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of n-3 PUFA and subsequent oxylipin formation
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Abstract

a-Linolenic acid (ALA) is an essential fatty acid and the precursor for long-chain n-3 PUFA.
However, biosynthesis of n-3 PUFA is limited in a Western diet likely due to an overabundance of
n-6 PUFA. We hypothesized that dietary reduction of n-6/n-3 PUFA ratio is sufficient to promote
the biosynthesis of long-chain n-3 PUFA, leading to an attenuation of high fat (HF) diet-induced
obesity and inflammation. C57BL/6J mice were fed a HF diet from ALA-enriched butter (n3Bu,
n-6/n-3=1) in comparison with isocaloric HF diets from either conventional butter lacking both
ALA and LA (Bu, n-6/n-3=6), or margarine containing a similar amount of ALA and abundant LA
(Ma, n-6/n-3=6). Targeted lipidomic analyses revealed that n3Bu feeding promoted the
bioconversion of long-chain n-3 PUFA and their oxygenated metabolites (oxylipins) derived from
ALA and EPA. The n3Bu supplementation attenuated hepatic TG accumulation and adipose tissue
inflammation, resulting in improved insulin sensitivity. Decreased inflammation by n3Bu feeding
was attributed to the suppression of NF-xB activation and M1 macrophage polarization.
Collectively, our work suggests that dietary reduction of the n-6/n-3 PUFA ratio, as well as total
n-3 PUFA consumed, is a crucial determinant that facilitates n-3 PUFA biosynthesis and
subsequent lipidomic modifications, thereby conferring metabolic benefits against obesity-induced
inflammation and insulin resistance.
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Introduction

Fatty acids (FA) are critical sources of energy production and structural components for
cells, and essential regulators that control gene expressions by interacting with various
transcription factors [1]. Consumption of different types of FA, as well as the total amount of
fat, robustly induces metabolic changes [2, 3]. The ratio of n-6 to n-3 polyunsaturated fatty
acids (PUFA) in the diet is important based on the opposing roles of these two classes of
PUFA on metabolic and inflammatory processes. The n-3 PUFA, including alpha-linoleic
acid (ALA) and its derivatives, eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA), exhibit anti-inflammatory properties [4]. In contrast, n-6 PUFA, including linoleic
acid (LA) and its derivative arachidonic acid (ARA) exert pro-inflammatory effects [5].
Thus, compositional changes of membrane PUFAs could lead to systemic modulation of
multiple metabolic pathways and immunological responses. These changes are mediated by
the differential production of PUFA-derived lipid mediators such as oxylipins and
endocannabinoids [6, 7]. Numerous clinical and epidemiological studies have demonstrated
that increased consumption of n-3 PUFA decreases the risks of a wide range of
inflammatory diseases, including cardiovascular disease (CVD), non-alcoholic
steatohepatitis, and insulin resistance [8]. However, the typical American diet contains
higher n-6 PUFA than n-3 PUFA, resulting in a significant imbalance between n-6/n-3
PUFA. Hence, there is an unmet need for a new dietary strategy that helps reduce n-6/n-3
PUFA ratio through our daily regimen.

Trans-fat free margarine (from vegetable oil) is regarded healthier than butter (milk fat) due
to the reduced saturated FA (SFA) and increased total PUFA content. This traditional view
has been challenged by the following recent findings; 1) SFA is not as bad as it was
previously known [9, 10], and 2) LA, an essential and most abundant n-6 PUFA in nature,
could be harmful [11-13]. In a meta-analysis, Ramsden et a/. found that substitution of LA
for SFA may decrease the serum cholesterol levels, but do not significantly reduce CVD risk
[14]. In addition, there was no significant correlation between butter consumption and
cardio-metabolic disease risk or mortality [15]. A growing body of evidence suggests that
intake of LA promotes inflammatory responses that contribute to the prevalence of chronic
diseases such as nonalcoholic steatohepatitis (NASH) and breast cancer [16, 17]. Besides, it
has long been suggested that LA limits the bioconversion of ALA into n-3 PUFA at substrate
levels; the prevalence of LA predominates the delta-5 and delta-6 desaturases (encoded by
FADS 1and FADSZ, respectively), which favorably shifts the enzymatic reactions to the
production of n-6 PUFA (i.e., ARA) over n-3 PUFA (i.e., DHA or EPA) [18, 19]. Despite
extensive studies on the role of ALA-rich oils including echium or flaxseed oils in
prevention from atherosclerosis [20], our current understanding is limited as to whether the
modulation of dietary n-6/n-3 ratio per se poses a direct impact on bioconversion for long-
chain n-3 PUFA (i.e., DHA and EPA) and subsequent PUFA-derived oxygenated
metabolites.

In the current study, we hypothesized dietary reduction of LA/ALA ratio could promote the
biosynthesis of long-chain n-3 PUFA, thereby inducing metabolic benefits. Our aim was to
compare the differential impact of isocaloric HF diet prepared from butter, ALA-enriched
butter, and margarine on intracellular PUFA balance in obesity-prone C57BL/6J mice. By
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taking a lipidomic approach, our study focused on investigating the impact of dietary n-6/n-3
PUFA ratio on endogenous production of long-chain n-3 PUFA and their oxygenated PUFA-
metabolites as well as metabolic susceptibility to diet-induced metainflammation.

2. Materials and Methods

2.1. Diet preparation

Three different solid fats were used to prepare the experimental diets containing different
n-6/n-3 ratio. A commercially available butter blend (Hiland Dairy Foods) and trans-fat free
margarine (Land O’Lakes) were purchased from a local supermarket. The ALA-enriched
butter (Sunseo Milk Butter™) was provided by Sunseo Omega Inc., which was made from
ALA-enriched milk (1:4 Milk™, commercially available). These solid-fat products were
used to prepare isocaloric diets containing 45% calorie from fat by using either conventional
butter (Bu), n-3 enriched butter (n3Bu), or margarine (Ma) based on AIN 93M purified
rodent formula (Supplement Table 1). The distribution of fatty acid species in each diet was
analyzed by gas chromatography-mass spectrometry (GC/MS) and is detailed in Table 1.

2.2. Animals, body composition, and glucose tolerance test (GTT)

All animal experiments were conducted according to the protocols approved by the
Institutional Animal Care and Use Committee (IACUC) at the University of Nebraska-
Lincoln. Six-week-old male C57BL/6J mice (Jackson Laboratory) were randomly assigned
to one of four diet groups (n=8/group), chow, Bu, n3Bu or Ma, and fed ad /ibitum. After 10
weeks of dietary intervention, body composition was measured in conscious mice using the
Minispec LF50 Body Composition Analyzer (Bruker Corporation) according to the
manufacturer’s instruction. The values of fat tissue, lean tissue, and free fluid were obtained
from the Minispec software. To measure glucose tolerance, mice were fasted overnight and
intraperitoneally injected with a 10% D-glucose solution (1g/kg BW). Disposal of glucose
from blood circulation was measured using a glucometer (Bayer, Contour) at time intervals.
The area under the curve (AUC) was used to calculate the data. Blood was collected at 30
minutes post-glucose injection during GTT to measure insulin levels using Ultra-Sensitive
Mouse Insulin ELISA Kit (Crystal Chem). The HOMA-IR (homeostasis model assessment
of insulin resistance) index was calculated as [fasting plasma glucosex fasting plasma
insulin/22.5] to assess insulin sensitivity.

2.3. Fatty acid profile of red blood cells (RBC) and other tissues

To determine FA profiles in the red blood cells (RBC), whole blood was collected by
submandibular bleeding in the EDTA containing tube at 0, 2, 4 and 8 weeks post dietary
intervention. After centrifugation, 50 pl of the packed volume of RBC were transferred to a
fresh glass vial and total lipids were extracted as we previously described [21]. To analyze
the tissue specific FA profile, total lipids were extracted from liver and several depots of
adipose tissue. For preparation of visceral fat, epididymal fats (i.e., eWAT) were collected by
dissecting the anatomically distinct fats around the testis and epididymis. Mesenteric fats
(i.e., Mes), loosely attached to the intestine, were carefully detached from intestines and
pancreas. For subcutaneous fat, we collected a pair of inguinal white adipose tissue (i.e.,
iWAT), which were found in the anterior to the upper segment of the hind limb. For the lipid
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analysis of brain (Supplement Table 5), whole brain tissue was snap-frozen in liquid
nitrogen and grinded to powder to avoid a regional difference in FA composition.

Briefly, ~100 mg of tissue was minced, and total lipids were extracted and subjected to fatty
acid methylation to form fatty acid methyl ester (FAME). Capillary HP-88 column (100 m x
0.25 mm x 0.2 um film thickness, Agilent Technologies) was used, and the individual FA
peak was identified by comparing its relative retention times with the commercial mixed-FA
standard (NU-CHEK PREP, Inc). The area percentages for all resolved peaks were analyzed
using the GC/MSD ChemStation Software (Agilent Technologies). FA profiles in tissues
(liver, eWAT, iWAT, and brain) are provided in Supplemental Tables 2-5.

2.4. Plasma chemistry and liver TG analysis

Total cholesterol levels in plasma were measured using a colorimetric assay (BioVision).
Plasma triglycerides (TG) were measured enzymatically according to the manufacturer’s
instruction (Pointe Scientific). To determine total apolipoprotein distributions as an
indication of changes in lipoprotein profiles, pooled plasma (n=4) was separated by a
Superose 6 FPLC column (10/300 GL, GE Healthcare Life Sciences; flow rate 0.15 mL/
min) coupled with a UV detector (Waters) for protein absorbance at 280 nm. For TG
determination in the liver, total lipid was extracted from ~100 mg of tissue (n=8/group) in
chloroform: methanol (2:1) solution and processed as described previously [22].

2.5. Oxylipin assay in plasma and liver

All oxylipin analyses were conducted at the USDA-Western Human Nutrition Research
Center (Davis CA). Non-esterified oxylipins and endocannabinoids were isolated by
methanol/acetonitrile mixture (1:1 v/v) from plasma or liver tissue, and quantified by UPLC-
MS/MS [23]. Briefly, 50 uL of plasma or 50 mg of liver tissue were mixed with 5 uL BHT/
EDTA (1:1 MeOH:H,0), 5 pL of 1,250 nM deuterated oxylipins and endocannabinoids
surrogates in methanol. Next, plasma proteins were precipitated by addition of 185 uL of 1:1
methanol: acetonitrile. Liver tissue was homogenized by agitation with three 3mm stainless
steel beads in a 2010 Geno/Grinder (SPEX Sample Prep, Metuchen, NJ) with 235 pL of 1:1
methanol:acetonitrile. Plasma extracts and tissue homogenates were centrifuged at 15,000 g
x 10 minutes and supernatants were filtered (0.1 um PVDF membrane filter) prior to UPLC
separations. Residues in extracts were separated on a 2.1 mm x 150 mm, 1.7 ym BEH C18
column (Waters) and detected by electrospray ionization with multi reaction monitoring on a
API 6500 QTRAP (SCIEX), and quantified against 7-9 point calibration curves of authentic
standards as previously reported methods [24].

2.6. Western blot analysis

Total protein was extracted from tissue using RIPA buffer containing protease and
phosphatase inhibitors (MilliporeSigma). The proteins were separated by SDS-PAGE and
transferred onto a PVDF membrane. Antibodies targeting acetyl-CoA carboxylase (ACC,
#3676), fatty acid synthase (FASN, #3180), stearoyl CoA desaturase (SCD-1, #2794), IxBa
(#4812), CD11c (#97585), F4/80 (#70076), UCP1 (#14670), CytC (#11940), CD45
(#13917), and B-actin (#4970) were purchased from Cell Signaling Technology. Antibodies
targeting ApoB (#MAC23-031) and GAPDH (sc-47724) were purchased from Meridian Life
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Sciences, and Santa Cruz Biotechnology, respectively. Blots were visualized with a
FluorChem™E imaging system (Protein Simple).

2.7. gPCR analysis

Total RNA was extracted using TRIzol™ Reagent (ThermoFisher Scientific) from
homogenized tissues. RNA was purified using DNA-free™ DNA Removal Kit
(ThermoFisher Scientific), and 2 ug of RNA was converted into cDNA (iScript, BioRad) via
reverse transcription. Relative gene expressions were determined using SYBR Green-based
real-time qQPCR (Applied Biosystems). The data was calculated based on the 2-2ACT method
with normalization of the raw Ct values to 3664.

2.8. H&E staining and immunofluorescence staining

Tissue samples were fixed in 10% buffered formalin, embedded in paraffin, cut to 5 pm
sections, and processed for hematoxylin and eosin (H&E) staining. From each adipose
depot, five sections were prepared and stained, and 20X magnification images were
captured. A total of 300 diameter measurements were made for each adipose tissue sample
by using NIH Image J and Adiposoft software [25] (Fig 6C).

2.9. Statistics

All data were presented as mean = SEM. Data analyses collected at a single time point were
conducted by one-way ANOVA among the isocaloric HF diet groups followed by Tukey’s
multiple comparison tests. For GTT, the area under the curve was calculated for individual
animals and analyzed by one-way ANOVA. For data collected over time, repeat measures
two-way ANOVA with Tukey’s multiple comparison tests were used to determine the major
treatment effects (diet) over time (time factor), i.e., body weight (Fig 1B), total plasma
cholesterol concentration (Fig 2 A), and FA content in the RBC (Fig 2D-F)

The preceding tests were performed in Prism 7 (GraphPad Software). To reduce oxylipin
data dimensionality, variables were clustered with the principle components analysis (PCA)
clustering algorithm in JMP Pro v14.0 (SAS Institute Inc). Plasma and liver data were
clustered independently. Variables within each cluster were collapsed into single variables
(i.e. cluster components) and cluster component differences between treatment groups were
evaluated by ANOVA with the Tukey’s honest significant difference test. The principal
component analysis (PCA) and heatmaps were performed with JMP Pro v14.0. Plasma
oxylipins were auto-scaled [26] prior to multivariate analysis and the calculation of relative
abundances used for heatmap generation.

3. Results

3.1. ALA-enriched butter attenuated adiposity and systemic insulin resistance

The FA profile of ALA-enriched butter showed a similar pattern (high SFA and low LA)
with butter except for 4 % of ALA content, resulting in a 6-fold decrease of n-6/n-3 ratio
(i.e., n-6/n-3 ratio=6 for Bu and n-6/n-3 PUFA=1 for n3Bu). Made from mixed vegetable oil,
margarine contained a higher content of LA than butter but a similar content of ALA,
resulting in n-6/n-3 PUFA ratio identical with conventional butter (i.e., n-6/n-3 ratio=6 for
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Ma) (Table 1). After 10 weeks of isocaloric high fat (45%) diets (Fig 1A), mice in the Ma
group showed a slight but significant weight gain compared to butter-based diet groups of
Bu or n3Bu (Fig 1B). Despite no differences in body weight between Bu and n3Bu, n3Bu
mice had significantly lower fat mass and higher lean mass compared to Bu (Fig 1C).
Consistent with the reduced fat mass, fasting blood glucose and insulin levels were
significantly lower in n3Bu fed mice than Bu or Ma fed mice (Fig 1D). Based on these
results, the HOMA-IR value, an indicator of insulin resistance, was the lowest in Bu fed
mice among the HF fed mice, comparable to chow fed mice (Fig 1E). During glucose
tolerance test (GTT), glucose disposal rate was faster in n3Bu fed mice than Bu or Ma fed
mice (Fig 1F). Insulin levels at 30 minutes post-glucose injection were significantly lower in
n3Bu fed mice than Bu or Ma fed mice (Fig 1G). These results suggest that reduction of
dietary LA/ALA ratio may promote insulin sensitivity in mice.

3.2. ALA-enriched butter increased EPA content in RBC and its corresponding oxylipins

in plasma

To examine the impact of dietary n-6/n-3 PUFA ratio on plasma lipid profile, we collected
blood biweekly. All three HF diets elevated total cholesterol levels compared to the chow
diet with the rank order of Bu and Ma > n3Bu > chow (Fig 2A). The lipoprotein distribution
profiles by FPLC revealed that Bu and Ma diets markedly increased LDL as well as HDL,
while n3Bu showed a negligible impact on LDL as well as ApoB levels (Fig 2B). The
plasma triglyceride (TG) levels were significantly higher in Ma group, while there were no
significant differences between chow and butter-based diet groups (Fig 2C).

Next, we analyzed the FA composition of red blood cells (RBC), which reflects dietary fat
intake. The increase of n-3 PUFA percentage by n3Bu was evident in RBC as early as two
weeks after the dietary intervention compared to chow or other isocaloric diets of Bu and
Ma. Similarly, Ma feeding significantly augmented n-6 PUFA composition compared to
chow or butter-based diets of Bu or n3Bu (Fig 2D). Consequently, the n3Bu diet induced a
substantial reduction of n-6/n-3 ratio in the RBC compared to baseline, which occurred
approximately two weeks after n3Bu diet introduction (Fig 2E). Notably, EPA and ALA
composition in RBC was significantly increased with n3Bu feeding, while DHA
composition in RBC remained relatively stable regardless of dietary intervention (Fig 2F).
Reflecting the low LA content in butter (Table 1), Bu and n3Bu decreased the LA content
compared to the baseline, while Ma increased the LA composition in the RBC. The ARA
levels were elevated with Bu and Ma feeding, but not with n3Bu feeding in the RBC (Fig
2F). Oxylipins are oxygenated products of PUFA that play crucial roles as lipid mediators of
PUFA effects in systemic levels [27]. Next, we examined the impact of dietary n-6/n-3 ratio
on modulating the oxylipin profiles in plasma. Approximately 50 of 80 measured oxylipins
were identified by UPLC-MS/MS analysis. The principal components analysis (PCA) of
oxylipin composition showed a pronounced separation of n3Bu from Bu and Ma (Fig 3A).
The heatmap visualization of the oxylipin species distribution highlights that n3Bu
decreased the ARA-derived oxylipins compared with Bu or Ma. In contrast, the LA-derived
oxylipins were higher in Ma than Bu and n3Bu, reflecting higher LA content in Ma. Despite
the similar amount of total ALA content in n3Bu and Ma, EPA-derived oxylipins were
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higher in n3Bu than Ma. However, there was no significant difference in DHA-derived
oxylipins among the groups (Fig 3B).

Similar to the oxylipin pattern found in human plasma [28], lipoxygenase (LOX)-dependent
alcohols were the predominant oxylipin species in mouse plasma, including
hydroxyeicosatetraenoic acids (HETE) and hydroxyeicosapentaenoic acids (HEPE). To
understand the plasma oxylipin formation in the context of substrate availability of 12/15-
LOXs, we clustered the LOX-dependent hydroxyl oxylipins into either HETEs as ARA-
derived metabolites (LOXaRa, i-e., 12-HETE and 15-HETE) or HEPES as EPA-derived
metabolites (LOXEpa, i.€., 12-HEPE and 15-HEPE). In response to the n3Bu feeding, there
was a substantial decrease in HETE concentration with a concomitant increase in HEPE
level (Fig 3C). Consequently, n3Bu feeding resulted in a huge reduction in the ratio of
HETE/HEPE (LOXaRra/epa) in a rank order of Bu = Ma > n3Bu (Fig 3D). It is also worthy
to note that the levels of 15-deoxy-PGJ,, an ARA-derived oxylipin by cyclooxygenase
(COX), were 3-fold higher in n3Bu than Bu or Ma (Fig 3E).

Collectively, these results suggest that dietary reduction of n-6/n-3 FA ratio is effective in
reducing systemic levels of n-6/n-3 ratio, promoting biosynthesis of long chain n-3 PUFA
and generation of both ALA and EPA-derived oxylipins.

3.3. ALA-enriched butter promoted bioconversion of long-chain n-3 PUFA, modulated
oxylipin profile, and attenuated TG accumulation in the liver

We evaluated the impact of dietary n-6/n-3 PUFA ratio on hepatic lipid metabolism. Liver
weight (Fig 4A) and TG accumulation (Fig 4B) is reduced in n3Bu relative to Bu and Ma.
Gross inspection and liver histology indicated that n3Bu diet showed less hepatic lipid
accumulation than other isocaloric HF diets and were comparable to chow feeding (Fig 4C).
The n-6/n-3 PUFA ratio was ~1 in the n3Bu fed liver, while it was close to 6 in Bu or Ma fed
liver (Fig 4D). The hepatic PUFA profile was slightly different from plasma. The n3Bu
feeding increased the three major n-3 PUFA of ALA, EPA and DHA, while Ma feeding
increased the LA content >3-fold compared to Bu or Ma. No differences in liver ARA
content were seen among diet groups (Fig 4E). The expression levels of key FA synthesis
enzymes including acetyl CoA carboxylase (ACC) and stearoyl CoA desaturase-1 (SCD-1),
but not fatty acid synthase (FASN), were significantly higher in the Bu-fed liver compared to
Ma feeding (Fig 4F). Intriguingly, protein expression levels of FASN and SCD-1 were not
different between Bu and n3Bu fed liver, while ACC levels were significantly lower in the
n3Bu fed liver than Bu fed liver (Fig 4F). Unexpectedly, there were no significant
differences in the expression levels of peroxisome proliferator-activated receptors, Apara or
Ppary, among the HF-fed groups. In contrast, Ma fed mice increased the mRNA levels of
diacylglycerol acyltransferase (Dgat?2), a crucial enzyme for TG esterification (Fig 4H).

The reduction of hepatic TG levels by n3Bu supplementation was associated with a change
in macrophage (Mg) activation status in the liver. Feeding with n3Bu decreased the
expression levels of 1) F4/80, a major macrophage marker without changes of total
leukocyte common antigen (CD45), 2) IxBa degradation, an inhibitory protein for NF-xB
activation, and 3) CD11c, a marker for pro-inflammatory M1 Mg activation compared to
isocaloric diet groups of Bu or Ma (Fig 4G). Moreover, there was a significant reduction in
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monocyte chemo-attractive protein-1(Mcp1/Cc/2) and an increase in the M2 macrophage
maker of arginase 1 (ArgZ) in n3Bu fed liver compared to Bu or Ma fed liver (Fig 4H).

Next, we examined the modulation of hepatic oxylipins by n3Bu feeding. The hepatic
oxylipin profiles showed a distinct separation among Bu, n3Bu, and Ma by PCA analysis
(Fig 5A). The heatmap distribution of hepatic oxylipins revealed that 1) the content of
oxylipins derived from LA was higher in Ma-fed liver than the Bu- or n3Bu-fed liver, and 2)
n3Bu intake showed a trend towards increased oxylipins produced from ALA and EPA, but
not DHA, compared to Bu or Ma fed liver (Fig 5B). Similar to the plasma oxylipin profile,
15-deoxy-PGJy, a natural ligand for PPARy, increased by ~10-fold in the n3Bu fed liver
compared with the Bu or Ma fed liver (Fig 5C). The two most abundant EPA-derived
oxylipins in the liver were 14,15-DIiHETE and 17,18-DiHETE, formed by cytochrome P450-
dependent epoxidation followed by soluble epoxide hydroxylase (sEH)-dependent
conversion to 1,2- or vicinal-diols [28] (Fig 5D). Consistent with the increased EPA levels,
the n3Bu fed liver showed a marked increase in 14, 15-DiHETE and 17, 18-DiHETE levels
compared to Bu or Ma-fed liver (Fig 5E).

3.4. ALA-enriched butter attenuated adipose tissue inflammation

To investigate the impact of lowered n-6/n-3 ratio on adipose tissue metabolism, we
collected the different depots of adipose tissue including epididymal (eWAT, visceral),
inguinal (IWAT, subcutaneous), and mesenteric (Mes, peri-intestinal, and visceral) fat.
Consistent with the reduced fat composition (Fig 1C), n3Bu diet significantly reduced both
visceral and subcutaneous fat mass compared with the corresponding depots from isocaloric
diets of Bu and Ma (Fig 6A). The H&E staining of eWAT revealed that n3Bu decreased HF-
diet induced adipocyte hypertrophy (Fig 6B,C). Western blot analysis revealed that n3Bu
significantly reduced F4/80 and CD11c expression in the e WAT compared to Bu or Ma
feeding (Fig 6D). Consistently, immunostaining of F4/80 revealed that macrophage
infiltration is reduced in the n3Bu fed e WAT compared with Bu or Ma-fed e WAT
(Supplemental Fig 4). It is also noticeable that the rank order of IxBa. degradation in the
eWAT was Ma > Bu > n3Bu (Fig 6D). The same relative pattern was observed in iWAT (data
not shown).Consistent with reduced NF-xB activation and smaller adipocytes, adiponectin
(Adipog) gene levels were significantly higher in n3Bu compared to Bu or Ma, while the
proinflammatory mRNA expressions of Mcp1, Cd1ic, and Tnfa were the highest in the Ma
group (Fig 6E). Similar to RBC, and liver, the n-6/n-3 FA ratio was decreased in n3Bu by 5-
fold compared to Bu, and 3-fold compared to Ma (Fig 6F). There was a striking resemblance
in FA profile between eWAT, and iWAT (Fig 6G and Supplemental Fig 2A and see
Supplement Table 3 and 4). Collectively, dietary reduction of n-6/n-3 PUFA ratio effectively
increases the LC n-3 PUFA content in the eWAT, which contributes to the attenuation of HF-
diet-induced inflammation in adipose tissue.

4. Discussion

Dietary supplementation with n-3 PUFA has been demonstrated to attenuate the risk of
metabolic diseases, including obesity, insulin resistance, and non-alcoholic fatty liver
disease. It is likely due to the divergent effects of n-6 and n-3 PUFA on immune response
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and lipid metabolism. However, the relevance of dietary n-6/n-3 ratio has not been
thoroughly evaluated in terms of endogenous production of long-chain n-3 PUFA and their
oxygenated metabolites. Here, we aimed to assess the impacts of commonly consumed solid
fats (7.e, butter, ALA-enriched butter, and margarine) on adiposity control and insulin
sensitivity, and interpret the results with respect to intracellular PUFA balance. Our work
underscores the metabolic significance of dietary n-6/n-3 PUFA ratio as a predictor for 1)
intracellular biosynthesis of long-chain n-3 PUFA, 2) subsequent modulation in oxygenated
PUFA metabolites, and 3) susceptibility to diet-induced metainflammation.

A debate continues regarding whether the total PUFA vs. total SFA content and/or the
dietary ratio of n-6/n-3 PUFA confers metabolic advantages [29-31]. In our experimental
setting, a margarine-based diet (Ma) did not exert metabolic benefits compared to a butter-
based isocaloric diet (Bu), despite lower SFA and higher PUFA. In contrast, an ALA-
enriched butter diet (n3Bu) reduced inflammatory responses and improved insulin
sensitivity. Given that n3Bu contains a similar n-3 PUFA content with Ma, less total n-6
PUFA, and higher SFA than Ma, these results suggest that the n-6/n-3 PUFA ratio is a more
critical metabolic determinant than the total dietary PUFA or SFA content. These results are
well-supported by the literature. Duivenvoorde ef al. assessed the metabolic flexibility
between high-fat diets with different FA compositions but similar n-6/n-3 ratio [32].
Consistent with our results, this study failed to find differences in adiposity control,
adipokine levels, or whole body energy balance [32]. By comparing the metabolic effects of
corn oil (high n-6 PUFA) and lard (high SFA), Pavlisova et a/. found that HF induces similar
weight gain and insulin resistance in mice regardless of fat whether it is derived from SFA or
n-6 PUFA [33]. Intriguingly, supplementing the lard-based HF diet with fish oil, but not with
corn oil-based isocaloric diet, restored insulin sensitivity, implicating a more significant
reduction in n-6/n-3 PUFA ratio by lard-based diet than in corn oil-based diet [33]. Our
results further reinforce the idea that lowering dietary n-6/n-3 PUFA ratio, but not FA
composition, specifically mediates metabolic improvements.

Since mammals cannot synthesize LA and ALA de novo, the dietary intake of LA and ALA
is essential [34]. The primary focus of this study was to evaluate the role of dietary n-6/n-3
PUFA ratio in modulating the efficiency of biosynthesis of long-chain n-3 PUFA from
dietary LA, and we assumed that intestinal uptake of n-3 PUFA would be similar regardless
of butter- or margarine-based HF diet. This assumption is based on the study by Dias et al.
showing that the kinetics of postprandial incorporation of n-3 PUFA into plasma lipids is
identical, irrespective of co-administered fats either from SFA or n-6 PUFA [35]. Therefore,
competition between n-3 and n-6 PUFA at the absorption level is unlikely, and thus the
substrate competition at the enzymatic level must be responsible for their metabolic
differences. Our results support that long chain (LC) n-3 PUFA synthesis is regulated by
substrate competition for existing enzymes. Despite the similar ALA content between n3Bu
and Ma diet, feeding with n3Bu induced a substantial increase of intracellular EPA
compared to feeding with Ma in the RBC occurring as early as 2 weeks after dietary
intervention, and similar FA profile changes were observed in the liver and adipose tissue.
These findings implicate that availability of ALA upon n3Bu feeding shifts the desaturase
reactions to favorably produce n-3 PUFA, while the abundance of LA upon Ma feeding
dominates desaturases to generate ARA, limiting the access of ALA for long-chain n-3
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PUFA production. Supporting this notion, Tu et a/. showed that availability of ALA is an
independent factor for promoting LC n-3 PUFA synthesis rather than transcriptional levels
of FA desaturases [36]. Furthermore, consistent with our results, the Fat-1 transgenic mouse,
containing genetic overexpression of n-3 desaturases derived from C. elegans, significantly
promotes bioconversion of ALA especially into EPA compared with its wild-type
counterpart [37].

It is important to note that the dietary strategy to reduce n-6/n-3 PUFA ratio by limiting
dietary LA and enriching ALA in butter, is effective in boosting intracellular EPA
production comparable to the degree of the genetic introduction of n-3 FA desaturase in
Fat-1 mice [37]. It is also supported by a recent study showing that replacing LA with ALA
or long-chain n-3 PUFA (reduction of n-6/n-3 ratio from 200 to 2~5) prevents nonalcoholic
steatohepatitis in rats [38].

Oxylipins are oxygenated PUFA metabolites known to mediate peripheral immune
responses to the systemic levels. Our results showed that the changes in PUFA composition
by dietary challenges with Bu, n3Bu and Ma diet were correlated with the oxylipin patterns
in plasma (Fig 3) as well as in the liver (Fig 5). In response to n3Bu feeding, the most
substantial increases were found in EPA-derived oxylipins, while DHA-derived oxylipins
were heterogeneous, which is consistent with oxylipin responses to n-3 PUFA intervention
[39]. The oxylipins generated by lipoxygenase (LOX) are predominant in the plasma, while
cytochrome P450 pathway-dependent oxylipins are most abundant in the liver. Compared to
Bu and Ma feeding, n3Bu supplementation induced a major oxylipin shift from HETE to
HEPE in plasma (Fig 3C), suggesting a switch of the primary substrate of LOX from ARA
to EPA in response to a rise of ALA availability (Fig 3F). These results coincide with the
oxylipin pattern found in Fat-1 transgenic mice compared with wild-type mice [37]. On the
other hand, 12-HETE could be generated by platelet-derived 12-LOX during the platelet
activation upon chronic high-fat diet [40]. Given the implication of 12-HETE to the
pathophysiological progression of various disease risk [41], a three-fold decrease in 12-
HETE in n3Bu fed plasma (Fig 3C) may contribute to the metabolic benefits found in this
work.

Unexpectedly, we identified a small yet significant increase of 15d-PGJ2 in response to
n3Bu feeding. The synthesis of prostanoids initiated by COX production of PGH2, results in
an array of metabolites whose balance depends on the expression of terminal synthetases
[42, 43]. To date, no specific 15d-PGJ2 synthase has been identified, rather being formed by
the non-enzymatic decomposition of PGD2 [44]. Moreover, some authors suggest that 15d-
PGJ2 and PGD2 function in inflammatory resolution, quench production and inhibiting pro-
inflammatory PGE2 signaling [42]. Therefore, if COX is specifically coupled to PGD2
synthesis in this system, it could explain the observed increase in small amounts of 15d-
PGJ2 without measurable changes in other COX products, and may confer metabolic
advantages against HF diet-mediated metabolic insults.

15d-PGJ;, is one of the best-studied anti-inflammatory PGD, inhibiting hepatic apoptosis
[45], cancer cell proliferation [46], and endothelial inflammation [47]. In addition, EPA
induced antiinflammatory effects against toll-like receptor 3 activation by poly (I:C), has
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been associated to the upregulation of 15d-PGJ, production [48]. Similarly, we observed a
significant decrease of NFxB activation in animals fed with n3Bu along with elevation of
15d-PGJ; levels in plasma (Fig 3E) and the liver (Fig 5C). Importantly, we observed the
consistent suppression of M1 Mg activation and an increase in M2 Mg phenotypes (Fig 4G,
H and Fig 6D, E), which is reminiscent of the role of 15d-PGJ, on alternative Mg
polarization [49]. Given that 15d-PGJ, is a natural PPAR~y agonist, we examined whether an
increase of 15d-PGJ, in n3Bu feeding stimulates PPAR-y activation. However, we were
unable to find the direct relationship between PPAR~y expression and 15d-PGJ,, suggesting
that 15d-PGJ, may exhibit the anti-inflammatory effects in PPARy-independent
mechanisms as previously reported [50, 51].

Another notable impact on the oxylipin profiles was a dramatic increase of LA-derived
oxylipins in response to Ma feeding (Fig 3B). Increasing evidence suggests that LA impacts
systemic and peripheral tissue oxylipin levels [52, 53]. Therefore, future studies should
investigate whether augmented levels of LA-derived oxylipins directly contribute to the
pathogenic progression of insulin resistance. In addition to the modulation of oxylipins, Bu
feeding increased the ARA-derived endocannabinoids such as arachidonoyl-ethanolamide
(AEA), while n3Bu increased DHA-derived docosahexenoylethanolamide (DHEA)
(Supplemental Fig 3). Therefore, the potential for endocannabinoid-dependent physiological
benefits of n-3 PUFA cannot be ignored [54].

Development of hepatic steatosis is attributable to the confounding effects of 1) increased
dietary FA influx, 2) reduced FA oxidation, 3) increased de novo lipogenesis, or 4)
augmented FA influx from the adipose tissue [55]. The animals with n3Bu feeding
remarkably reduced the HF diet-induced adipose inflammation and hypertrophy (Fig 6),
while the de novo FA synthesis or B-oxidation by n3Bu were not directly correlated with the
hepatic TG content (Fig 4). These results are consistent with a reduction in adipose
inflammation and subsequent adipose lipolysis, which may explain the reduced HF-feeding
hepatic steatosis associated with the n3Bu feeding.

The 2015-2020 Dietary Guidelines for Americans recommends the consumption of ~8
ounces of a variety of seafood per week provides an average consumption of 250 mg per day
of EPA and DHA [56]. However, the average intake of n-3 PUFA in Americans remains
dismally below the recommendation, mainly attributed to low fish consumption and
preferred use of solid fat such as butter which contains <3% of PUFA [57]. Despite
metabolic relevance of dietary n-6/n-3 PUFA ratio in foods, research has hitherto focused on
enhancing the consumption of n-3 PUFA, either from fish oil [58] or ALA-rich plant oils
such as flaxseed, echium, or borage oil [59], rather than decreasing the co-existing n-6
PUFA content in the diet. There is growing evidence that the reduction of the n-6/n-3 PUFA
ratio can be achieved in humans by reducing LA-containing food by replacing LA with oleic
acid [60]. As butter is almost scarce of both n-3 and n-3 PUFA, enriching the ALA in butter
can exhibit dual benefits by elevating n-3 PUFA precursors and promptly reducing n-6/n-3
PUFA ratio. Given that butter is the most preferred solid fat in American diets and butter
consumption continuously increases, enriching ALA in butter may pose a significant impact
on public health perspective. Consistent with this idea, consumption of fish-oil incorporated
butter blend [61] or fortified fish oil products [62] have shown to be effective in elevating
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n-3 PUFA content in the metabolic cells and plasma, although adding fish oil seems to be
unrealistic due to the difficulty in separating unpleasant fish odor from the fortified products.

In summary, we demonstrated that reducing the n-6/n-3 PUFA ratio by enriching ALA in
butter is effective in attenuating the HF diet-driven adiposity, inflammation, and insulin
resistance in addition to the previous known cardio-protective effects. We highlighted the
impact of dietary n-6/n-3 ratio on endogenous biosynthesis of long-chain n-3 PUFA and the
subsequent lipidomic switch in oxylipins against inflammation. Our present study reinforces
the notion that metabolic regulation relies on n-6/n-3 PUFA ratio rather than compositional
changes in PUFA or SFA. This hypothesis requires a thorough evaluation in humans by
testing the ALA-enriched agricultural products, some of which have already launched in the
marketplace in the form of ALA-enriched eggs, milk, and butter [63]. By conducting a pilot
experiment, our work also proposes that limiting LA may be an alternative dietary strategy
to circumvent obesity-mediated metabolic complications, leading to a reduction of n-6/n-3
PUFA ratio and subsequently modulating the oxygenated PUFA metabolites.
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Figure 1. ALA-enriched butter attenuated adiposity and systemic insulin resistance.
A. Schematic representation of study design. C57BL/6J mice were fed an isocaloric HF diet

(45% calorie from fat) either from conventional butter (Bu), ALA-enriched butter (n3Bu) or
margarine for 10 weeks. B. Changes of body weight (interaction P<0.05, time P<0.001, and
treatment P=0.12). C. Body composition by Bruker NMR minispec. D. Fasting blood
glucose (left) and insulin (right) concentration. E. HOMA-IR. F. Glucose tolerance test
(GTT) and area under the curve (AUC) during GTT. G. Insulin levels measured by ELISA at
30 minutes during GTT. All values are represented as the mean £ SEM (n=8/group). In A,
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two-way repeated measures ANOVA was performed among HF-fed groups with Tukey’s
multiple comparison in each time point, Body weights annotated by different letters are
different between diets at the indicated time point. In C-F, treatments with different letters
are significantly different from one another (P<0.05) by one-way ANOVA among the HF fed
groups. ns: not significant.
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Figure 2. ALA-enriched butter altered plasma lipid profile and decreased n-6/n-3 PUFA ratioin
red blood cells.

A. Changes in plasma cholesterol levels (interaction P<0.001, time P<0.001, and treatment
P<0.001). B. FPLC apolipoprotein profile of pooled plasma of chow-, Bu-, n3Bu- and Ma-
fed mice (n=4). Inset, ApoB protein levels by Western blot analysis. C. Plasma triglyceride
(TG) concentration. D. Relative distribution of SFA, MUFA and PUFA (n-3 and n-6) in the
red blood cells (Detailed statistical analysis is found in Supplement Table 6). E. n-6/n-3
PUFA ratio in RBC (interaction P<0.001, time P<0.001, and treatment P<0.001). F. Kinetic
changes of ALA (interaction P<0.01, time P<0.05, and treatment P<0.001), EPA (interaction
P<0.001, time P<0.001, and treatment P<0.001), DHA (interaction p=0.09, time p<0.01, and
treatment p=0.14), ARA (interaction p<0.001, time p<0.001, and treatment p<0.05), and LA
(interaction p<0.001, time p<0.001, and treatment p<0.001) in RBC. All values are
represented as the mean + SEM (n=8/group). In A, E and F, two-way repeated ANOVA was
conducted among HF-fed groups with Tukey’s multiple comparison on main treatment
effect. Treatments with different letters are significantly different from one another (P<0.05)
over the treatment period. In C, P<0.05 by one-way ANOVA among HF-fed groups.
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Figure 3. Plasma AL A and EPA-derived oxylipins are elevated by AL A-enriched butter.
A. Principal component analysis (PCA) score plot. B. Relative abundances heatmap by

metabolite (low to high = green to red). C. Clusters of 12/15-lipooxygenase (LOX)-
dependent oxylipins derived from ARA (12-HETE and 15-HETE, left) and EPA (12-HEPE
and 15-HEPE, right). D. Ratio of ARA- to EPA-derived LOX-metabolites. E. 15-deoxy-
PGJ, levels. F. Schematic representation of 20-carbon fatty acid substrate (i.e., ARA and
EPA) abundance and oxylipin relative production via LOX and cyclooxygenase (COX): font
size indicates relative abundance. Data are mean + SEM for Bu (n=6), Ma (n=6) and n3Bu
(n=8). Treatments with different letters are significantly different from one another (P<0.05)
by one-way ANOVA. Abbreviations used: DiIHDoOPE, dihydroxydocosapentaenoic acid,;
DIiHETE, dihydroxy-eicosatetraenoic acid; DiIHETFE, dihydroxy-eicosatrienoic acid;
DiHODE, dihydroxy-octadeca(di)enoic acid; DiIHOME, dihydroxy-octadeca(mono)enoic
acid; HDoPA, hydroxyl-docosapentenoic acid; EpDPE, epoxyedocosapentaenoic acid,;
EpETE, epoxyeicosatetraenoic acid; EpETrE, epoxyeicosatrienoic acid; EpODE,
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epoxyoctadecadienoic acid; EpOME, epoxyoctadecamonoenoic acid; HDoHE,
hydroxydocosahexaenoic acid; HEPE, hydroxyeicosapentaenoic acid; HETE,
hydroxyeicosatetraenoic acid; HETrE, hydroxyeicosatrienoic acid; HODE, hydroxyl-
octadecadienoic acid; HOTE, hydroxyl-octadecatrienoic acid; KETE (i.e., oxo-ETE),
ketoeicosatetraenoic acid; KODE (i.e., oxo-ODE), ketooctadecadienoic acid; KOTE,
ketooctadecadienoic acid; PG, prostaglandin; TriHOME, trihydroxyoctadecenoic acid; TX,
thromboxane.
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Figure4. ALA-enriched butter promoted biosynthesis of long-chain n-3 PUFA, reduced TG
accumulation and attenuated inflammation in the liver.

A. Liver weight. B. Hepatic TG content. C. Gross images (upper) and H&E staining (lower)
of liver after 10 weeks HF feeding. D. Hepatic n-6/n-3 PUFA ratio at 10 weeks. E.
Composition of n-3 (ALA, EPA, and DHA) and n-6 (ARA and LA) PUFA in the liver. F.
Western blot analysis of de novo lipogenesis-related proteins of acetyl CoA carboxylase
(ACC), fatty acid synthase (FASN), stearoyl-CoA desaturase 1 (SCD-1), and cytochrome C
(Cytc). G. Western blot analysis of macrophage related proteins of CD45, CD11c, F4/80,
and IxBa, the NFxB inhibitory protein. Relative protein intensities quantified by ImageJ
were normalized to B-actin. In F and G, each lane represents individual animals. H. mRNA
levels of Ppara, Ppary, Dgat2, Mcp1/Ccl2, and arginase 1 (ArgZ). All data represented as
mean+SEM (n=8/group). Treatments with different letters are significantly different from
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one another (P<0.05) by one-way ANOVA (A-G). In H, *, P<0.05 and **, P<0.01 by one-
way ANOVA relative to Bu as the control.
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Fgure5. Liver oxylipin production isaltered by AL A-enriched butter.
A. Principal component analysis (PCA) scores plot. B. Relative abundance heatmap by

metabolite (low to high = green to red). C. 15-deoxy-PGJ, levels. D. Schematic
representation of cytochrome P450-dependent EPA oxylipin production. E. 14,15-DIiHETE
and 17,18-DiHETE levels. Data are mean + SEM for Bu (n=6), Ma (n=6) and n3Bu (n =8).
Mean differences by one-way ANOVA relative to Bu are indicated at **, P <0.01 and ***,
P<0.001. Abbreviations used: DiIHDOPE, dihydroxydocosapentaenoic acid; DIHETE,
dihydroxy-eicosatetraenoic acid; DiHETTE, dihydroxy-eicosatrienoic acid; DiHODE,
dihydroxy-octadeca(di)enoic acid; DiIHOME, dihydroxy-octadeca(mono)enoic acid,;
HDoPA, hydroxyl-docosapentenoic acid; EpDPE, epoxyedocosapentaenoic acid; EpETE,
epoxyeicosatetraenoic acid; EpETrE, epoxyeicosatrienoic acid; EpODE,
epoxyoctadecadienoic acid; EpOME, epoxyoctadecamonoenoic acid; HDoHE,
hydroxydocosahexaenoic acid; HEPE, hydroxyeicosapentaenoic acid; HETE,
hydroxyeicosatetraenoic acid; HETrE, hydroxyeicosatrienoic acid; HODE, hydroxyl-
octadecadienoic acid; HOTE, hydroxyl-octadecatrienoic acid; KETE (i.e., oxo-ETE),
ketoeicosatetraenoic acid; KODE (i.e., oxo-ODE), ketooctadecadienoic acid; KOTE,
ketooctadecadienoic acid; PG, prostaglandin; TriHOME, trihydroxyoctadecenoic acid; TX,
thromboxane.
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Figure 6. ALA-enriched butter increased the adipose EPA content and suppressed M1
macrophage polarization.

A. Gross images of epididymal fat (eWAT, upper) and depot-specific weight of epididymal
(eWAT), inguinal (IWAT) and mesenteric (Mes) fat (lower). B. H&E staining of e WAT. C.

Average adipocyte diameter (um). Each dot represents the individual animal (n=5/group). D.

Western blot analysis of macrophage related proteins of F4/80, CD11c, and IxBa. aP2 is an
adipocyte marker. Relative protein intensities quantified by Image J were normalized to -
actin. E. mRNA levels of adiponectin (Adipog), M1 macrophage markers of Mcp1, Cdllic,
and 7nfa, and M2 marker of Mg/2. F. n-6/n-3 ratio in the eWAT. G. FA composition of n-3
(ALA, EPA, and DHA) and n-6 (ALA and LA) PUFA in the eWAT. All data represents as
mean + SEM. n=8/group were used except for B and C (n=5/group). Treatments with
different letters are significantly different from one another (P<0.05) by one-way ANOVA.
*, P<0.05, **, P<0.01, ***, P<0.001 by one-way ANOVA relative to Bu as the control.
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Fatty acid composition of commercial and n-3 enriched butter and margarine

Table 1.

Fayaids  Coneliond peemiched Coventona
8:0 0.48 0.41 0.02
10:0 2.72 2.33 0.36
12:0 4.17 3.63 9.32
13:0 0.31 0.24 N.D.
14:0 12.02 11.05 4.38
14:1 1.36 1.29 0.09
15:0 1.48 1.07 N.D.
16:0 31.85 31.62 29.13
16:1n-7 2.40 2.35 0.35
17:0 112 0.83 0.14
18:0 11.16 11.02 3.93
18:1 T (elaidic) N.D. N.D. N.D.
18:1n-9 (oleic) 23.29 22.89 23.48
18:1n-7 (vaccenic)  2.05 1.92 0.15
18:2n-6 (LA) 3.30 3.53 23.94
18:3n-6 0.15 0.03 0.13
18:3n-3 (ALA) 0.49 3.88 4.00
20:1n-9 0.56 0.56 0.14
20:4n-6 (ARA) 0.24 0.20 0.08
20:5n-3 (EPA) 0.09 0.22 N.D.
22:6n-3 (DHA) 0.07 0.29 N.D.
24:0 0.16 0.12 0.09
24:1 0.07 0.07 0.08
ZSFA 65.52 62.50 47.38
ZMUFA 27.33 26.73 23.94
ZPUFA 7.10 10.72 28.62
Zn-6 4.05 3.92 24.30
Zn-3 0.65 4.40 4.26
n-6/n-3 ratio 6.27 0.91 6.08
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