prior to the start of dietary interventions (Figure 6G and H). Both the PUFA and
the AXOS intervention failed to enhance this very low Ucp1 expression (Figure 6G and H). Again, the
inhibitory effect of inflammation on Ucpl gene expression could be excluded based on the lack of
effect of fish oil supplementation on systemic inflammation markers (high sensitive C-reactive
protein and white blood cell count, as previously published **, and the stable expression of
adiponectin as an anti-inflammatory marker before and after PUFA supplementation (Figure 6F).

Thus, dietary n3-PUFA supplementation did not affect WAT browning in humans in vivo.

3. Discussion
Global obesity prevalence has dramatically increased over the last decades entailing a pronounced
risk for associated health burdens®’*®. The potential for intervention by nutritional compounds has
been comprehensively explored and a number of candidates with anti-obesogenic potential has

[63

been identified™* 2. Among these are PUFAs of the n3-series 1 rendering dietary fat quality a

potential modulator of body mass development. Indeed, the proportionate consumption of n3
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PUFAs has decreased in modern societies®”, suggesting the effect of energy dense food on adiposity
to be exacerbated by the excessive intake of other types of fatty acids. Conversely, an increase in
dietary n3 PUFA uptake has been hypothesized to counteract this effect by the ability of n3-PUFAs to
affect the recruitment of brown and brite adipocytes within the mammalian adipose organ via
several different mechanisms®>**® |n this study, we rigorously tested this hypothesis in mice and
man.

Previous studies mostly reported brown and/or brite adipocyte recruitment upon dietary n3-PUFA
supplementation in mice kept under subthermoneutral conditions /1247192172426273557] A mbient
temperatures below 30°C have a considerable influence on thermogenic adipocyte recruitment as
small rodents rely on Ucpl to maintain their body temperature[67]. This regulation is mediated via
the sympathetic nervous system. Importantly, the adrenergic influence on human BAT must be
assumed minimal due to clothing and heating systems minimizing heat loss. In mice, dietary n3
PUFAs have been reported to directly influence the activity of the sympathetic nervous system via
activation of gastrointestinal afferent pathways, and to synergize the effect of adrenergic
stimulation on the recruitment of brown and brite adipocytes™**?**? To investigate the
significance of adrenergic stimulation, our mice were housed under thermoneutral conditions (i.e. at
30°C) and subjected to B3-agonist treatment during dietary PUFA supplementation. Brown and brite
adipocyte recruitment were, in the presence and absence of f3-agonism, not affected by dietary n3-
PUFA supplementation in two different mouse strains. Thus, our findings, together with a previous

study'®”!

, suggest thermoneutral housing temperature to impede the effect of n3-PUFAs on
thermogenic adipocytes. However, our results do not corroborate previous findings demonstrating
enhanced recruitment of brown and brite adipocytes upon adrenergic stimulation in mice receiving
an n3-PUFA supplemented diet™ 2%,

Interestingly, borage oil supplementation upregulated Ucp1 transcript abundance in C57BL/6J mice

in one experiment but not in a second, suggesting an influence by changes in the experimental
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framework including different food batches. Obviously, effects of dietary PUFA supplementation are,
in the presence and absence of adrenergic stimulation, insufficiently robust and easily superimposed
by confounding factors of experimental setup.

Oxylipin profiling of WAT and plasma revealed profound changes in systemic fatty acid metabolism,
corroborating the efficacy of dietary n3 PUFA supplementation in our study. The absence of brite
adipocytes in WAT of fish oil-fed mice has recently been associated with n3-PUFA-derived oxylipins
formed by non-enzymatic reactions that accumulate in WAT due to lipid peroxidation of fish oil
supplemented foods®. Indeed, levels of 18 hydroxy-EPA (18-HEPE, an EPA-derived n3-peroxide)
were increased in both plasma and WAT of our fish oil-fed mice. Moreover, the ability of dietary n3
PUFAs to recruit brown and brite adipocytes has been associated with a local downregulation of
inhibitory, n6-derived oxylipins[m]. In fact, the n6-derived oxylipins 9 HODE and 13-HODE were very
abundant in WAT of n3-PUFA supplemented, fish oil fed mice. Interestingly, 9 HODE and 13-HODE
enhance the recruitment of brite cells in vitro'®®. However, our own findings point towards a
function for these two metabolites as negative regulators of thermogenic adipocytes in vivo'®®,
possibly due to their function as ligands for peroxisome proliferator-activated receptor y, the master
regulator of adipogenesis”. Thus, high WAT levels of 9-HODE, 13 HODE and 18-HEPE may at least
partially explain the inability of n3-PUFA supplemented diets to recruit brown and brite adipocytes in
mice of our study.

In rodents, fish oil has been reported to have beneficial metabolic effects and to protect against the
development of diet-induced obesity”*?. Several studies reported a remarkable impact of n3 PUFA
supplementation during HFD-feeding leading to significantly lower body mass during the entire
feeding period in comparison to mice fed isocaloric control diets”'**?. In an independent study
conducted in our facility, small reductions in body mass became significant after 12 weeks of feeding
a HFD that contained fish oil instead of palm oil™. This effect was absent in the present study.

Interestingly, the overall composition of our HFDs was highly similar to the HFDs used by Ludwig and
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coworkers™!, suggesting differences in study design (consecutive IFD and HFD-feeding versus
continuous HFD-feeding), feeding duration (n3-PUFA supplementation during 8 weeks versus 12
weeks) and the source of n3-PUFAs (marine fish oil preparation with EPA>DHA versus EPAX
concentrate with DHA>EPA) as possible confounders. We question a major influence of the fat
source since n3-PUFA-comprising HFDs affect body adiposity and thermogenic adipocyte
recruitment irrespective of EPA and DHA abundance™*® Further, inappropriate dosage of n3-PUFA
can be excluded as a factor influencing our results, as the amount of n3-PUFA (90 mg/kg fish oil
including ~20 mg/kg total n3-PUFA) administered are well in line with previously used doses of fish
oil (mean dose 108 mg/kg"™*) and isolated n3-PUFA (mean dose 20 mg/kg!*>***>*#2°21) |n |ine
with our findings, dietary n3-PUFA supplementation of mice at thermoneutral housing temperature
and in the absence of CL 316,243 reportedly failed to attenuate body mass gain, or required
extremely long feeding duration?®*>*®. Thus, the housing temperature of mice seems to be one
crucial confounder influencing the response to dietary n3-PUFA supplementation. Moreover,
attenuated body mass gain upon n3-PUFA supplementation even occurs in Ucpl-ablated mice!”?*),
suggesting a possible, causal contribution by BAT and WAT via means of other mechanisms such as
lipid cycling rather than Ucp1-dependent thermogenesis™®’. In conclusion, the protective effect of
n3-PUFA supplementation on diet induced obesity is abrogated by thermoneutral housing and not
influenced by adipocyte-based, Ucpl-dependent thermogenesis.

Mice of the C57BL/6J strain display a high propensity to develop glucose intolerance™. In our study,
these mice were protected from HFD-induced glucose intolerance when supplemented with fish oil.
A similar protection has been observed in Ucpl-ablated mice?*). Although the recruitment of Ucp1-
independent thermogenic mechanisms can account for increased postprandial glucose disposal'”®,
we speculate that glucose tolerance improvements are more likely to have a different origin. In fact,

n3 PUFAs can affect insulin release and insulin sensitivity via various mechanisms, cumulating in an

improvement of whole-body glucose tolerance””’®. Of note, the translational significance of such
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beneficial fish oil supplementation effects on glucose tolerance, as frequently observed in rodents,
seems to have limited relevance for humans”®?,

While a number of studies has investigated effects in rodents in vivo, the thermogenic recruitment
of human adipocytes upon n3-PUFA supplementation has to date only been demonstrated in
cultured cells. To overcome this limitation, we took advantage of abdominal subcutaneous adipose
tissue specimens collected during a human intervention study assessing effects of dietary n3-PUFA
supplementation in persons with overweight and obesity*?!. Importantly, EPA-treatment can
increase the expression of thermogenic marker genes in cultured adipocytes from subcutaneous

[30]

adipose tissue of overweight subjects”". Moreover, human subcutaneous adipocytes have a

browning potential in vivo®™ ¢, In agreement with several other human interventions® "

, our gene
expression data show that Ucpl transcripts are barely detectable in subcutaneous abdominal fat.
Fully in line with our experiments in mice, fish oil supplementation of the study participants over the
course of 4 weeks did not at all affect this very low Ucp1 expression, suggesting that an increased
intake of n3-PUFAs for one month do not promote WAT browning in humans in vivo, at least in
overweight subjects. In line with this observation, resting energy expenditure of the same subjects
was not affected by fish oil supplementation'®?. This human intervention study has several
limitations. First, it is important to emphasize that changes in adipose gene expression were part of
the exploratory outcomes of the MyNewGut study. Secondly, we cannot exclude that four weeks of
fish oil supplementation is insufficient for inducing browning of human subcutaneous WAT. Yet,
previous studies have demonstrated that this fat depot in humans has the capacity to undergo
browning in vivo and suggests that this might occur even in response to acute cold exposure®#!,
Moreover, adrenergic stimuli and phosphodiesterase inhibition can promote Ucp1l expression and
brite adipogenesis in human subcutaneous white fat within 1-4 weeks®> %, Taken together with our

human lipidomics data and the high dose of n3-PUFA applied in the MyNewGut study (3.6 g/d),

these observations suggest that fish oil, in physiologically relevant doses, does not promote
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browning of abdominal subcutaneous white fat of subjects with overweight. Fish oil
supplementation, however, may stimulate adipose browning in other anatomical areas. Given that
body adiposity is associated with an impaired browning capacity ®**°® fish oil supplementation
may also be hypothesized to be more efficient at inducing browning in lean individuals.

In conclusion, dietary n3-PUFA supplementation did not affect thermogenic adipocyte recruitment
or body mass accretion, neither in mice nor in humans. We thus propose disregarding dietary fish oil
and n3-PUFAs as translationally relevant agents to modulate energy balance regulation via adipocyte

based thermogenesis.

This article is protected by copyright. All rights reserved.
26



Accepted Article

www.mnf-journal.com Page 27 Molecular Nutrition & Food Research

Acknowledgments

This work was supported by the EU FP7 project DIABAT (HEALTH-F2-2011-278373), the Deutsche
Forschungsgemeinschaft (KL973/13-1, NUTRIBRITE), the French Agence Nationale de |la Recherche
(ANR-15-CE14-0033, NUTRIBRITE), the European Union’s Seventh Framework Program (grant
agreement no. 613979, MyNewGut), and the Else Kroner-Fresenius Stiftung (EKFS). JL was supported
by a Novo Scholarship. Novo Nordisk Foundation Center for Basic Metabolic Research is an
independent Research Center, based at the University of Copenhagen, Denmark and partially funded
by an unconditional donation from the Novo Nordisk Foundation (www.cbmr.ku.dk) (Grant number
NNF18CC0034900). We thank Sgren Andresen for help with human gPCR analyses. The graphical

abstract was created with BioRender.com.

Author Contributions

SFM conceived the mouse study, planned and performed mouse experiments, conducted molecular
analyses on mouse tissues, analyzed and interpreted data, and wrote the manuscript. SD planned
and performed mouse experiments, conducted molecular analyses on mouse tissues, analyzed data,
contributed to interpretation of the data, and edited the manuscript. JL formulated the human
hypothesis, performed qPCR on human tissues, analyzed and interpreted human gene expression
and lipidomics data, and edited the manuscript. ALH performed gPCR on human tissues and
contributed to the analysis and interpretation of human gene expression data. TF analyzed data and
edited the manuscript. CC assisted during the performance of mouse experiments. LK designed and
conducted the human clinical study. AA obtained funding for the human clinical study and
contributed to study design. MPG contributed to the interpretation of human gene expression data.
LHL contributed to human clinical study design and acquisition, and the analysis and interpretation
of human gene expression data. GL generated and contributed to interpretation of the lipidomics

data set. EZA acquired funding, assisted during the performance of mouse experiments and edited

This article is protected by copyright. All rights reserved.
27



Accepted Article

www.mnf-journal.com Page 28 Molecular Nutrition & Food Research

the manuscript. MK acquired funding, conceived the mouse study and edited the manuscript. All

authors approved the final version of the manuscript.

Competing Interests Statement

The authors declare no competing interests.

Data Availability Statement:

The data that support the findings of this study are available from the corresponding author upon

reasonable request.

This article is protected by copyright. All rights reserved.
28



Accepted Article

www.mnf-journal.com Page 29 Molecular Nutrition & Food Research

4. References
[1] Y. Li, T. Fromme, S. Schweizer, T. Schottl, M. Klingenspor, EMBO Rep. 2014, 15, 1069-1076.
[2] I. G. Shabalina, N. Petrovic, J. M. A. deJong, A. V. Kalinovich, B. Cannon, J. Nedergaard, J. M.
A. De Jong, A. V. Kalinovich, B. Cannon, Cell Rep. 2013, 5, 1196-1203.
[3] H. El Hadi, A. Di Vincenzo, R. Vettor, M. Rossato, Front. Physiol. 2018, 9, 1954.
[4] T. Yoneshiro, M. Matsushita, M. Saito, in Vol. 251Handb. Exp. Pharmacol., 2019, pp. 359-
379.
[5] M. Okla, J. Kim, K. Koehler, S. Chungn, Adv. Nutr. 2017, 8, 473-483.
[6] T. Fromme, M. Klingenspor, Am. J. Physiol. - Regul. Integr. Comp. Physiol. 2011, 300, R1-R8.
[7] T. E. Oliveira, E. Castro, T. Belchior, M. L. Andrade, A. B. Chaves-Filho, A. S. Peixoto, M. F.
Moreno, M. Ortiz-Silva, R. J. Moreira, A. Inague, M. Y. Yoshinaga, S. Miyamoto, N. Moustaid-Moussa,
W. T. Festuccia, A. B. Chaves-Filho, A. S. Peixoto, M. F. Moreno, M. Ortiz-Silva, R. J. Moreira, A.
Inague, M. Y. Yoshinaga, S. Miyamoto, N. Moustaid-Moussa, W. T. Festuccia, Mol. Nutr. Food Res.
2019, 63, 1800813.
[8] T. C. L. Bargut, A. C. A. G. Silva-e-Silva, V. Souza-Mello, C. A. Mandarim-de-Lacerda, M. B.
Aguila, Eur. J. Nutr. 2016, 55, 159-169.
[9] T. C. L. Bargut, V. Souza-Mello, C. A. Mandarim-De-Lacerda, M. B. Aguila, Food Funct. 2016,
7, 1468-1476.
[10] S. Bhaskaran, A. Unnikrishnan, R. Ranjit, R. Qaisar, G. Pharaoh, S. Matyi, M. Kinter, S. S.
Deepa, Free Radic. Biol. Med. 2017, 108, 704-714.
[11] M. Kim, T. Goto, R. Yu, K. Uchida, M. Tominaga, Y. Kano, N. Takahashi, T. Kawada, Sci. Rep.
2015, 5, 18013.
[12] N. S. Kalupahana, K. Claycombe, S. J. Newman, T. Stewart, N. Siriwardhana, N. Matthan, A. H.

Lichtenstein, N. Moustaid-Moussa, J. Nutr. 2010, 140, 1915-1922.

This article is protected by copyright. All rights reserved.
29



Accepted Article

www.mnf-journal.com Page 30 Molecular Nutrition & Food Research

[13] M. Pahlavani, F. Razafimanjato, L. Ramalingam, N. S. Kalupahana, H. Moussa, S. Scoggin, N.
Moustaid-Moussa, J. Nutr. Biochem. 2017, 39, 101-109.

[14] J. Kim, M. Okla, A. Erickson, T. Carr, S. K. Natarajan, S. Chung, J. Biol. Chem. 2016, 291,
20551-20562.

[15] T. Ludwig, S. Worsch, M. Heikenwalder, H. Daniel, H. Hauner, B. L. Bader, Am. J. Physiol. -
Endocrinol. Metab. 2013, 304, E1140-E1156.

[16] S. Worsch, M. Heikenwalder, H. Hauner, B. L. Bader, Nutr. Metab. (Lond). 2018, 15, 65.

[17] J. Villarroya, P. Flachs, I. Redondo-Angulo, M. Giralt, D. Medrikova, F. Villarroya, J. Kopecky,
A. Planavila, Lipids 2014, 49, 1081-1089.

[18] P. Zhuang, Y. Lu, Q. Shou, L. Mao, L. He, J. Wang, J. Chen, Y. Zhang, J. Jiao, Mol. Nutr. Food
Res. 2019, 63, 1801135.

[19] M. You, R. Fan, J. Kim, S. H. Shin, S. Chung, Nutrients 2020, 12, 136.

[20] R. A. Ghandour, C. Colson, M. Giroud, S. Maurer, S. Rekima, G. Ailhaud, M. Klingenspor, E. Z.
Amri, D. F. Pisani, J. Lipid Res. 2018, 59, 452-461.

[21] T. C. L. Bargut, F. F. Martins, L. P. Santos, M. B. Aguila, C. A. Mandarim-de-Lacerda, Mol. Cell.
Endocrinol. 2019, 482, 18-27.

[22] H. Sato, Y. Taketomi, Y. Miki, R. Murase, K. Yamamoto, M. Murakami, Cell Rep. 2020, 31,
107579.

[23] Y. lizuka, K. Chiba, H. Kim, S. Hirako, M. Wada, A. Matsumoto, J. Nutr. Biochem. 2020, 76,
108265.

[24] H. Maeda, M. Hosokawa, T. Sashima, K. Miyashita, J. Agric. Food Chem. 2007, 55, 7701—
7706.

[25] M. Pahlavani, L. Ramalingam, E. K. Miller, S. Scoggin, K. R. Menikdiwela, N. S. Kalupahana, W.

T. Festuccia, N. Moustaid-Moussa, Mol. Nutr. Food Res. 2019, 63, 1800821.

This article is protected by copyright. All rights reserved.
30



Accepted Article

www.mnf-journal.com Page 31 Molecular Nutrition & Food Research

[26] P. Flachs, R. Rihl, M. Hensler, P. Janovska, P. Zouhar, V. Kus, Z. Mackk Jilkova, E. Papp, O.
Kuda, M. Svobodova, M. Rossmeisl, G. Tsenov, V. Mohamed-Ali, J. Kopecky, Diabetologia 2011, 54,
2626-2638.

[27] N. Tsuboyama-Kasaoka, M. Takahashi, H. Kim, O. Ezaki, Biochem. Biophys. Res. Commun.
1999, 257, 879-885.

[28] T. Quesada-Ldpez, R. Cereijo, J. V. Turatsinze, A. Planavila, M. Caird, A. Gavalda-Navarro, M.
Peyrou, R. Moure, R. Iglesias, M. Giralt, D. L. Eizirik, F. Villarroya, Nat. Commun. 2016, 7, 13479.

[29] M. Fleckenstein-Elsen, D. Dinnies, T. Jelenik, M. Roden, T. Romacho, J. Eckel, Mol. Nutr. Food
Res. 2016, 60, 2065-2075.

[30] L. M. Laiglesia, S. Lorente-Cebrian, P. L. Prieto-Hontoria, M. Ferndndez-Galilea, S. M. R.
Ribeiro, N. Sainz, J. A. Martinez, M. J. Moreno-Aliaga, J. Nutr. Biochem. 2016, 37, 76-82.

[31] M. Zhao, X. Chen, Biochem. Biophys. Res. Commun. 2014, 450, 1446—-1451.

[32] D. F. Pisani, R. A. Ghandour, G. E. Beranger, P. Le Faouder, J. C. Chambard, M. Giroud, A.
Vegiopoulos, M. Djedaini, J. Bertrand-Michel, M. Tauc, S. Herzig, D. Langin, G. Ailhaud, C. Duranton,
E. Z. Amri, Mol. Metab. 2014, 3, 834-847.

[33] S. F. Maurer, S. Dieckmann, K. Kleigrewe, C. Colson, E. Z. Amri, M. Klingenspor, in Vol.
251Handb. Exp. Pharmacol., Springer, Berlin, Heidelberg 2019, pp. 183-214.

[34] R.Fan, A. M. Toney, Y. Jang, S. H. Ro, S. Chung, Biochim. Biophys. Acta - Mol. Cell Biol. Lipids
2018, 1863, 1488-1497.

[35] J. L. Miller, M. Blaszkiewicz, C. Beaton, C. P. Johnson, S. Waible, A. L. Dubois, A. Klemmer, M.
Kiebish, K. L. Townsend, J. Nutr. Biochem. 2019, 64, 50-60.

[36] C.J. Gordon, J. Therm. Biol. 2012, 37, 654—-685.

[37] K. Ganeshan, A. Chawla, Nat. Rev. Endocrinol. 2017, 13, 458—465.

[38] Y. Takahashi, T. Ide, Br. J. Nutr. 2000, 84, 175-184.

This article is protected by copyright. All rights reserved.
31



Accepted Article

www.mnf-journal.com Page 32 Molecular Nutrition & Food Research

[39] Y. Takahashi, T. Ide, H. Fujita, Comp. Biochem. Physiol. - B Biochem. Mol. Biol. 2000, 127,
213-222.

[40] S. F. Maurer, T. Fromme, S. Mocek, A. Zimmermann, M. Klingenspor, Am. J. Physiol. -
Endocrinol. Metab. 2020, DOI 10.1152/ajpendo.00121.2019.

[41] R. D. Purves, J. Pharmacokinet. Biopharm. 1992, 20, 211-226.

[42] C. W. E. Meyer, D. Korthaus, W. Jagla, E. Cornali, J. Grosse, H. Fuchs, M. Klingenspor, S.
Roemheld, M. Tschop, G. Heldmaier, M. H. de Angelis, M. Nehls, M. Hrabe, D. E. Angelis, M. Nehls,
M. Tscho, B. Animal, K. Strasse, Endocrinology 2004, 145, 2531-2541.

[43] L. Kjglbaek, A. Benitez-Pdez, E. M. Gdmez del Pulgar, L. K. Brahe, G. Liebisch, S. Matysik, S.
Rampelli, J. Vermeiren, P. Brigidi, L. H. Larsen, A. Astrup, Y. Sanz, Clin. Nutr. 2020, 39, 67-79.

[44] International Diabetes Federation (IDF), The IDF Consensus Worldwide Definition of the
Metabolic Syndrome, 2006.

[45] G. Liebisch, B. Lieser, J. Rathenberg, W. Drobnik, G. Schmitz, Biochim. Biophys. Acta - Mol.
Cell Biol. Lipids 2004, 1686, 108—117.

[46] G. Liebisch, W. Drobnik, B. Lieser, G. Schmitz, Clin. Chem. 2002, DOI
10.1093/clinchem/48.12.2217.

[47] K. A.ZemskiBerry, R. C. Murphy, J. Am. Soc. Mass Spectrom. 2004, DOI
10.1016/j.jasms.2004.07.009.

[48] G. Liebisch, M. Binder, R. Schifferer, T. Langmann, B. Schulz, G. Schmitz, Biochim. Biophys.
Acta - Mol. Cell Biol. Lipids 2006, DOI 10.1016/j.bbalip.2005.12.007.

[49] G. Liebisch, J. A. Vizcaino, H. Kofeler, M. Trotzmiller, W. J. Griffiths, G. Schmitz, F. Spener, M.
J. 0. Wakelam, J. Lipid Res. 2013, DOI 10.1194/jlr.M033506.

[50] A. P. Simopoulos, Nutrients 2016, 8, 128.

[51] A. Nair, S. Jacob, J. Basic Clin. Pharm. 2016, 7, 27.

[52] EFSAJ. 2012, 10, DOI 10.2903/j.efsa.2012.2815.

This article is protected by copyright. All rights reserved.
32



Accepted Article

www.mnf-journal.com Page 33 Molecular Nutrition & Food Research

[53] J. W. Park, K. H. Jung, J. H. Lee, C. H. T. Quach, S. H. Moon, Y. S. Cho, K. H. Lee, J. Nucl. Med.
2015, 56, 153-158.

[54] M. K. Hankir, M. Kranz, S. Keipert, J. Weiner, S. G. Andreasen, M. Kern, M. Patt, N. Kl6ting, J.
T. Heiker, P. Brust, S. Hesse, M. Jastroch, W. K. Fenske, J. Nucl. Med. 2017, 58, 1100-1103.

[55] T. Sakamoto, T. Nitta, K. Maruno, Y. S. Yeh, H. Kuwata, K. Tomita, T. Goto, N. Takahashi, T.
Kawada, Am. J. Physiol. - Endocrinol. Metab. 2016, 310, E676—E687.

[56] P. Janovsk3, P. Flachs, L. Kazdov3, J. Kopecky, Physiol. Res. 2013, 62, 153-161.

[57] J. Bentham, M. Di Cesare, V. Bilano, H. Bixby, B. Zhou, G. A. Stevens, L. M. Riley, C. Taddei, K.
Hajifathalian, Y. Lu, S. Savin, M. J. Cowan, C. J. Paciorek, A. Chirita-Emandi, A. J. Hayes, J. Katz, R.
Kelishadi, A. P. Kengne, Y. H. Khang, A. Laxmaiah, Y. Li, J. Ma, J. J. Miranda, A. Mostafa, M. Neovius,
C. Padez, L. Rampal, A. Zhu, J. E. Bennett, G. Danaei, Z. A. Bhutta, M. Ezzati, L. Abarca-Gémez, Z. A.
Abdeen, Z. A. Hamid, N. M. Abu-Rmeileh, B. Acosta-Cazares, C. Acuin, R. J. Adams, W. Aekplakorn, K.
Afsana, C. A. Aguilar-Salinas, C. Agyemang, A. Ahmadvand, W. Ahrens, K. Ajlouni, N. Akhtaeva, H. M.
Al-Hazzaa, A. R. Al-Othman, R. Al-Raddadi, F. Albuhairan, S. Aldhukair, M. M. Ali, O. Ali, A. Alkerwi,
M. Alvarez-Pedrerol, E. Aly, D. N. Amarapurkar, P. Amouyel, A. Amuzu, L. B. Andersen, S. A.
Anderssen, D. S. Andrade, L. H. Angquist, R. M. Anjana, H. Aounallah-Skhiri, J. Aradjo, I. Ariansen, T.
Aris, N. Arlappa, D. Arveiler, K. K. Aryal, T. Aspelund, F. K. Assah, M. C. F. Assung¢do, M. S. Aung, M.
Avdicova, A. Azevedo, F. Azizi, B. V. Babu, S. Bahijri, J. L. Baker, N. Balakrishna, M. Bamoshmoosh, M.
Banach, P. Bandosz, J. R. Banegas, C. M. Barbagallo, A. Barceld, A. Barkat, A. J. D. Barros, M. V. G.
Barros, |. Bata, A. M. Batieha, R. L. Batista, A. Batyrbek, L. A. Baur, R. Beaglehole, H. Ben Romdhane,
J. Benedics, M. Benet, A. Bernabe-Ortiz, G. Bernotiene, H. Bettiol, A. Bhagyalaxmi, S. Bharadwaj, S. K.
Bhargava, Z. Bhatti, H. Bi, Y. Bi, A. Biehl, M. Bikbov, B. Bista, D. J. Bjelica, P. Bjerregaard, E. Bjertness,
M. B. Bjertness, C. Bjorkelund, A. Blokstra, S. Bo, M. Bobak, L. M. Boddy, B. O. Boehm, H. Boeing, J.
G. Boggia, C. P. Boissonnet, M. Bonaccio, V. Bongard, P. Bovet, L. Braeckevelt, L. Braeckman, M. C. E.

Bragt, I. Brajkovich, F. Branca, J. Breckenkamp, J. Breda, H. Brenner, L. M. Brewster, G. R. Brian, L.

This article is protected by copyright. All rights reserved.
33



Accepted Article

www.mnf-journal.com Page 34 Molecular Nutrition & Food Research

Brinduse, G. Bruno, H. B. Bueno-De-mesquita, A. Bugge, M. Buoncristiano, G. Burazeri, C. Burns, A. C.
de Ledn, J. Cacciottolo, H. Cai, T. Cama, C. Cameron, J. Camolas, G. Can, A. P. C. Candido, M.
Capanzana, V. Capuano, V. C. Cardoso, A. C. Carlsson, M. J. Carvalho, F. F. Casanueva, J. P. Casas, C.
A. Caserta, S. Chamukuttan, A. W. Chan, Q. Chan, H. K. Chaturvedi, N. Chaturvedi, C. J. Chen, F. Chen,
H. Chen, S. Chen, Z. Chen, C. Y. Cheng, A. Chetrit, E. Chikova-Iscener, A. Chiolero, S. T. Chiou, M. D.
Chirlaque, B. Cho, Y. Cho, K. Christensen, D. G. Christofaro, J. Chudek, R. Cifkova, E. Cinteza, F.
Claessens, E. Clays, H. Concin, S. C. Confortin, C. Cooper, R. Cooper, T. C. Coppinger, S. Costanzo, D.
Cottel, C. Cowell, C. L. Craig, A. B. Crujeiras, A. Cucu, G. D’arrigo, E. D’orsi, J. Dallongeville, A.
Damasceno, C. T. Damsgaard, R. Dankner, T. M. Dantoft, S. Dastgiri, L. Dauchet, K. Davletov, G. De
Backer, D. De Bacquer, A. De Curtis, G. de Gaetano, S. De Henauw, P. D. de Oliveira, K. De Ridder, D.
De Smedt, M. Deepa, A. D. Deev, A. Dehghan, H. Delisle, F. Delpeuch, V. Deschamps, K. Dhana, A. F.
Di Castelnuovo, J. S. Dias-Da-costa, A. Diaz, Z. Dika, S. Djalalinia, H. T. P. Do, A. J. Dobson, M. B.
Donati, C. Donfrancesco, S. P. Donoso, A. Doring, M. Dorobantu, A. R. Dorosty, K. Doua, W. Drygas, J.
L. Duan, C. Duante, V. Duleva, V. Dulskiene, V. Dzerve, E. Dziankowska-Zaborszczyk, E. E. Egbagbe, R.
Eggertsen, G. Eiben, U. Ekelund, J. El Ati, P. Elliott, R. Engle-Stone, R. T. Erasmus, C. Erem, L. Eriksen,
J. G. Eriksson, J. E. De la Pefia, A. Evans, D. Faeh, C. H. Fall, V. F. Sant’angelo, F. Farzadfar, F. J. Felix-
Redondo, T. S. Ferguson, R. A. Fernandes, D. Fernandez-Bergés, D. Ferrante, M. Ferrari, C. Ferreccio,
J. Ferrieres, J. D. Finn, K. Fischer, E. M. Flores, B. Foger, L. H. Foo, A. S. Forslund, M. Forsner, H. M.
Fouad, D. K. Francis, M. D. C. Franco, O. H. Franco, G. Frontera, F. D. Fuchs, S. C. Fuchs, Y. Fujita, T.
Furusawa, Z. Gaciong, M. Gafencu, D. Galeone, F. Galvano, M. Garcia-De-la-hera, D. Gareta, S. P.
Garnett, J. M. Gaspoz, M. Gasull, L. Gates, H. Geiger, J. M. Geleijnse, A. Ghasemian, S. Giampaoli, F.
Gianfagna, T. K. Gill, J. Giovannelli, A. Giwercman, J. Godos, S. Gogen, R. A. Goldsmith, D. Goltzman,
H. Gongalves, M. Gonzdlez-Leon, J. P. Gonzalez-Rivas, M. Gonzalez-Gross, F. Gottrand, A. P. Graga, S.
Graff-lversen, D. Grafnetter, A. Grajda, M. G. Grammatikopoulou, R. D. Gregor, T. Grodzicki, A.

Grgntved, G. Grosso, G. Gruden, V. Grujic, D. Gu, E. Gualdi-Russo, P. Guallar-Castillon, O. P. Guan, E.

This article is protected by copyright. All rights reserved.
34



Accepted Article

www.mnf-journal.com Page 35 Molecular Nutrition & Food Research

F. Gudmundsson, V. Gudnason, R. Guerrero, |. Guessous, A. L. Guimaraes, M. C. Gulliford, J.
Gunnlaugsdottir, M. Gunter, X. Guo, Y. Guo, P. C. Gupta, R. Gupta, O. Gureje, B. Gurzkowska, L.
Gutierrez, F. Gutzwiller, F. Hadaegh, C. A. Hadjigeorgiou, K. Si-Ramlee, J. Halkjzer, I. R. Hambleton, R.
Hardy, R. H. Kumar, M. Hassapidou, J. Hata, J. He, R. Heidinger-Felso, M. Heinen, M. E. Hendriks, A.
Henriques, L. H. Cadena, S. Herrala, V. M. Herrera, |. Herter-Aeberli, R. Heshmat, I. T. Hihtaniemi, S.
Y. Ho, S. C. Ho, M. Hobbs, A. Hofman, W. M. Hopman, A. R. V. R. Horimoto, C. M. Hormiga, B. L.
Horta, L. Houti, C. Howitt, T. T. Htay, A. S. Htet, M. M. T. Htike, Y. Hu, J. M. Huerta, C. H. Petrescu, M.
Huisman, A. Husseini, C. N. Huu, |. Huybrechts, N. Hwalla, J. Hyska, L. lacoviello, A. G. lannone, J. M.
Ibarluzea, M. M. lbrahim, N. lkeda, M. A. lkram, V. E. Irazola, M. Islam, A. A. S. Ismail, V. Ivkovic, M.
Iwasaki, R. T. Jackson, J. M. Jacobs, H. Jaddou, T. Jafar, K. M. Jamil, K. Jamrozik, I. Janszky, J. Jarani, G.
Jasienska, A. Jelakovi¢, B. Jelakovi¢, G. Jennings, S. L. Jeong, C. Q. Jiang, S. M. Jiménez-Acosta, M.
Joffres, M. Johansson, J. B. Jonas, T. Jgrgensen, P. Joshi, D. P. Jovic, J. J6zwiak, A. Juolevi, G. Jurak, V.
Juresa, R. Kaaks, A. Kafatos, E. O. Kajantie, O. Kalter-Leibovici, N. A. Kamaruddin, E. Kapantais, K. B.
Karki, A. Kasaeian, J. Kauhanen, P. Kaur, M. Kavousi, G. Kazakbaeva, U. Keil, L. K. Boker, S. Keindnen-
Kiukaanniemi, C. Kelleher, H. C. G. Kemper, A. Kerimkulova, M. Kersting, T. Key, Y. S. Khader, D.
Khalili, M. Khateeb, K. T. Khaw, I. M. S. L. Khouw, U. Kiechl-Kohlendorfer, S. Kiechl, J. Killewo, J. Kim,
Y. Y. Kim, J. Klimont, J. Klumbiene, M. Knoflach, B. Koirala, E. Kolle, P. Kolsteren, P. Korrovits, J. Kos, S.
Koskinen, K. Kouda, V. A. Kovacs, S. Kowlessur, S. Koziel, W. Kratzer, S. Kriemler, P. L. Kristensen, S.
Krokstad, D. Kromhout, H. S. Kruger, R. Kubinova, R. Kuciene, D. Kuh, U. M. Kujala, Z. Kulaga, R. K.
Kumar, M. KuneSova, P. Kurjata, Y. S. Kusuma, K. Kuulasmaa, C. Kyobutungi, Q. N. La, F. Z. Laamiri, T.
Laatikainen, C. Lachat, Y. Laid, T. H. Lam, O. Landrove, V. Lanska, G. Lappas, B. Larijani, L. E.
Laugsand, L. Lauria, K. L. N. Bao, T. D. Le, M. A. O. Lebanan, C. Leclercq, J. Lee, J. Lee, T. Lehtimaki, L.
M. Ledn-Muioz, N. S. Levitt, C. L. Lilly, W. Y. Lim, M. F. Lima-Costa, H. H. Lin, X. Lin, L. Lind, A.
Linneberg, L. Lissner, M. Litwin, J. Liu, H. M. Loit, L. Lopes, R. Lorbeer, P. A. Lotufo, J. E. Lozano, D.

Luksiene, A. Lundqvist, N. Lunet, P. Lytsy, G. Ma, G. L. L. Machado-Coelho, A. M. Machado-Rodrigues,

This article is protected by copyright. All rights reserved.
35



Accepted Article

www.mnf-journal.com Page 36 Molecular Nutrition & Food Research

S. Machi, S. Maggi, D. J. Magliano, E. Magriplis, A. Mahaletchumy, B. Maire, M. Majer, M. Makdisse,
R. Malekzadeh, R. Malhotra, K. M. Rao, S. Malyutina, Y. Manios, J. I. Mann, E. Manzato, P.
Margozzini, A. Markaki, O. Markey, L. P. Marques, P. Marques-Vidal, J. Marrugat, Y. Martin-Prevel, R.
Martin, R. Martorell, E. Martos, S. Marventano, S. R. Masoodi, E. B. Mathiesen, A. Matijasevich, T. E.
Matsha, A. Mazur, J. C. N. Mbanya, S. R. McFarlane, S. T. McGarvey, M. McKee, S. MclLachlan, R. M.
McLean, S. B. McLean, B. A. McNulty, S. M. Yusof, S. Mediene-Benchekor, J. Medzioniene, A.
Meirhaeghe, J. Meisfjord, C. Meisinger, A. M. B. Menezes, G. R. Menon, G. B. M. Mensink, I. I.
Meshram, A. Metspalu, H. E. Meyer, J. Mi, K. F. Michaelsen, N. Michels, K. Mikkel, J. C. Miller, C. S.
Minderico, J. F. Miquel, D. Mirkopoulou, E. Mirrakhimov, M. Misigoj-Durakovic, A. Mistretta, V.
Mocanu, P. A. Modesti, M. K. Mohamed, K. Mohammad, N. Mohammadifard, V. Mohan, S.
Mohanna, M. F. M. Yusoff, D. Molbo, L. T. Mgllehave, N. C. Mgller, D. Molnar, A. Momenan, C. K.
Mondo, E. A. Monterrubio, K. D. K. Monyeki, J. S. Moon, L. B. Moreira, A. Morejon, L. A. Moreno, K.
Morgan, E. L. Mortensen, G. Moschonis, M. Mossakowska, J. Mota, A. Mota-Pinto, M. E. Motlagh, J.
Motta, T. T. Mu, M. Muc, M. L. Muiesan, M. Miiller-Nurasyid, N. Murphy, J. Mursu, E. M. Murtagh, V.
Musil, I. Nabipour, G. Nagel, B. M. Naidu, H. Nakamura, J. Ndmesn3, E. E. K. Nang, V. B. Nangia, M.
Nankap, S. Narake, P. Nardone, E. M. Navarrete-Mufioz, W. A. Neal, I. Nenko, F. Nervi, C. T. Nguyen,
N. D. Nguyen, Q. N. Nguyen, R. E. Nieto-Martinez, G. Ning, T. Ninomiya, S. Nishtar, M. Noale, O. A.
Noboa, T. Norat, S. Norie, D. Noto, M. Al Nsour, D. O’reilly, G. Obreja, E. Oda, G. Oehlers, K. Oh, K.
Ohara, O. Olafsson, M. T. A. Olinto, I. O. Oliveira, M. Oltarzewski, M. A. Omar, A. Onat, S. K. Ong, L.
M. Ono, P. Ordunez, R. Ornelas, A. P. Ortiz, M. Osler, C. Osmond, S. M. Ostojic, A. Ostovar, J. A.
Otero, K. Overvad, E. Owusu-Dabo, F. M. Paccaud, E. Pahomova, A. Pajak, D. Palli, A. Palloni, L.
Palmieri, W. H. Pan, S. Panda-Jonas, A. Pandey, F. Panza, D. Papandreou, S. W. Park, W. R. Parnell, M.
Parsaeian, I. M. Pascanu, N. D. Patel, I. Peéin, M. S. Pednekar, N. Peer, P. H. Peeters, S. V. Peixoto, M.
Peltonen, A. C. Pereira, N. Perez-Farinos, C. M. Pérez, A. Peters, J. Petkeviciene, A. Petrauskiene, N.

Peykari, S. T. Pham, D. Pierannunzio, |. Pigeot, H. Pikhart, A. Pilav, L. Pilotto, F. Pistelli, F. Pitakaka, A.

This article is protected by copyright. All rights reserved.
36



Accepted Article

www.mnf-journal.com Page 37 Molecular Nutrition & Food Research

Piwonska, P. Plans-Rubid, B. K. Poh, H. Pohlabeln, R. M. Pop, S. R. Popovic, M. Porta, M. L. P.
Portegies, G. Posch, D. Poulimeneas, H. Pouraram, A. Pourshams, H. Poustchi, R. Pradeepa, M.
Prashant, J. F. Price, J. J. Puder, I. Pudule, M. Puiu, M. Punab, R. F. Qasrawi, M. Qorbani, T. Q. Bao, |I.
Radic, R. Radisauskas, M. Rahman, M. Rahman, O. Raitakari, M. Raj, S. R. Rao, A. Ramachandran, J.
Ramke, E. Ramos, R. Ramos, S. Rampal, R. A. Rascon-Pacheco, J. Redon, P. F. M. Reganit, L. Ribas-
Barba, R. Ribeiro, E. Riboli, F. Rigo, T. F. R. de Wit, A. Rito, R. M. Ritti-Dias, J. A. Rivera, S. M.
Robinson, C. Robitaille, D. Rodrigues, F. Rodriguez-Artalejo, M. D. C. Rodriguez-Perez, L. A.
Rodriguez-Villamizar, R. Rojas-Martinez, N. Rojroongwasinkul, D. Romaguera, K. Ronkainen, A.
Rosengren, I. Rouse, J. G. R. Roy, A. Rubinstein, F. J. Riihli, B. S. Ruiz-Betancourt, P. Russo, M.
Rutkowski, C. Sabanayagam, H. S. Sachdev, O. Saidi, B. Salanave, E. S. Martinez, D. Salmerdn, V.
Salomaa, J. T. Salonen, M. Salvetti, J. Sdnchez-Abanto, Sandjaja, S. Sans, L. S. Marina, D. A. Santos, I.
S. Santos, O. Santos, R. N. Dos Santos, R. Santos, J. L. Saramies, L. B. Sardinha, N. Sarrafzadegan, K. U.
Saum, S. Savva, M. Savy, M. Scazufca, A. S. Rosario, H. Schargrodsky, A. Schienkiewitz, S. Schipf, C. O.
Schmidt, I. M. Schmidt, C. Schultsz, A. E. Schutte, A. A. Sein, A. Sen, |. 0. Senbanjo, S. G. Sepanlou, L.
Serra-Majem, S. A. Shalnova, S. K. Sharma, J. E. Shaw, K. Shibuya, D. W. Shin, Y. Shin, R. Shiri, A. Siani,
R. Siantar, A. M. Sibai, A. M. Silva, D. A. S. Silva, M. Simon, J. Simons, L. A. Simons, A. Sjoberg, M.
Sjostrom, S. Skovbjerg, J. Slowikowska-Hilczer, P. Slusarczyk, L. Smeeth, M. C. Smith, M. B. Snijder, H.
K. So, E. Sobngwi, S. Soderberg, M. Y. E. Soekatri, V. Solfrizzi, E. Sonestedt, Y. Song, T. |. A. Sgrensen,
M. Soric, C. S. Jérome, A. Soumare, A. Spinelli, I. Spiroski, J. A. Staessen, H. Stamm, G. Starc, M. G.
Stathopoulou, K. Staub, B. Stavreski, J. Steene-Johannessen, P. Stehle, A. D. Stein, G. S. Stergiou, J.
Stessman, J. Stieber, D. Stockl, T. Stocks, J. Stokwiszewski, G. Stratton, K. Stronks, M. W. Strufaldi, R.
Sudrez-Medina, C. A. Sun, J. Sundstrom, Y. T. Sung, J. Sunyer, P. Suriyawongpaisal, B. A. Swinburn, R.
G. Sy, L. Szponar, E. S. Tai, M. L. Tammesoo, A. Tamosiunas, E. J. Tan, X. Tang, F. Tanser, Y. Tao, M. R.
Tarawneh, J. Tarp, C. B. Tarqui-Mamani, O. F. Tautu, R. T. Braunerova, A. Taylor, F. Tchibindat, H.

Theobald, X. Theodoridis, L. Thijs, B. H. Thuesen, A. Tjonneland, H. K. Tolonen, J. S. Tolstrup, M.

This article is protected by copyright. All rights reserved.
37



Accepted Article

www.mnf-journal.com Page 38 Molecular Nutrition & Food Research

Topbas, R. Topdr-Madry, M. J. Tormo, M. J. Tornaritis, M. Torrent, S. Toselli, P. Traissac, D.
Trichopoulos, A. Trichopoulou, O. T. H. Trinh, A. Trivedi, L. Tshepo, M. Tsigga, S. Tsugane, M. K.
Tulloch-Reid, F. Tullu, T. P. Tuomainen, J. Tuomilehto, M. L. Turley, P. Tynelius, T. Tzotzas, C. Tzourio,
P. Ueda, E. E. Ugel, F. A. M. Ukoli, H. Ulmer, B. Unal, H. M. T. Uusitalo, G. Valdivia, S. Vale, D. Valvi, Y.
T. van der Schouw, K. Van Herck, H. Van Minh, L. van Rossem, N. M. Van Schoor, |. G. M. van
Valkengoed, D. Vanderschueren, D. Vanuzzo, L. Vatten, T. Vega, T. Veidebaum, G. Velasquez-
Melendez, B. Velika, G. Veronesi, W. M. Verschuren, C. G. Victora, G. Viegi, L. Viet, E. Viikari-Juntura,
P. Vineis, J. Vioque, J. K. Virtanen, S. Visvikis-Siest, B. Viswanathan, T. Vlasoff, P. Vollenweider, H.
Volzke, S. Voutilainen, M. Vrijheid, A. N. Wade, A. Wagner, T. Waldhor, J. Walton, W. M. Wan
Bebakar, W. N. Wan Mohamud, R. S. Wanderley, M. D. Wang, Q. Wang, Y. X. Wang, Y. W. Wang, S.
G. Wannamethee, N. Wareham, A. Weber, N. Wedderkopp, D. Weerasekera, P. H. Whincup, K.
Widhalm, I. S. Widyahening, A. Wiecek, A. H. Wijga, R. J. Wilks, J. Willeit, P. Willeit, T. Wilsgaard, B.
Wojtyniak, R. A. Wong-Mcclure, J. Y. Y. Wong, J. E. Wong, T. Y. Wong, J. Woo, M. Woodward, F. C.
Wu, J. Wu, S. Wu, H. Xu, L. Xu, U. Yamborisut, W. Yan, X. Yang, N. Yardim, X. Ye, P. K. Yiallouros, A.
Yngve, A. Yoshihara, Q. S. You, N. O. Younger-Coleman, F. Yusoff, L. Zaccagni, V. Zafiropulos, A. A.
Zainuddin, S. Zambon, A. Zampelas, H. Zamrazilova, T. Zdrojewski, Y. Zeng, D. Zhao, W. Zhao, W.
Zheng, Y. Zheng, B. Zholdin, M. Zhou, D. Zhu, B. Zhussupov, E. Zimmermann, J. Z. Cisneros, Lancet
2017, 390, 2627-2642.

[58] X. Pi-Sunyer, Postgrad. Med. 2009, 121, 21-33.

[59] L. Trigueros, S. Pefia, A. V. Ugidos, E. Sayas-Barberd, J. A. Pérez-Alvarez, E. Sendra, Crit. Rev.
Food Sci. Nutr. 2013, DOI 10.1080/10408398.2011.574215.

[60] S. Jayarathne, |. Koboziev, O. H. Park, W. Oldewage-Theron, C. L. Shen, N. Moustaid-Moussa,
Prev. Nutr. Food Sci. 2017, 22, 251-262.

[61] M. Lu, Y. Cao, J. Xiao, M. Song, C. T. Ho, Food Funct. 2018, 9, 4569-4581.

[62] N. N. Sun, T. Y. Wu, C. F. Chau, Molecules 2016, 21, 1351.

This article is protected by copyright. All rights reserved.
38



Accepted Article

www.mnf-journal.com Page 39 Molecular Nutrition & Food Research

[63] K. Albracht-Schulte, N. S. Kalupahana, L. Ramalingam, S. Wang, S. M. Rahman, J. Robert-
McComb, N. Moustaid-Moussa, J. Nutr. Biochem. 2018, 58, 1-16.

[64] M. Fernandez-Galilea, E. Félix-Soriano, |. Coldn-Mesa, X. Escoté, M. J. Moreno-Aliaga,
Omega-3 Fatty Acids as Regulators of Brown/Beige Adipose Tissue: From Mechanisms to Therapeutic
Potential, Springer 2020.

[65] J. Lund, L. H. Larsen, L. Lauritzen, Adipocyte 2018, 7, 88—95.

[66] R. Fan, K. Koehler, S. Chung, Biochim. Biophys. Acta - Mol. Cell Biol. Lipids 2019, 1864, 59-70.
[67] S. Enerback, A. Jacobsson, E. M. Simpson, C. Guerra, H. Yamashita, M.-E. Harper, L. P. Kozak,
Nature 1997, 387, 90-94.

[68] Y.-H. Lee, S.-N. Kim, H.-J. Kwon, K. R. Maddipati, J. G. Granneman, Am. J. Physiol. Integr.
Comp. Physiol. 2016, 310, R55—-R65.

[69] S. Dieckmann, S. Maurer, T. Fromme, C. Colson, K. A. Virtanen, E.-Z. Amri, M. Klingenspor,
Front. Endocrinol. (Lausanne). 2020, 11, DOI 10.3389/fendo.2020.00073.

[70] A. Umeno, M. Sakashita, S. Sugino, K. Murotomi, T. Okuzawa, N. Morita, K. Tomii, Y.
Tsuchiya, K. Yamasaki, M. Horie, K. Takahara, Y. Yoshida, Biosci. Rep. 2020, 40, DOI
10.1042/BSR20193767.

[71] J. D. Buckley, P. R. C. C. Howe, Obes. Rev. 2009, 10, 648—659.

[72] J. J. Li, C. ). Huang, D. Xie, Mol. Nutr. Food Res. 2008, 52, 631-645.

[73] 0. Kuda, M. Rossmeisl, J. Kopecky, Mol. Aspects Med. 2018, 64, 147-160.

[74]  P. Flachs, M. Rossmeisl, O. Kuda, J. Kopecky, Biochim. Biophys. Acta - Mol. Cell Biol. Lipids
2013, 1831, 986—-1003.

[75] C. Kless, V. M. Miller, V. L. Schiippel, M. Lichtenegger, M. Rychlik, H. Daniel, M. Klingenspor,
D. Haller, Mol. Nutr. Food Res. 2015, 59, 968—-978.

[76] S. F. Maurer, T. Fromme, S. Mocek, A. Zimmermann, M. Klingenspor, Am. J. Physiol. Metab.

2019, ajpendo.00121.2019.

This article is protected by copyright. All rights reserved.
39



Accepted Article

www.mnf-journal.com Page 40 Molecular Nutrition & Food Research

[77] X. Wang, C. B. Chan, J. Endocrinol. 2015, 224, R97-R106.

[78] P. Flachs, M. Rossmeisl, J. Kopecky, Physiol. Res. 2014, 63, S93-118.

[79] A. Z. Lalia, I. R. Lanza, Nutrients 2016, 8, 329.

[80] S. Li, Y. Li, L. Xiang, J. Dong, M. Liu, G. Xiang, Metabolism 2018, 78, 106—117.

[81] B. Otero-diaz, M. Rodriguez-Flores, V. Sdnchez-mufiioz, F. Monraz-preciado, S. Ordoiez-
ortega, V. Becerril-Elias, G. Baay-guzmdn, R. Obando-monge, E. Garcia-garcia, B. Palacios-gonzalez,
M. T. Villarreal-molina, M. Sierra-salazar, B. Antuna-puente, Front. Physiol. 2018, 9, DOI
10.3389/fphys.2018.01781.

[82] D. Patsouris, P. Qi, A. Abdullahi, M. Stanojcic, P. Chen, A. Parousis, S. Amini-Nik, M. G.
Jeschke, Cell Rep. 2015, 13, 1538-1544.

[83] L. S. Sidossis, C. Porter, M. K. Saraf, E. Bgrsheim, R. S. Radhakrishnan, T. Chao, A. Ali, M.
Chondronikola, R. Mlcak, C. C. Finnerty, H. K. Hawkins, T. Toliver-Kinsky, D. N. Herndon, Cell Metab.
2015, 22, 219-227.

[84] B. S. Finlin, H. Memetimin, A. L. Confides, |. Kasza, B. Zhu, H. J. Vekaria, B. Harfmann, K. A.
Jones, Z. R. Johnson, P. M. Westgate, C. M. Alexander, P. G. Sullivan, E. E. Dupont-versteegden, P. A.
Kern, JCl insight 2018, 3, 1-15.

[85] P. A. Kern, B. S. Finlin, B. Zhu, N. Rasouli, R. E. McGehee, P. M. Westgate, E. E. Dupont-
versteegden, J. Clin. Endocrinol. Metab. 2014, 99, E2772-E2779.

[86] M. J. Harms, Q. Li, S. Lee, C. Zhang, B. Kull, S. Hallen, A. Thorell, I. Alexandersson, C. E.
Hagberg, X. R. Peng, A. Mardinoglu, K. L. Spalding, J. Boucher, Cell Rep. 2019, 27, 213-225.e5.

[87] A. L. Carey, E. W. Petersen, C. R. Bruce, R. J. Southgate, H. Pilegaard, J. A. Hawley, B. K.
Pedersen, M. A. Febbraio, R. J. S. H. P. J. A. Hawley, Diabetologia 2006, 49, 1000-1007.

[88] L. Cheung, J. Gertow, O. Werngren, L. Folkersen, N. Petrovic, J. Nedergaard, P. Eriksson, R. M.

Fisher, A. Franco-Cereceda, P. Eriksson, R. M. Fisher, Nutr. Diabetes 2013, 3, e66-9.

This article is protected by copyright. All rights reserved.
40



Accepted Article

www.mnf-journal.com Page 41 Molecular Nutrition & Food Research

[89] F. Norheim, T. M. Langleite, M. Hjorth, T. Holen, A. Kielland, H. K. Stadheim, H. L. Gulseth, K.
I. Birkeland, J. Jensen, C. A. Drevon, FEBS J. 2014, 281, 739-749.

[90] N. Z. Jespersen, A. Feizi, E. S. Andersen, S. Heywood, H. B. Hattel, S. Daugaard, L. Peijs, P.
Bagi, B. Feldt-Rasmussen, H. S. Schultz, N. S. Hansen, R. Krogh-Madsen, B. K. Pedersen, N. Petrovic, S.
Nielsen, C. Scheele, Mol. Metab. 2019, 24, 30-43.

[91] B. S. Finlin, B. Zhu, A. L. Confides, P. M. Westgate, B. D. Harfmann, E. E. Dupont-Versteegden,
P. A. Kern, Diabetes 2017, 66, 1237-1246.

[92] L. S. Sidossis, C. Porter, M. K. Saraf, E. Bgrsheim, R. S. Radhakrishnan, T. Chao, A. Ali, M.
Chondronikola, R. Mlcak, C. C. Finnerty, H. K. Hawkins, T. Toliver-Kinsky, D. N. Herndon, Cell Metab.
2015, 22, 219-227.

[93] D. Patsouris, P. Qi, A. Abdullahi, M. Stanojcic, P. Chen, A. Parousis, S. Amini-Nik, M. G.
Jeschke, Cell Rep. 2015, 13, 1538-1544.

[94] S. Li, Y. Li, L. Xiang, J. Dong, M. Liu, G. Xiang, Metabolism. 2018, 78, 106—-117.

[95] A. L. Carey, C. Vorlander, M. Reddy-luthmoodoo, A. K. Natoli, M. F. Formosa, D. A. Bertovic,
M. J. Anderson, S. J. Duffy, B. A. Kingwell, PLoS One 2014, 9, DOI 10.1371/journal.pone.0091997.
[96] K.-J. Chung, A. Chatzigeorgiou, M. Economopoulou, R. Garcia-Martin, V. I. Alexaki, I.
Mitroulis, M. Nati, J. Gebler, T. Ziemssen, S. E. Goelz, J. Phieler, J. Lim, K. P. Karalis, T.

Papayannopoulou, M. Bliher, G. Hajishengallis, T. Chavakis, Nat. Immunol. 2017, 18, 654—664.

This article is protected by copyright. All rights reserved.
41



www.mnf-journal.com Page 42 Molecular Nutrition & Food Research

A plasma B plasma E plasma
100,000 1,000 6 :
" :
g " @ aner s 4 e e,
g 10,000 - v s tw0f o e I 4 "
Ero - = s g, S
g vy e . 5 = P EO U, RO 1
£ E 1,000 ® e J % 10 & 2 7
52 & ‘% Evg® » @ 5 ng
f-a—] L ] g - E @
s 100 é} @ o s B s 4 @ :
=4 & z 64
g - gg ¥ ¥ ) C5TRLISS
10 od g T . ; ' . O palm oit
CsBLis) 12986/SvEvTac CETRLBS 12986/SvEvTac B wlk -2 a 2 4 @ borage oit
PC 1 (35%) ® fishoi
Cc . D . F . 12956/SvEvTac
WAT AVAT iWAT < palm ot
1,000 1,000 ELN : & borage of
h i o ge of
g ) : o~ 4 2 ° 7 & ishol
B o004 i 1o o @B - 2 9 ©
£ g £ a® ) :
© @ & :
FIRIEE ST e £2 IS U S S
™ = e° * @, = hd @ ” o
£ & 2 e ’% £ * 9 9
& 1 % @ E A I I . .
z 3 4 + N
[+
H - [ )
0.1 S . R S
C57BLIGS 12956/8vEvTac C578L/8J 12986/SvEvTac -4 -2 a 2 4 8 8 10
RC 1 (42%)

Figure Legends

Figure 1: Effect of dietary PUFA supplementation on the oxylipin profile of plasma and iWAT in
C57BL/6J and 129S6/SvEvTac mice. (A) Total concentration of all measured oxylipins in plasma. (B)
Ratio of n6-derived to n3-derived oxylipins in plasma. (C) Total concentration of all measured
oxylipins in iWAT. (D) Ratio of n6-derived to n3-derived oxylipins in iWAT. (E) Principal component
analysis of the plasma oxylipin profile. (F) Principal component analysis of the iWAT oxylipin profile.

Asterisks indicate a significant effect of the fat source in C57BL/6J or 12956/SvEvTac mice (n=5).
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Figure 2: Effect of dietary PUFA supplementation on thermogenic adipocyte recruitment. (A)

Relative Ucp1 protein levels in iBAT. Ucpl was normalized to pan-actin. A representative Western

Blot image is displayed in Supporting Information Figure S3. (B-D) Relative gene expression of (B)

Ucpl, (C) Cidea and (D) Cox7al in iWAT. Gene expression was normalized to Gtf2b. Asterisks indicate

a significant effect of the fat source on C57BL/6J or 12956/SvEvTac mice (n=>5).
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Figure 3: Effect of dietary PUFA-supplementation on the recruitment of thermogenic adipocytes in

the presence and absence of B3-agonism. (A) Relative Ucp1 protein levels. Ucpl was normalized to

total protein stain (see Supporting Information Figure S5). (B) Dissected iBAT mass. (C) Dissected

iWAT mass. (D-F) Relative gene expression of (D) Ucpl, (E) Cidea and (F) Cox7al in iWAT. Gene

expression was normalized to Rplp0. (G) Hematoxylin/Eosin-stained iBAT and iWAT sections. Log10

transformed data was used for statistical analysis in B and C in order to meet the assumption of

normal distribution. There were no significant effects of the diet among vehicle or CL 316,243

treated mice. Asterisks indicate a significant effect of CL 316,243 versus vehicle treatment (n=8-10).
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Figure 4: Effect of dietary PUFA supplementation and B3-agonism on body mass and body
composition changes. (A D) Body mass trajectories depicting absolute changes in body mass during
vehicle and CL-316,243 treatment of mice fed with (A) IFD18, (B) IFD11, (C) IFD5 and (D) IFD1. (E-G)
Total changes in (E) body mass, (F) fat mass and (G) lean mass during 7 days of vehicle and CL-
316,243 treatment. (H) Total energy intake during vehicle and CL-316,243 treatment. Asterisks
indicate a significant effect of CL 316,243 versus vehicle treatment (n=8-10). There were no

significant effects of the diet among vehicle or CL 316,243 treated mice.
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Figure 5: Effect of dietary PUFA supplementation on the development of diet-induced obesity and
glucose intolerance in C57BL/6J mice. (A) Body mass trajectories. (B) Total energy intake at the end
of IFD and HFD-feeding. (C-E) Changes in (C) body mass, (D) fat mass and (E) lean mass over the
course of IFD and HFD-feeding. (F, G) Blood glucose trajectories of oral glucose tolerance tests
conducted at the end of (F) IFD-feeding and (G) HFD-feeding. Asterisks indicate a significant effect of
fish oil versus palm oil supplementation (n=12). Rhombs indicate a significant effect of fish oil versus
borage oil supplementation. There were no significant differences between borage oil and palm oil
supplementation. (H) Total area under the curve (AUC) of blood glucose levels. Asterisks indicate a

significant effect of the dietary fat source during HFD-feeding (n=12).
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Figure 6: Effect of dietary PUFA supplementation on (A, B) plasma levels of cholesteryl ester 20:5, (C,
D) cholesteryl ester 22:6 and gene expression in human WAT of (E,F) adiponectin and (G, H) Ucp1.
Overweight and obese subjects supplemented their diet with (A, C, E, G) arabinoxylan
oligosaccharides (AXOS) or (B, D, F, H) fish oil (n3-PUFA) over 4 weeks during a randomized crossover
trial. Both dietary interventions were separated by a 4-week washout period. Blood plasma and
abdominal subcutaneous fat was collected before (pre) and after (post) each dietary intervention. All

datasets were analyzed by two tailed, nonparametric Wilcoxon matched-pairs signed rank test with
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