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Abstract: «-linolenic acid (ALA) is an essential C-18 n-3 polyunsaturated fatty acid (PUFA), which
can be elongated to longer n-3 PUFAs, such as eicosapentaenoic acid (EPA). These long-chain n-3
PUFAs have anti-inflammatory and pro-resolution effects either directly or through their oxylipin
metabolites. However, there is evidence that the conversion of ALA to the long-chain PUFAs is
limited. On the other hand, there is evidence in humans that supplementation of ALA in the diet
is associated with an improved lipid profile, a reduction in the inflammatory biomarker C-reactive
protein (CRP) and a reduction in cardiovascular diseases (CVDs) and all-cause mortality. Studies
investigating the cellular mechanism for these beneficial effects showed that ALA is metabolized to
oxylipins through the Lipoxygenase (LOX), the Cyclooxygenase (COX) and the Cytochrome P450
(CYP450) pathways, leading to hydroperoxy-, epoxy-, mono- and dihydroxylated oxylipins. In
several mouse and cell models, it has been shown that ALA and some of its oxylipins, including 9-
and 13-hydroxy-octadecatrienoic acids (9-HOTYE and 13-HOTYE), have immunomodulating effects.
Taken together, the current literature suggests a beneficial role for diets rich in ALA in human CVDs,
however, it is not always clear whether the described effects are attributable to ALA, its oxylipins or
other substances present in the supplemented diets.

Keywords: lipid mediators; oxylipins; inflammation; cardiovascular disease; mortality; «-linolenic
acid; HOTrE; DiHOTrE; oxo-OTrE; EpODE

1. Introduction

Humans can synthesize saturated fatty acids, and although they have desaturases to
introduce some double bonds, they do not have the desaturases for introducing double
bonds at the n-3 and n-6 positions of de novo produced fatty acids. The n-3 fatty acid
a-linolenic acid (ALA, C18:3) and the n-6 fatty acid linoleic acid (LA, C18:2) are therefore
essential fatty acids for humans and ought to be ingested with food [1]. ALA is abundant in
higher plants and algae and is particularly enriched in plant oils such as chia, walnut and
flaxseed (linseed), but can also be found in very small amounts in some fish such as wild
sardines [2,3]. LA is commonly provided by vegetable oils such as sunflower and corn oil.

In the body, LA is a precursor to arachidonic acid (AA, C20:4), while ALA is a precursor
to eicosapentaenoic acid (EPA, C20:5) and docosahexaenoic acid (DHA, C22:6), via a series
of desaturation and elongation steps. Although humans can create EPA and DHA from
ALA, the conversion rate is low, especially for DHA, and appears to be affected by gender,
human genetics and environmental factors. Therefore, dietary supplementation is advised
to obtain adequate levels of these long-chain n-3 PUFAs [4,5]. The rate-limiting enzyme for
the conversion of ALA to EPA and DHA seems to be the polymorphic delta-6-desaturase
and there is an indication that this conversion is reduced by competition with the n-6 PUFA,
LA, which is desaturated and elongated by the same enzymes [6,7]. Consequently, the ratio
of n-6/n-3 PUFAs in the diet can dictate how much ALA gets converted to EPA and DHA.
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In support of this, a recent systematic review deduced that it is achievable to increase the
EPA and, to some extent, the DHA PUFA status in humans by limiting n-6 LA and/or
increasing n-3 ALA intake, although it can be argued that the degree of these changes is
considerably less than what can be achieved via dietary supplementation of n-3 long chain
PUFAs [7].

There is ample evidence for an anti-inflammatory and pro-resolution effect of the
long-chain n-3 PUFAs, EPA and DHA. After they are taken up by the body, they are
distributed to different tissues, in the form of triglycerides, where a substantial part will
be integrated into the phospholipids of the cell membranes [8,9]. Incorporation of EPA
and DHA into cell membrane phospholipids will disrupt membrane rafts [10], and when
EPA and DHA are released from the membrane, they suppress inflammatory signaling
by activating peroxisome proliferator-activated receptor gamma (PPAR-y) and free fatty
acid receptor 4 (FFA4) [11-13]. In addition, in recent years, a new immunomodulatory
role for the long-chain n-3 PUFAs has been described, which involves the generation of
oxylipins called specialized pro-resolving mediators (SPMs) [11,14]. These long-chain
n-3 PUFA-derived oxylipins play an essential role in the resolution of inflammation and
their role in inflammation and inflammatory diseases has been the focus of several recent
reviews [11,15]. In this review, we will discuss the role of the shortest essential n-3 PUFA in
inflammation and cardiovascular diseases (CVDs), the C-18 ALA, by summarizing findings
of meta-analyses on epidemiological and randomized controlled trials (RCTs) in CVDs, and
by summarizing the mechanistic studies of ALA-derived oxylipins in animal and human
cellular models of inflammation.

2. ALA Intake, Human Inflammation and CVDs
2.1. Association of ALA with the Lipid Profile and Markers of Inflammation in Human Plasma

Altered lipoprotein profiles are risk factors for many diseases [16] and lowering low-
density lipoprotein (LDL) cholesterol is a recommendation for primary and secondary
prevention of CVDs. Several guidelines for cardiovascular risk reduction recommend a
diet rich in long-chain EPA and DHA for cardiovascular risk prevention [17,18] and there
is a recommendation to lower plasma triglycerides by pharmacological supplementation of
EPA and DHA (24 g/day) in patients with CVDs who have their LDL cholesterol lowered
by efficient statin therapy but still have hypertriglyceridemia [19].

Hence, the effect of EPA and DHA on the lipoprotein profile has been studied ex-
tensively, showing in a meta-analysis of RCTs that EPA and DHA efficiently decrease
triglyceride levels, while they scantly increase total LDL and high-density lipoprotein
(HDL) cholesterol [20]. In contrast, dietary intake of ALA was shown to scantly reduce
the concentrations of triglycerides (weighted mean difference (WMD) —0.101 mmol/L),
total cholesterol (WMD —0.140 mmol/L), LDL cholesterol (WMD —0.131 mmol/L) and
very low-density lipoprotein (VLDL) cholesterol (WMD —0.121 mmol/L) in a recent meta-
analysis by Yue et al. (Table 1) [21]. Investigating the dose- and time-response of ALA on
lipid traits, the meta-analysis suggests a maximal effect of 3-8 g/day of dietary ALA after
2-3 months of treatment, with higher doses and longer treatments being less efficient [21].
When Chen et al. compared, in their meta-analysis of RCTs, the triglyceride lowering effect
of ALA to the effect of the long-chain PUFAs EPA and DHA, they found that ALA is less
efficient than the long-chain PUFAs in reducing triglyceride levels (WMD —0.191 mmol
for EPA/DHA) [20]. Subsequent subgroup analyses showed that the lower efficiency of
ALA in reducing triglycerides compared to the long-chain PUFAs EPA and DHA was
preferentially pronounced in older people (>40 years old) and in individuals with higher
baseline triglyceride levels [20]. No effect of ALA was observed on HDL levels [20,21].
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Table 1. Summary of metanalyses investigating the effect of ALA supplementation.

. Trials Number of .
Study Population Included Participants ALA Source Dose Duration Effects Reference
At least one of hyperlipidemia,
fype 2 diabetes, impaired Flaxseed ol (n = 6) rapeseed
hg . . ./ oil (n = 1) linseed oil (n =2)
ypertriglyceridemia, 14 1107 camelina sativa oil (n = 1) 1.9-10g/d 2-12+ Weeks J LDL Chen, H. et al. [20]
hypertension, metabolic botanical oil (n = 1)_
syndrome (n = 10), healthy OECEOE R =
subjects (n = 3), unknown (n = 1)
Healthy (34%),
. o Flaxseed (46%), . } TG, LDL-C, VLDL-C,
type 2 diabetes (23.4%), 47 2630 walnut (17%), 04-16g 3-104 Weeks (mean 15 TC/HDL-C ratio, Yue, H. et al. [21]
dyslipidemia (23.4%), other other (37%) weeks) LDL-C/HDL-C ratio
(19.2%)
Healthy (30%), dyslipidemia Flaxseed oil/linseed (60%) N ] .
(19%), obese (15%), other (36%) 25 2579 other (40%) 1-14g/d 4 Weeks-2 years No CRP reduction Su, H. et al. [22]
Olive oil (47%), corn oil
CKD 19 1145 (21%), flaxseed oil (21%), 2-30g 4-48 Weeks L CRP de Abre‘féf]"M' etal.
other (11%) -
1 Risk of composite
Unspecified 14 345,202 Unspecified 0.3628¢g/d* 4-22 Years follow-up CHD Wei, J. et al. [24]
J risk of fatal CHD
CVD events 27 251,049 Unspecified Unspecified 5-30.7 Years J Fatal CHD Pan, A. et al. [25]
1 All-cause mortality,
Unspecified a1 1,197,564 Unspecified 038-2.69 g/d 2-32 Years follow-up "D ﬁ‘(’f:;lll% CHD  Naghshi,S. et al. [26]
1 cancer mortality
Unspecified 86 162,796 Unspecified Unspecified 12-88 Months i%ﬁy‘:ﬁf Abdelha“[‘é‘;j AS.etal.

* Calculated from percentage of total energy. 1 increase; | decrease; ALA—a-linolenic acid; CKD—chronic kidney disease; CHD—coronary heart disease; CRP—C-reactive protein;
CVD—cardiovascular disease; HDL—high density lipoprotein; HDL-C—HDL cholesterol; IL-6—interleukin 6; LDL—low density lipoprotein; LDL-C—LDL cholesterol; n—number;
sICAM-1—soluble intracellular adhesion molecule-1; sVCAM-1—soluble vascular cell adhesion molecule-1; TC—total cholesterol; TG—triglycerides; TNF-a—tumor necrosis factor
alpha; VLDL—very low density lipoprotein; VLDL-C—VLDL cholesterol.
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Another risk factor for CVD is chronic inflammation, which is associated with higher
levels of inflammatory biomarkers such as C reactive protein (CRP) and pro-inflammatory
cytokines [28]. A meta-analysis of studies investigating the effect of ALA supplementation
on the blood levels of inflammatory biomarkers revealed no evidence of a beneficial effect
on the concentrations of inflammatory markers such as tumor necrosis factor alpha (TNF-«),
interleukin-6 (IL-6), CRP, soluble intracellular adhesion molecule (SICAM-1) and soluble
vascular cell adhesion molecule (sVCAM-1) [22]. This meta-analysis included studies in
healthy volunteers and cardiometabolic cohorts and stated a large heterogeneity in the
doses and sources of ALA between studies. Nevertheless, they noticed that studies with a
high baseline concentration of CRP (>6.0 mg/L) showed a beneficial effect of ALA, stating
that an ALA effect might be more evident in subjects with higher baseline concentrations
of CRP [22]. This motivated de Abreu et al. to perform another meta-analysis in patients
with higher baseline CRP levels, namely patients with chronic kidney disease. In this
meta-analysis of patient cohorts with CRP levels ranging, on average, from 2.2 mg/L
to 13.4 mg/L, supplementation with ALA reduced CRP levels by 1.3 mg/L, arguing for
an anti-inflammatory effect of ALA supplementation in patients with chronic kidney
disease [23].

2.2. ALA Supplementation and Cardiovascular Diseases

With the possible beneficial effects of ALA on risk factors for CVD, the question
arises of whether ALA supplementation will ultimately reduce the risk for CVDs. In this
line, there is an indication that higher consumption of omega-3 fatty acids, especially
from marine sources, might decrease CVD mortality, although several studies reported
conflicting results [29]. A recent meta-regression analysis combining 135,267 participants
concluded that supplementation with EPA and DHA is an effective lifestyle strategy
for CVD prevention and that the protective effect probably increases with dosage [30].
This led Elagizi et al. to emphasize on the importance of dosage and baseline levels for
supplementation of n-3 long-chain PUFAs, suggesting that higher doses of EPA and DHA
will be necessary for CVD prevention in the case of low n-3 long-chain PUFA baseline
levels, and lower doses are necessary when the baseline levels of EPA and DHA are already
high [31].

Individual studies investigating the role of ALA in CVD prevention also produced
conflicting results, but the available meta-analyses on observational studies point towards a
beneficial effect of ALA in CVDs [24-26]. The first meta-analysis by Pan et al. revealed that
a higher ALA intake is associated with moderately lower risk for CVD, with a risk ratio (RR)
of 0.86 [25], and the latest meta-analysis by Naghshi et al. showed a reduction in all-cause
mortality, CVD mortality and coronary heart disease (CHD) mortality by 10%, 8% and 11%,
respectively [26]. Support for a cardioprotective effect of ALA comes from a recent large
Mendelian randomization study. This study indicated that genetic polymorphisms that
were previously associated with higher ALA plasma levels are also associated with lower
ischemic heart disease [32], indicating that higher ALA plasma levels are causally related
to ischemic heart disease.

The cardioprotective effect of ALA in epidemiological and genetic studies, however,
was not fully corroborated by RCTs investigating ALA supplementation in CVDs. A
recent meta-analysis on these RCTs concluded that ALA supplementation has little or no
influence on CVD, but that ALA slightly reduces CVD events and risk for arrhythmias with
low-certainty evidence [27].

This discrepancy between the observational studies and the RCTs may derive from
the general challenge of meta-analyses in nutritional studies. These meta-analyses combine
studies using different natural sources for ALA supplementation, ranging from nutritional
advice to administering concentrated plant oils. Such an approach may, on one hand,
mask a positive effect of ALA, when supplementation studies with oils rather low in ALA
(such as olive oil) and with high LA /ALA ratios are included. It may, on the other hand,
overestimate its effect because other components such as polyphenols and tocopherols,
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present in walnuts and, for example, flaxseed oil, might contribute to the beneficial effect in
nutritional trials [33].

Therefore, several studies were designed to more directly investigate an association
of ALA with CVD, investigating the association of tissue ALA levels with mortality and
CVDs. A meta-analysis of 15 such observational studies showed an inverse association of
tissue ALA levels with all-cause mortality (RR: 0.95) and estimated that each 1 standard
deviation increment in blood concentrations of ALA was associated with a 3% lower risk
of mortality [26]. However, no association was identified between ALA blood levels and
CVD, possibly for the reason of low numbers [26].

In conclusion, there is evidence that food and oils rich in dietary ALA modify the risk
for CVDs and that they are generally healthy and reduce overall mortality. It is, however,
difficult to illustrate the role of ALA in these beneficial effects because of the presence
of other beneficial nutritional components in the ALA-containing supplementation. In
addition, there seems to exist a synergistic effect between the long-chain PUFAs EPA and
DHA and ALA because, in a recent longitudinal study, the highest reduction in all-cause
mortality occurred in participants meeting both the recommendation for daily consumption
of EPA and DHA and of ALA [33].

3. Enzymatic Metabolism of ALA to Oxylipins

Oxylipins are enzymatic and non-enzymatic oxidation products from PUFAs and, in
the case of the enzymatically produced oxylipins, they are bioactive lipid metabolites, which
are thought to mediate a major part of PUFAs’ effects in the body [34,35]. These effects
include blood pressure regulation and the regulation of immunity, where the oxylipins are
produced during the inflammation and the resolution phase [36,37]. The n-3 PUFAs, such
as ALA, EPA and DHA, and the n-6 PUFAs, such as arachidonic acid (AA), LA, y-linolenic
acid (GLA), dihomo-y-linolenic acid (DGLA) and adrenic acid (AdA), serve as precursors
for oxylipin formation [34]. As mentioned, dietary intake or supplementation with n-3
PUFAs leads to the incorporation of these n-3 PUFAs into phospholipids, usually at the
SN, position [38].

ALA was recently shown to become selectively incorporated at the SN; or the SN,
position into different phospholipid classes in liver cells. There was preferential incor-
poration mainly into some phosphatidylcholines, phosphatidylethanolamines and some
phosphatidic acids [39]. Such PUFAs at the SN, position of glycerophospholipids un-
dergo rapid remodeling via alternating phospholipase Ay-mediated (PLA;) cleavage and
lysophospholipid acyltransferase mediated re-acylation, maintaining a distinct content
and composition of the various individual glycerophospholipids [40]. Such PUFAs at the
SN, position of membrane phospholipids can, however, also be released when cytosolic
PLA,; is activated during inflammation [35]. Cytosolic PLA; preferentially releases AA
but also releases, with a much lower efficiency, C-18 PUFAs such as linoleic acid and
the monounsaturated fatty acid, oleic acid [41]. The presence of rather large amounts of
oxylipins from ALA in stimulated macrophages indicates that ALA is released in sufficient
quantities for the production of oxylipins in these cells [42]. We therefore summarize, in
this part of the review, the biochemistry of the enzymatic oxylipin generation from ALA to
better understand the potential role of these oxylipins in human health and disease.

The metabolism of PUFAs into oxylipins occurs by three major enzymatic path-
ways, i.e., the Lipoxygenase (LOX), the Cyclooxygenase (COX) and the Cytochrome P450
(CYP450) pathways [34] (Figure 1).
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Figure 1. Schematic illustration of the oxylipins derived from ALA after enzymatic metabolism.
9S-hydroperoxyoctadecatrienoic acid (9S-HpOTrE) and 13S-hydroperoxyoctadecatrienoic acid (13S-
HpOTrE) are produced from ALA via the 15-lipoxygenase (15-LOX) pathway, and are further hy-
drolyzed to 9S- and 13S-hydroxyoctadecatrienoic acid (9S-HOTrE and 13S-HOTYE), respectively.
9S-HOTE is further oxidized to 9-oxo-octadecatrienoic acid (9-oxo-OTrE) and further hydroxy-
lated to 9,16-dihydroxyoctadecatrienoic acid (9,16-DiHOTrE), respectively, the 4 stereoisomers of
which have also been studied. 12-97,13E/Z,15Z-hydroxyoctadecatrienoic acid (12-9Z,13E/Z,152—
HOTZYE) is produced as the major metabolic product of ALA via the cyclooxygenase (COX) pathway,
mainly by enzymatic action of the COX-2 enzyme. Cytochrome P450 (CYP) epoxygenase activity
through the CYP2 isoforms CYP4502C2 and CYP4502CAA results in the formation of 9,10-, 12,13-
and 15,16-epoxyoctadecadienoic acids (9,10-EpODE, 12,13-EpODE and 15,16-EpODE), which are
further hydrolyzed to their corresponding dihydroxyoctadecadienoic acids (9,10-DiHODE, 12,13-
DiHODE, 15,16-DiHODE) through the soluble epoxide hydrolase enzyme. The CYP450 isoform
CYP2U1 metabolizes ALA to produce 18-hydroxyoctadecatrienoic acid (18-HOTrE).

In the 1990s, it was shown that ALA is metabolized by different plant LOX en-
zymes to several oxylipins. Out of the several forms of lipoxygenases, it was shown
that potato tuber LOX generated mainly 95-hydroperoxy-octadeca-10E,12Z,15Z-trienoic
acid (9S-HpOTrE) [43] from ALA, while the soybean LOX mainly converted ALA into its
13-oxygenated derivative, 13S-HpOTrE, and, only to a smaller extent, to 95-HpOTrE [44,45].
These hydroperoxides are reactive and are readily reduced to the hydroxylated derivatives
9S-hydroxy-octadecatrienoic acid (9S-HOTrE) and 13S-HOTYE, respectively. These data
indicated that ALA-derived oxylipins are generated in plants, which triggered further inves-
tigations with human enzymes to investigate whether human 15-LOX enzymes could also
metabolize ALA. These studies revealed that recombinant human 15-LOX-2 converts ALA
mainly to 13-HOTYE and only produces small amounts of 9-HOTYE [45]. This 9S-HOTZE,
however, was shown to also serve as a substrate for human recombinant 15-LOX-2, leading
to the formation of the dihydroxylated ALA metabolite 9,16-dihydroxyoctadecatrienoic
acid (9,16-DiHOTYE) [44,45]. The formation of 9,16-DiHOTYE was already reported in 1984
by Feiters et al., but the stereochemistry and the double bond configuration of the asym-
metric carbons of the oxylipin was not fully elucidated [46]. A later study identified that
9,16-DiHOTEE consists of four isomers when the dihydroxylated compounds are produced
from ALA with recombinant soybean LOX, i.e., 9R,165-10E,12E,14E-DiHOTrE, 9S,16S-
10E,12E,14E-DiHOTE, 9S,165-10E,12Z,14E-DiHOTYE and 9R,165-10E,12Z,14E-DiHOTYE
(Figure 1). Similarly, the human enzyme 15-LOX-2 was shown to produce dihydroxylated
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fatty acids with all trans-9,16-DiHOTrEs being the most prominent isomers; however, the
metabolism was markedly less efficient than the metabolism by soybean LOX [45].

The hydroxylated fatty acid metabolites of ALA 9-HOTrE and 13-HOTYE can also
be further metabolized to their keto forms, i.e., 9-oxo-10E,127,15Z-octadecatrienoic acid
(9-0x0-OTrE) and 13-oxo0-OTrE (Figure 1). So far, this oxidation of the HOTrEs to the
ketones was shown to occur in plants and fungi [47] and was corroborated in vitro using
soybean and tomato lipoxygenases for the regioselective oxidation of ALA to 9-HOTrE
and 13-HOTZE, followed by oxidation of the hydroxy group to the oxo-group with Bobbit’s
reagent [48].

Besides the LOX pathway;, it has been reported that the COX pathway [49] also metab-
olizes ALA to HOTrEs. Odette et al. have shown that the major COX oxygenation product
of ALA is 12-HOTYE (Figure 1) when ALA is incubated with a cell extract overexpressing
COX-1 and COX-2 [49]. Analyzing the efficiency of 12-HOTrE production from ALA by
either COX-1 or COX-2 enzymes individually revealed that COX-1 was inefficient in me-
tabolizing ALA, suggesting that ALA would only serve as a substrate for COX-2 but not
for COX-1 in vivo [49].

The third pathway that plays a role in the metabolism of ALA is the CYP450 path-
way, which results in epoxygenated oxylipins. In a study to evaluate the epoxidation of
C18 unsaturated fatty acids by CYP4502C2 and CYP4502CAA, it was found that both
CYP450 isoforms produced three epoxides in equal ratios when ALA was used as sub-
strate (Figure 1). The three epoxides are 9,10-epoxy-octadecadienoic acid (9, 10-EpODE),
12,13-EpODE and 15,16-EpODE [50], and their levels are measurable in human serum [51].

These epoxy-fatty acids are chemically rather stable under physiological pH; however,
they are still prone to degradation through the hydrolyzation of the epoxy groups to the
corresponding di-hydroxy fatty acids by the soluble epoxide hydrolase enzyme [52,53].
Hence, the concentrations of 9,10-dihydroxyoctadecadienoic acid (9,10-DiHODE), 12,13-
DiHODE and 15,16-DiHODE, derived from the corresponding epoxy-fatty acids 9,10-
EpODE, 12,13-EpODE and 15,16-EpODE, were also measurable in the serum of men. In
this study, 15,16-DiHODE was the major ALA-derived metabolite in the human serum of
normolipidemic and hyperlipidemic men, followed by its corresponding epoxide (15,16-
EpODE). The levels of 9,10-DiHODE and 12,13-DiHODE were lower [54,55]. There is an
indication for another ALA metabolite, 18-HOTrE, which may be produced from ALA via
CYP2U1 (Figure 1), although its structure has not been fully elucidated [55].

4. Effects and Mechanism of ALA and Its Oxylipins on Inflammation in Mice and
Cell Cultures

The anti-inflammatory effects of ALA have traditionally been credited to its biological
conversion to longer chain n-3 PUFAs, EPA and DHA, which serve as substrates for the
synthesis of the potent pro-resolving and anti-inflammatory oxylipins such as resolvins,
maresins and protectins [36]. However, as mentioned above, the conversion rate of ALA to
EPA and especially to DHA is low [56,57]. Nevertheless, there is an indication that ALA-rich
oil has similar immunomodulatory effects to fish oil in mice and cell cultures. For example,
ALA supplementation reduced TNF-« production in peritoneal macrophages and in murine
whole blood and decreased lymphocyte proliferation in tumor-bearing rats [58,59]. In
an in vitro study using RAW 264.7 macrophages, treatment with ALA inhibited gene
expression of inflammatory iNOS, COX-2 and TNF« in a dose-dependent manner upon LPS
stimulation through the blocking of NF-«B and MAPKs activations [60]. Mechanistically,
there is an indication that the reduced pro-inflammatory cytokine production is mediated
by PPAR-y activation [61] (Figure 2). However, it is not clear whether these effects are
mediated by ALA or by some of its oxylipin metabolites mentioned above.
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a-linolenic acid (ALA)
at SN position

response
. regulation

Figure 2. Schematic summary of the known mechanisms through which n3-PUFA ALA and its
oxylipins influence the inflammatory response. «-linolenic acid (ALA) from diet or supplements
incorporates at SN, in cell membrane phospholipids and can be released by phospholipase A, (PLA;)
upon a cellular signal. ALA can then activate peroxisome proliferator-activated receptor gamma
(PPAR-y) or can be metabolized into oxylipins, which, in turn, can themselves act as ligands for
PPAR-y. PPAR-y heterodimerizes with the retinoid X receptor (RXR) and this signaling pathway is
known to regulate processes of lipid metabolism and inflammation. Created with BioRender.com
(accessed on 9 February 2023).

Considering that supplementation of ALA does not lead to large increases in mouse
tissue [59] and in human red blood cells [62], and that there is only limited conversion of
ALA to the longer n-3 PUFAs, the question arises of whether ALA is rapidly metabolized.
Indeed, there is an indication that ALA is 8-oxidized at a similar rate as the saturated fatty
acid lauric acid, indicating that ALA serves as an energy source [63,64]. However, as out-
lined above, ALA is also metabolized to oxylipins and these oxylipins are already present in
substantial amounts in the oils used for supplementation [65]. Hence, it is not unexpected
that mice fed dietary oil sources rich in ALA had rather high concentrations of several ALA
oxylipins in blood and tissues [66,67]. This promoted studies focusing on the physiological
effects of these ALA oxylipins to answer the question of whether they contribute to the
overall anti-inflammatory phenotype associated with ALA supplementation [45].

Limited functional information is available on ALA oxylipins and the role and tissue
distribution of most ALA oxylipins, due to a lack of chemically or enzymatically pro-
duced standards [15]. However, first-line evidence comes from studies investigating the
generation of oxylipins in macrophages. Consecutive treatment of THP-1 macrophages
with ALA and lipopolysaccharide (LPS) dampened the secretion of IL-6, TNFo and IL-1§3,
and this was associated with an increased production of the measured ALA oxylipins,
9-HOTYE, 9-0x0-OTrE, 13-HOTYE and 12,13-EpODE [68]. Interestingly, ALA treatment had
a minimal effect on levels of EPA oxylipins and even reduced the DHA oxylipins, which
suggests that in this model, the anti-inflammatory effect of ALA does depend on ALA
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and its oxylipins and not on the oxylipins of the longer chain n-3 PUFAs. However, at
the same time, the LOX-derived LA oxylipins 9-hydroxyl-octadecadienoic acid (9-HODE),
9-oxo-octadecadienoic acid (9-oxo-ODE), 13-HODE, 9,10,13-trihydroxy-octadecanoic acid
(9,10,13-TriHOME) and 9,12,13-TriHOME were also increased in these LPS-stimulated
THP-1 macrophages, indicating a process that favors enzymatic activity towards particular
PUFA substrates and not others [68].

Direct support for an anti-inflammatory effect of ALA-derived oxylipins comes from
the application of 13-HpOTrE and 13-HOTE to mouse macrophage cell lines and primary
mouse peritoneal macrophages [69]. Specifically, treatment of RAW 264.7 cells with 13-
HpOTrE and 13-HOTYE reduced the production of pro-inflammatory markers such as
inducible nitric oxide, IL-13 and TNF-«, increased the secretion of the anti-inflammatory
IL-10 cytokine and reduced the generation of reactive oxygen species after LPS-stimulation.
The anti-inflammatory effect of the two oxylipins was shown to depend on the activation
of PPAR-y, leading to the inactivation of the NOD-, LRR- and pyrin domain-containing
protein 3 (NLRP3) inflammasome [69] (Figure 2). Using two different mouse models of
sepsis, Kumar et al. extended their investigations and showed that systemic application
of 13-HOTYE reduced mortality in both sepsis mouse models. Again, 13-HOTrE reduced
the expression of inducible nitric oxide synthase (iNOS) and IL-1f3, while it increased the
expression of IL-10 in the liver tissue of mice that had septic shock induced by polymicrobial
infection [69].

Such an immunomodulatory effect of the HOTREs was also shown in a mouse model
of parenteral nutrition, where 9-HOTrE was identified as a major distinction factor between
the lipidomes of mice fed a lipid emulsion high in C18 n-3 fatty acids (32% of ALA
and stearidonic acid) compared to mice treated with the standard soybean oil emulsion
(8% ALA). Mice that received the highly concentrated C18 n-3 fatty acid emulsion showed
an overall favorable combination of lower inflammation in the liver, muscle and adipose
tissue, with a reduced IL-6 to IL-10 ratio, better insulin sensitivity and an immunity-
enhancing phenotype on the gut microbiome [70]. In particular, the gut microbiome analysis
revealed that the microinvasive bacterium A. muciniphila, intrinsic to mice fed parenteral
nutrition [71], was eliminated from the bowel mucosa of mice parenterally treated with
highly concentrated C18 n-3 fatty acid emulsions [70]. Intriguingly, supplementation
of the soybean emulsion with 9-HOTYE and 13-HOTrE mimicked some of the favorable
immune-metabolic phenotypes of the highly concentrated C18 n-3 fatty acid emulsion, thus
corroborating that these specific ALA oxylipins may play a role in the immunometabolism
in mice [70].

The effects of 9- and 13-HOTYE were also examined on key adipocyte functions that
become dysregulated in obesity [72]. Addition of 9- and 13-HOTZE to differentiating 3T3-L1
preadipocytes at a 30 nM dose was enough to reduce triglyceride accumulation in lipid
droplets, while higher doses completely blocked lipid accumulation. This was accompanied
by decreased intracellular adiponectin, monocyte chemoattractant protein 1 (MCP-1) and
TNF-o levels. Comparing the effect of the two HOTrEs revealed that they showed similar
efficiencies and that these oxylipins impacted adipocyte function via a posttranscriptional
mechanism on proteins involved in lipid metabolism and not by blocking differentiation
of preadipocytes to adipocytes. Notably, these effects were also observed after treatment
with LOX-derived oxylipins from LA and AA, thus alluding to a similar mechanism of
action for all of these oxylipins, which may well be through PPAR-y activation [73-75].
Interestingly, another ALA-derived oxylipin, 13-oxo-OTrE, was also shown to modulate
adipocyte function. 13-oxo-OTrE stimulates glucose uptake, adipocyte differentiation and
adiponectin secretion in 3T3-L1 adipocytes and there is evidence that these effects are also
mediated through PPAR-y activation [76].

Some mechanistic studies have also been executed with rather high concentrations
of the dihydroxylated 15-LOX-derived metabolites of ALA (1-30 uM). Enzymatically
produced 9,16-DiHOTYE displayed anti-aggregatory effects on human blood platelets at
1 uM and showed some inhibition of COX-1 and 5-LOX and the resulting prostaglandin
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and leukotriene production [45]. Intriguingly, these effects were isomer dependent, with
the E, Z, E-9,16-di-HOTRESs being active. Similarly, a recent study presenting total synthesis
of the 9,16-DiHOTREs revealed that 30 uM 9(R),16(R,S)-DiHOTrEs reduces LPS-stimulated
secretion of IL-6 and TNF-o in mouse BV2 microglial cells. These rather high concentrations
are still 3-fold lower than the concentrations of ALA necessary to elicit similar effects [77].

To our knowledge, no study investigated the physiological effects of the CYP450-
derived oxylipins of ALA. There is only evidence that these ALA-derived oxylipins are
present in the human bloodstream and that their levels are similar in normolipidemic men
and patients with mild combined hyperlipidemia [51]. Most prominent are the epoxide
15,16-EpODE and its hydroxylated product 15,16-DiHODE. This study also showed a
positive correlation between ALA levels in human erythrocyte membranes and plasma
levels of the ALA-derived free oxylipins 9-HOTYE and 15,16-EpODE, arguing that the ALA
oxylipin levels can be directly influenced by diet [51].

5. Effect of ALA Supplementation on Oxylipin Profiles

There are conflicting reports on the effect of ALA supplementation on plasma levels
of ALA oxylipins. One study in healthy volunteers showed that consuming flaxseed oil
supplements increases ALA plasma levels but that it does not influence ALA oxylipin
concentrations [78]. On the other hand, two studies in obese women and in hypertensive
patients found that ALA supplementation with flaxseed oil increases 9-HOTYE [79,80],
and one study indicated that it decreases the levels of CYP450-derived oxylipins from LA
and AA [79]. Similarly, supplementation with walnuts (40 g/d for 4 weeks) in hyperc-
holesterolemic women resulted in changes in CYP450-derived oxylipins; however, such
walnut supplementation increased plasma levels of the CYP450-derived ALA oxylipins
9(10)-EpODE, 12(13)-EpODE and 15(16)-EpOD, and it also increased the CYP450-derived
oxylipins from LA and DHA [81]. These findings might suggest that ALA supplementation
leads to higher HOTYE levels only in patients with low level inflammation and that ALA
modulates CYP450 metabolism of PUFAs in general.

6. Conclusions

There is evidence that oils rich in ALA have beneficial health effects and that these
include cardioprotection. Studies investigating the cardioprotective effect revealed that
oils rich in ALA scantly reduce the concentrations of triglycerides, total cholesterol, LDL
and VLDL, while they have no effect on HDL. In addition, these ALA-rich oils seem to
reduce chronic low-grade inflammation in humans, especially in subjects with higher
baseline levels of CRP. In line with such a reduction in cardiovascular risk factors, a higher
ALA intake is associated with a moderately lower risk for CVD and with a lower risk for
all-cause mortality.

Deciphering the mechanisms by which ALA carries out its biological functions is
limited by the scarcity of research focusing on ALA, but is also due to the metabolism
of ALA to biologically active oxylipins. Such oxylipins are already present in nutritional
sources used for ALA supplementation but are also formed enzymatically in mice and
men. In particular, the LOX, COX and CYP450 pathways produce oxylipins called HOTrEs,
oxoOTrEs, DIHOTRESs, EpODEs and DiHODEs.

At least some of these oxylipins seem to play a role in the regulation of inflammation
and its resolution. There is good evidence for the two 15-LOX metabolites of ALA, 9- and
13-HOTYE, to display anti-inflammatory and immunomodulatory effects in mice, reducing
tissue inflammation and sepsis and improving insulin sensitivity. On a cellular level, 9-
and 13-HOTYE reduce the secretion of pro-inflammatory cytokines such as IL-6 and IL-13
and increase the secretion of the anti-inflammatory cytokine IL-10 in mouse monocyte and
adipocyte cell lines. These anti-inflammatory effects are, at least in part, mediated through
PPAR activation. There is evidence that ALA and some of its oxylipin metabolites activate
PPAR-y, an essential transcription factor in lipid metabolism and inflammation.



Int. J. Mol. Sci. 2023, 24, 6110 11 of 14

Author Contributions: Conceptualization, L.C., A.C., N.N. and M.H.; resources, M.H.; writing—
review and editing, L.C., A.C., N.N. and M.H,; visualization, L.C., A.C. and N.N. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by Swiss National Science Foundation, grant number SINERGIA
#177225 and project grant #173088.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.
2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Burr, G.O.; Burr, M.M. On the nature and r6le of the fatty acids essential in nutrition. J. Biol. Chem. 1930, 86, 587—621. [CrossRef]
Burns-Whitmore, B.; Froyen, E.; Heskey, C.; Parker, T.; San Pablo, G. Alpha-Linolenic and Linoleic Fatty Acids in the Vegan
Diet: Do They Require Dietary Reference Intake/Adequate Intake Special Consideration? Nutrients 2019, 11, 2365. [CrossRef]
[PubMed]

Cholewski, M.; Tomczykowa, M.; Tomczyk, M. A Comprehensive Review of Chemistry, Sources and Bioavailability of Omega-3
Fatty Acids. Nutrients 2018, 10, 1662. [CrossRef]

Arterburn, L.M.; Hall, E.B.; Oken, H. Distribution, interconversion, and dose response of n-3 fatty acids in humans. Am. J.
Clin. Nutr. 2006, 83, 1467s—1476s. [CrossRef] [PubMed]

Barcel6-Coblijn, G.; Murphy, E.J. Alpha-linolenic acid and its conversion to longer chain n-3 fatty acids: Benefits for human health
and a role in maintaining tissue n-3 fatty acid levels. Prog. Lipid Res. 2009, 48, 355-374. [CrossRef]

Chen, X.; Wu, Y.; Zhang, Z.; Zheng, X.; Wang, Y.; Yu, M.; Liu, G. Effects of the rs3834458 Single Nucleotide Polymorphism in
FADS2 on Levels of n-3 Long-chain Polyunsaturated Fatty Acids: A Meta-analysis. Prostaglandins Leukot. Essent. Fat. Acids 2019,
150, 1-6. [CrossRef]

Wood, K.E.; Mantzioris, E.; Gibson, R.A.; Ramsden, C.E.; Muhlhausler, B.S. The effect of modifying dietary LA and ALA intakes
on omega-3 long chain polyunsaturated fatty acid (n-3 LCPUFA) status in human adults: A systematic review and commentary.
Prostaglandins Leukot. Essent. Fat. Acids 2015, 95, 47-55. [CrossRef]

Wawrzyniak, P.; Noureddine, N.; Wawrzyniak, M.; Lucchinetti, E.; Kramer, S.D.; Rogler, G.; Zaugg, M.; Hersberger, M. Nutritional
Lipids and Mucosal Inflammation. Mol. Nutr. Food Res. 2021, 65, €1901269. [CrossRef]

Dawczynski, C.; Plagge, J.; Jahreis, G.; Liebisch, G.; Horing, M.; Seeliger, C.; Ecker, J. Dietary PUFA Preferably Modify
Ethanolamine-Containing Glycerophospholipids of the Human Plasma Lipidome. Nutrients 2022, 14, 3055. [CrossRef]

Turk, H.E; Chapkin, R.S. Membrane lipid raft organization is uniquely modified by n-3 polyunsaturated fatty acids.
Prostaglandins Leukot. Essent. Fat. Acids 2013, 88, 43-47. [CrossRef]

Im, D.S. Omega-3 fatty acids in anti-inflammation (pro-resolution) and GPCRs. Prog. Lipid Res. 2012, 51, 232-237. [CrossRef]
[PubMed]

Moniri, N.H. Free-fatty acid receptor-4 (GPR120): Cellular and molecular function and its role in metabolic disorders.
Biochem. Pharmacol. 2016, 110-111, 1-15. [CrossRef] [PubMed]

Oh, D.Y; Talukdar, S.; Bae, E.J.; Imamura, T.; Morinaga, H.; Fan, W.; Li, P.; Lu, W.J.; Watkins, S.M.; Olefsky, ]. M. GPR120 is an
omega-3 fatty acid receptor mediating potent anti-inflammatory and insulin-sensitizing effects. Cell 2010, 142, 687-698. [CrossRef]
Serhan, C.N.; Levy, B.D. Resolvins in inflammation: Emergence of the pro-resolving superfamily of mediators. J. Clin. Investig.
2018, 128, 2657-2669. [CrossRef]

Dyall, S.C.; Balas, L.; Bazan, N.G.; Brenna, J.T.; Chiang, N.; da Costa Souza, F,; Dalli, ].; Durand, T.; Galano, ].M.; Lein, PJ.; et al.
Polyunsaturated fatty acids and fatty acid-derived lipid mediators: Recent advances in the understanding of their biosynthesis,
structures, and functions. Prog. Lipid Res. 2022, 86, 101165. [CrossRef] [PubMed]

Grundy, S.M.; Stone, N J.; Bailey, A.L.; Beam, C.; Birtcher, K.K.; Blumenthal, R.S.; Braun, L.T.; de Ferranti, S.; Faiella-Tommasino,
]J.; Forman, D.E.; et al. 2018 AHA/ACC/AACVPR/AAPA/ABC/ACPM/ADA/AGS/APhA/ASPC/NLA/PCNA Guideline on
the Management of Blood Cholesterol: A Report of the American College of Cardiology/American Heart Association Task Force
on Clinical Practice Guidelines. Circulation 2019, 139, e1082—-e1143. [CrossRef]

Rimm, E.B.; Appel, L.J.; Chiuve, S.E.; Djoussé, L.; Engler, M.B.; Kris-Etherton, PM.; Mozaffarian, D.; Siscovick, D.S.; Lichtenstein,
A.H. Seafood Long-Chain n-3 Polyunsaturated Fatty Acids and Cardiovascular Disease: A Science Advisory From the American
Heart Association. Circulation 2018, 138, e35—e47. [CrossRef]

Catapano, A.L.; Graham, I.; De Backer, G.; Wiklund, O.; Chapman, M.].; Drexel, H.; Hoes, A.W.; Jennings, C.S.; Landmesser, U.;
Pedersen, T.R.; et al. 2016 ESC/EAS Guidelines for the Management of Dyslipidaemias: The Task Force for the Management of
Dyslipidaemias of the European Society of Cardiology (ESC) and European Atherosclerosis Society (EAS) Developed with the
special contribution of the European Assocciation for Cardiovascular Prevention & Rehabilitation (EACPR). Atherosclerosis 2016,
253, 281-344. [CrossRef]

Skulas-Ray, A.C.; Wilson, PW.E,; Harris, W.S.; Brinton, E.A.; Kris-Etherton, PM.; Richter, C.K.; Jacobson, T.A.; Engler, M.B.; Miller,
M.; Robinson, J.G.; et al. Omega-3 Fatty Acids for the Management of Hypertriglyceridemia: A Science Advisory From the
American Heart Association. Circulation 2019, 140, e673—-e691. [CrossRef]


http://doi.org/10.1016/S0021-9258(20)78929-5
http://doi.org/10.3390/nu11102365
http://www.ncbi.nlm.nih.gov/pubmed/31590264
http://doi.org/10.3390/nu10111662
http://doi.org/10.1093/ajcn/83.6.1467S
http://www.ncbi.nlm.nih.gov/pubmed/16841856
http://doi.org/10.1016/j.plipres.2009.07.002
http://doi.org/10.1016/j.plefa.2019.08.005
http://doi.org/10.1016/j.plefa.2015.01.001
http://doi.org/10.1002/mnfr.201901269
http://doi.org/10.3390/nu14153055
http://doi.org/10.1016/j.plefa.2012.03.008
http://doi.org/10.1016/j.plipres.2012.02.003
http://www.ncbi.nlm.nih.gov/pubmed/22542696
http://doi.org/10.1016/j.bcp.2016.01.021
http://www.ncbi.nlm.nih.gov/pubmed/26827942
http://doi.org/10.1016/j.cell.2010.07.041
http://doi.org/10.1172/JCI97943
http://doi.org/10.1016/j.plipres.2022.101165
http://www.ncbi.nlm.nih.gov/pubmed/35508275
http://doi.org/10.1161/cir.0000000000000625
http://doi.org/10.1161/CIR.0000000000000574
http://doi.org/10.1016/j.atherosclerosis.2016.08.018
http://doi.org/10.1161/CIR.0000000000000709

Int. J. Mol. Sci. 2023, 24, 6110 12 of 14

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Chen, H.; Deng, G.; Zhou, Q.; Chu, X.; Su, M.; Wei, Y.; Li, L.; Zhang, Z. Effects of eicosapentaenoic acid and docosahexaenoic
acid versus a-linolenic acid supplementation on cardiometabolic risk factors: A meta-analysis of randomized controlled trials.
Food Funct. 2020, 11, 1919-1932. [CrossRef]

Yue, H.; Qiu, B,; Jia, M.; Liu, W,; Guo, X.E; Li, N,; Xu, ZX,; Du, EL,; Xu, T; Li, D. Effects of «-linolenic acid intake on blood lipid
profiles: A systematic review and meta-analysis of randomized controlled trials. Crit. Rev. Food Sci. Nutr. 2021, 61, 2894-2910.
[CrossRef] [PubMed]

Su, H; Liu, R.; Chang, M.; Huang, J.; Jin, Q.; Wang, X. Effect of dietary alpha-linolenic acid on blood inflammatory markers: A
systematic review and meta-analysis of randomized controlled trials. Eur. J. Nutr. 2018, 57, 877-891. [CrossRef] [PubMed]

de Abreu, A.M.; Copetti, C.L.K.; Hauschild, D.B.; Di Pietro, P.F,; Wazlawik, E. Effects of supplementation with vegetable sources
of alpha-linolenic acid (ALA) on inflammatory markers and lipid profile in individuals with chronic kidney disease: A systematic
review and meta-analysis. Clin. Nutr. 2022, 41, 1434-1444. [CrossRef]

Wei, J.; Hou, R.; Xi, Y.,; Kowalski, A.; Wang, T.; Yu, Z.; Hu, Y.; Chandrasekar, E.K.; Sun, H.; Ali, M.K. The association and
dose-response relationship between dietary intake of «-linolenic acid and risk of CHD: A systematic review and meta-analysis of
cohort studies. Br. |. Nutr. 2018, 119, 83-89. [CrossRef]

Pan, A.; Chen, M.; Chowdhury, R.; Wu, J.H.; Sun, Q.; Campos, H.; Mozaffarian, D.; Hu, F.B. a-Linolenic acid and risk of
cardiovascular disease: A systematic review and meta-analysis. Am. J. Clin. Nutr. 2012, 96, 1262-1273. [CrossRef] [PubMed]
Naghshi, S.; Aune, D.; Beyene, ].; Mobarak, S.; Asadi, M.; Sadeghi, O. Dietary intake and biomarkers of alpha linolenic acid and
risk of all cause, cardiovascular, and cancer mortality: Systematic review and dose-response meta-analysis of cohort studies. BM]
2021, 375, n2213. [CrossRef]

Abdelhamid, A.S.; Brown, T.].; Brainard, ].S.; Biswas, P.; Thorpe, G.C.; Moore, H.J.; Deane, K.H.; Summerbell, C.D.; Worthington,
H.V,; Song, F.; et al. Omega-3 fatty acids for the primary and secondary prevention of cardiovascular disease. Cochrane Database
Syst. Rev. 2020, 3, Cd003177. [CrossRef]

Lawler, PR.; Bhatt, D.L.; Godoy, L.C.; Liischer, T.F.; Bonow, R.O.; Verma, S.; Ridker, PM. Targeting cardiovascular inflammation:
Next steps in clinical translation. Eur. Heart J. 2021, 42, 113-131. [CrossRef]

Chareonrungrueangchai, K.; Wongkawinwoot, K.; Anothaisintawee, T.; Reutrakul, S. Dietary Factors and Risks of Cardiovascular
Diseases: An Umbrella Review. Nutrients 2020, 12, 1088. [CrossRef]

Bernasconi, A.A.; Wiest, M.M.; Lavie, C.J.; Milani, R.V.; Laukkanen, J.A. Effect of Omega-3 Dosage on Cardiovascular Outcomes:
An Updated Meta-Analysis and Meta-Regression of Interventional Trials. Mayo Clin. Proc. 2021, 96, 304-313. [CrossRef]
Elagizi, A.; Lavie, C.].; O'Keefe, E.; Marshall, K.; O’Keefe, ].H.; Milani, R.V. An Update on Omega-3 Polyunsaturated Fatty Acids
and Cardiovascular Health. Nutrients 2021, 13, 204. [CrossRef] [PubMed]

Xu, B.; Xu, Z.; Xu, D.; Tan, X. Effect of n-3 polyunsaturated fatty acids on ischemic heart disease and cardiometabolic risk factors:
A two-sample Mendelian randomization study. BMC Cardiovasc. Disord. 2021, 21, 532. [CrossRef]

Sala-Vila, A.; Guasch-Ferré, M.; Hu, EB.; Sanchez-Tainta, A.; Bulld, M.; Serra-Mir, M.; Lopez-Sabater, C.; Sorli, J.V.; Aros, E;
Fiol, M.; et al. Dietary a-Linolenic Acid, Marine w-3 Fatty Acids, and Mortality in a Population With High Fish Consumption:
Findings From the PREvencién con Dleta MEDiterranea (PREDIMED) Study. J. Am. Heart Assoc. 2016, 5, e002543. [CrossRef]
[PubMed]

Gabbs, M.; Leng, S.; Devassy, ].G.; Monirujjaman, M.; Aukema, H.M. Advances in Our Understanding of Oxylipins Derived from
Dietary PUFAs. Adv. Nutr. 2015, 6, 513-540. [CrossRef] [PubMed]

Dennis, E.A.; Cao, J.; Hsu, Y.H.; Magrioti, V.; Kokotos, G. Phospholipase A2 enzymes: Physical structure, biological function,
disease implication, chemical inhibition, and therapeutic intervention. Chem. Rev. 2011, 111, 6130-6185. [CrossRef] [PubMed]
Hersberger, M. Potential role of the lipoxygenase derived lipid mediators in atherosclerosis: Leukotrienes, lipoxins and resolvins.
Clin. Chem. Lab. Med. 2010, 48, 1063-1073. [CrossRef]

Serhan, C.N.; Chiang, N.; Dallj, J.; Levy, B.D. Lipid mediators in the resolution of inflammation. Cold Spring Harb. Perspect. Biol.
2014, 7, a016311. [CrossRef]

Jimbo, H.; Yuasa, K.; Takagi, K.; Hirashima, T.; Keta, S.; Aichi, M.; Wada, H. Specific Incorporation of Polyunsaturated Fatty Acids
into the sn-2 Position of Phosphatidylglycerol Accelerates Photodamage to Photosystem II under Strong Light. Int. . Mol. Sci.
2021, 22, 10432. [CrossRef]

Defries, D.; Curtis, K.; Petkau, ].C.; Shariati-levari, S.; Blewett, H.; Aliani, M. Patterns of alpha-linolenic acid incorporation into
phospholipids in H4IIE cells. J. Nutr. Biochem. 2022, 106, 109014. [CrossRef]

Shindou, H.; Hishikawa, D.; Harayama, T.; Eto, M.; Shimizu, T. Generation of membrane diversity by lysophospholipid
acyltransferases. J. Biochem. 2013, 154, 21-28. [CrossRef]

Mouchlis, V.D.; Chen, Y.; McCammon, J.A.; Dennis, E.A. Membrane Allostery and Unique Hydrophobic Sites Promote Enzyme
Substrate Specificity. J. Am. Chem. Soc. 2018, 140, 3285-3291. [CrossRef] [PubMed]

Pauls, S.D.; Rodway, L.A.; Winter, T.; Taylor, C.G.; Zahradka, P.; Aukema, H.M. Alpha-linolenic acid enhances the phagocytic and
secretory functions of alternatively activated macrophages in part via changes to the oxylipin profile. Int. J. Biochem. Cell Biol.
2020, 119, 105662. [CrossRef] [PubMed]

Grechkin, A.N.; Kuramshin, R.A.; Safonova, E.Y.; Yefremov, Y.J.; Latypov, S.K.; Ilyasov, A.V.; Tarchevsky, I.A. Double hy-
droperoxidation of alpha-linolenic acid by potato tuber lipoxygenase. Biochim. Biophys. Acta 1991, 1081, 79-84. [CrossRef]
[PubMed]


http://doi.org/10.1039/C9FO03052B
http://doi.org/10.1080/10408398.2020.1790496
http://www.ncbi.nlm.nih.gov/pubmed/32643951
http://doi.org/10.1007/s00394-017-1386-2
http://www.ncbi.nlm.nih.gov/pubmed/28275869
http://doi.org/10.1016/j.clnu.2022.02.013
http://doi.org/10.1017/S0007114517003294
http://doi.org/10.3945/ajcn.112.044040
http://www.ncbi.nlm.nih.gov/pubmed/23076616
http://doi.org/10.1136/bmj.n2213
http://doi.org/10.1002/14651858.CD003177.pub5
http://doi.org/10.1093/eurheartj/ehaa099
http://doi.org/10.3390/nu12041088
http://doi.org/10.1016/j.mayocp.2020.08.034
http://doi.org/10.3390/nu13010204
http://www.ncbi.nlm.nih.gov/pubmed/33445534
http://doi.org/10.1186/s12872-021-02342-6
http://doi.org/10.1161/JAHA.115.002543
http://www.ncbi.nlm.nih.gov/pubmed/26813890
http://doi.org/10.3945/an.114.007732
http://www.ncbi.nlm.nih.gov/pubmed/26374175
http://doi.org/10.1021/cr200085w
http://www.ncbi.nlm.nih.gov/pubmed/21910409
http://doi.org/10.1515/CCLM.2010.212
http://doi.org/10.1101/cshperspect.a016311
http://doi.org/10.3390/ijms221910432
http://doi.org/10.1016/j.jnutbio.2022.109014
http://doi.org/10.1093/jb/mvt048
http://doi.org/10.1021/jacs.7b12045
http://www.ncbi.nlm.nih.gov/pubmed/29342349
http://doi.org/10.1016/j.biocel.2019.105662
http://www.ncbi.nlm.nih.gov/pubmed/31811954
http://doi.org/10.1016/0005-2760(91)90253-E
http://www.ncbi.nlm.nih.gov/pubmed/1899344

Int. J. Mol. Sci. 2023, 24, 6110 13 of 14

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Sok, D.E.; Kim, M.R. Enzymatic formation of 9,16-dihydro(pero)xyoctadecatrienoic acid isomers from alpha-linolenic acid.
Arch. Biochem. Biophys. 1990, 277, 86-93. [CrossRef]

Liu, M.; Chen, P; Véricel, E.; Lelli, M.; Béguin, L.; Lagarde, M.; Guichardant, M. Characterization and biological effects of
di-hydroxylated compounds deriving from the lipoxygenation of ALA. ]. Lipid Res. 2013, 54, 2083-2094. [CrossRef]
Vliegenthart, ].F.; Feiters, M.C.; Veldink, G.A. Conjugated dihydroperoxyoctadecatrienoic fatty acids formed upon double
dioxygenation of o-linolenic acid by lipoxygenase-2 from soybeans. In Oxidative Damage and Related Enzymes; Rotilio, G.,
Bannister, J.V., Eds.; Harwood Academic Publishers: Reading, UK, 1984; pp. 132-138.

Vollenweider, S.; Weber, H.; Stolz, S.; Chételat, A.; Farmer, E.E. Fatty acid ketodienes and fatty acid ketotrienes: Michael addition
acceptors that accumulate in wounded and diseased Arabidopsis leaves. Plant J. 2000, 24, 467—476. [CrossRef]

Koch, T.; Hoskovec, M.; Boland, W. Efficient syntheses of (10E,12Z,15Z)-9-oxo- and (9Z,11E,15E)-13-oxo-octadecatrienoic acids;
two stress metabolites of wounded plants. Tetrahedron 2002, 58, 3271-3274. [CrossRef]

Laneuville, O.; Breuer, D.K,; Xu, N.; Huang, Z.H.; Gage, D.A.; Watson, ].T.; Lagarde, M.; DeWitt, D.L.; Smith, W.L. Fatty acid
substrate specificities of human prostaglandin-endoperoxide H synthase-1 and -2. Formation of 12-hydroxy-(9Z, 13E/Z, 157)-
octadecatrienoic acids from alpha-linolenic acid. J. Biol. Chem. 1995, 270, 19330-19336. [CrossRef]

Laethem, R.M.; Balazy, M.; Koop, D.R. Epoxidation of C18 unsaturated fatty acids by cytochromes P4502C2 and P4502CAA.
Drug Metab. Dispos. 1996, 24, 664—-668.

Schuchardt, J.P; Schmidt, S.; Kressel, G.; Dong, H.; Willenberg, 1.; Hammock, B.D.; Hahn, A.; Schebb, N.H. Comparison of
free serum oxylipin concentrations in hyper- vs. normolipidemic men. Prostaglandins Leukot. Essent. Fat. Acids 2013, 89, 19-29.
[CrossRef]

Morisseau, C.; Hammock, B.D. Epoxide hydrolases: Mechanisms, inhibitor designs, and biological roles. Annu. Rev.
Pharmacol. Toxicol. 2005, 45, 311-333. [CrossRef] [PubMed]

Morisseau, C.; Inceoglu, B.; Schmelzer, K.; Tsai, H.]J.; Jinks, S.L.; Hegedus, C.M.; Hammock, B.D. Naturally occurring monoepox-
ides of eicosapentaenoic acid and docosahexaenoic acid are bioactive antihyperalgesic lipids. J. Lipid Res. 2010, 51, 3481-3490.
[CrossRef] [PubMed]

Konkel, A.; Schunck, W.H. Role of cytochrome P450 enzymes in the bioactivation of polyunsaturated fatty acids.
Biochim. Biophys. Acta 2011, 1814, 210-222. [CrossRef] [PubMed]

Chuang, S.S.; Helvig, C.; Taimi, M.; Ramshaw, H.A.; Collop, A.H.; Amad, M.; White, J.A.; Petkovich, M.; Jones, G.; Korczak, B.
CYP2U1, a novel human thymus- and brain-specific cytochrome P450, catalyzes omega- and (omega-1)-hydroxylation of fatty
acids. J. Biol. Chem. 2004, 279, 6305-6314. [CrossRef]

Burdge, G.C.; Finnegan, Y.E.; Minihane, A.M.; Williams, C.M.; Wootton, S.A. Effect of altered dietary n-3 fatty acid intake upon
plasma lipid fatty acid composition, conversion of [13C]Jalpha-linolenic acid to longer-chain fatty acids and partitioning towards
beta-oxidation in older men. Br. J. Nutr. 2003, 90, 311-321. [CrossRef] [PubMed]

Pawlosky, R.J.; Hibbeln, J.R.; Lin, Y.; Goodson, S.; Riggs, P.; Sebring, N.; Brown, G.L.; Salem, N., Jr. Effects of beef- and fish-based
diets on the kinetics of n-3 fatty acid metabolism in human subjects. Am. J. Clin. Nutr. 2003, 77, 565-572. [CrossRef]

Schiessel, D.L.; Yamazaki, R.K.; Kryczyk, M.; Coelho de Castro, I.; Yamaguchi, A.A.; Pequito, D.C.; Brito, G.A.; Borghetti, G.;
Aikawa, J.; Nunes, E.A ; et al. Does Oil Rich in Alpha-Linolenic Fatty Acid Cause the Same Immune Modulation as Fish Oil in
Walker 256 Tumor-Bearing Rats? Nutr. Cancer 2016, 68, 1369-1380. [CrossRef]

Ishihara, K.; Komatsu, W.; Saito, H.; Shinohara, K. Comparison of the effects of dietary alpha-linolenic, stearidonic, and
eicosapentaenoic acids on production of inflammatory mediators in mice. Lipids 2002, 37, 481-486. [CrossRef]

Ren, J.; Chung, S.H. Anti-inflammatory effect of alpha-linolenic acid and its mode of action through the inhibition of nitric oxide
production and inducible nitric oxide synthase gene expression via NF-kappaB and mitogen-activated protein kinase pathways.
J. Agric. Food Chem. 2007, 55, 5073-5080. [CrossRef]

Zhao, G.; Etherton, T.D.; Martin, K.R.; Vanden Heuvel, ].P,; Gillies, PJ.; West, S.G.; Kris-Etherton, PM. Anti-inflammatory effects
of polyunsaturated fatty acids in THP-1 cells. Biochem. Biophys. Res. Commun. 2005, 336, 909-917. [CrossRef]

Cao, J.; Schwichtenberg, K.A.; Hanson, N.Q.; Tsai, M.Y. Incorporation and clearance of omega-3 fatty acids in erythrocyte
membranes and plasma phospholipids. Clin. Chem. 2006, 52, 2265-2272. [CrossRef] [PubMed]

Burdge, G.C. Metabolism of alpha-linolenic acid in humans. Prostaglandins Leukot. Essent. Fat. Acids 2006, 75, 161-168. [CrossRef]
[PubMed]

Leyton, J.; Drury, PJ.; Crawford, M. A. Differential oxidation of saturated and unsaturated fatty acids in vivo in the rat. Br. J. Nutr.
1987, 57, 383-393. [CrossRef] [PubMed]

Koch, E.; Wiebel, M.; Lowen, A.; Willenberg, I.; Schebb, N.H. Characterization of the Oxylipin Pattern and Other Fatty Acid
Oxidation Products in Freshly Pressed and Stored Plant Oils. J. Agric. Food Chem. 2022, 70, 12935-12945. [CrossRef] [PubMed]
Caligiuri, S.P.; Love, K.; Winter, T.; Gauthier, J.; Taylor, C.G.; Blydt-Hansen, T.; Zahradka, P.; Aukema, H.M. Dietary linoleic acid
and «-linolenic acid differentially affect renal oxylipins and phospholipid fatty acids in diet-induced obese rats. J. Nutr. 2013, 143,
1421-1431. [CrossRef] [PubMed]

Leng, S.; Winter, T.; Aukema, H.M. Dietary ALA, EPA and DHA have distinct effects on oxylipin profiles in female and male rat
kidney, liver and serum. J. Nutr. Biochem. 2018, 57, 228-237. [CrossRef]


http://doi.org/10.1016/0003-9861(90)90554-C
http://doi.org/10.1194/jlr.M035139
http://doi.org/10.1046/j.1365-313x.2000.00897.x
http://doi.org/10.1016/S0040-4020(02)00231-4
http://doi.org/10.1074/jbc.270.33.19330
http://doi.org/10.1016/j.plefa.2013.04.001
http://doi.org/10.1146/annurev.pharmtox.45.120403.095920
http://www.ncbi.nlm.nih.gov/pubmed/15822179
http://doi.org/10.1194/jlr.M006007
http://www.ncbi.nlm.nih.gov/pubmed/20664072
http://doi.org/10.1016/j.bbapap.2010.09.009
http://www.ncbi.nlm.nih.gov/pubmed/20869469
http://doi.org/10.1074/jbc.M311830200
http://doi.org/10.1079/BJN2003901
http://www.ncbi.nlm.nih.gov/pubmed/12908891
http://doi.org/10.1093/ajcn/77.3.565
http://doi.org/10.1080/01635581.2016.1224364
http://doi.org/10.1007/s11745-002-0921-3
http://doi.org/10.1021/jf0702693
http://doi.org/10.1016/j.bbrc.2005.08.204
http://doi.org/10.1373/clinchem.2006.072322
http://www.ncbi.nlm.nih.gov/pubmed/17053155
http://doi.org/10.1016/j.plefa.2006.05.013
http://www.ncbi.nlm.nih.gov/pubmed/16828546
http://doi.org/10.1079/BJN19870046
http://www.ncbi.nlm.nih.gov/pubmed/3109464
http://doi.org/10.1021/acs.jafc.2c04987
http://www.ncbi.nlm.nih.gov/pubmed/36173729
http://doi.org/10.3945/jn.113.177360
http://www.ncbi.nlm.nih.gov/pubmed/23902961
http://doi.org/10.1016/j.jnutbio.2018.04.002

Int. J. Mol. Sci. 2023, 24, 6110 14 of 14

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Pauls, S.D.; Rodway, L.A.; Winter, T.; Taylor, C.G.; Zahradka, P.; Aukema, H.M. Anti-inflammatory effects of x-linolenic acid in
M1-like macrophages are associated with enhanced production of oxylipins from a-linolenic and linoleic acid. J. Nutr. Biochem.
2018, 57, 121-129. [CrossRef]

Kumar, N.; Gupta, G.; Anilkumar, K.; Fatima, N.; Karnati, R.; Reddy, G.V.; Giri, P.V.; Reddanna, P. 15-Lipoxygenase metabolites of
a-linolenic acid, [13-(S)-HPOTYE and 13-(S)-HOTrE], mediate anti-inflammatory effects by inactivating NLRP3 inflammasome.
Sci. Rep. 2016, 6, 31649. [CrossRef]

Lucchinetti, E.; Lou, PH.; Holtzhauer, G.; Noureddine, N.; Wawrzyniak, P.; Hartling, I.; Lee, M.; Strachan, E.; Clemente-Casares,
X.; Tsai, S.; et al. Novel lipid emulsion for total parenteral nutrition based on 18-carbon n-3 fatty acids elicits a superior
immunometabolic phenotype in a murine model compared with standard lipid emulsions. Am. |. Clin. Nutr. 2022, 116, 1805-1819.
[CrossRef]

Lucchinetti, E.; Lou, P.H.; Lemal, P.; Bestmann, L.; Hersberger, M.; Rogler, G.; Kramer, S.D.; Zaugg, M. Gut microbiome and
circulating bacterial DNA (“blood microbiome”) in a mouse model of total parenteral nutrition: Evidence of two distinct separate
microbiotic compartments. Clin. Nutr. ESPEN 2022, 49, 278-288. [CrossRef]

Zahradka, P.; Neumann, S.; Aukema, H.M.; Taylor, C.G. Adipocyte lipid storage and adipokine production are modulated by
lipoxygenase-derived oxylipins generated from 18-carbon fatty acids. Int. J. Biochem. Cell Biol. 2017, 88, 23-30. [CrossRef]
[PubMed]

Itoh, T.; Fairall, L.; Amin, K,; Inaba, Y.; Szanto, A.; Balint, B.L.; Nagy, L.; Yamamoto, K.; Schwabe, J.W. Structural basis for the
activation of PPARgamma by oxidized fatty acids. Nat. Struct. Mol. Biol. 2008, 15, 924-931. [CrossRef] [PubMed]

Umeno, A.; Sakashita, M.; Sugino, S.; Murotomi, K.; Okuzawa, T.; Morita, N.; Tomii, K.; Tsuchiya, Y.; Yamasaki, K.; Horie, M.;
et al. Comprehensive analysis of PPARy agonist activities of stereo-, regio-, and enantio-isomers of hydroxyoctadecadienoic acids.
Biosci. Rep. 2020, 40, BSR20193767. [CrossRef] [PubMed]

Sun, L.; Xu, YW,; Han, |.; Liang, H.; Wang, N.; Cheng, Y. 12/15-Lipoxygenase metabolites of arachidonic acid activate PPARy: A
possible neuroprotective effect in ischemic brain. . Lipid Res. 2015, 56, 502-514. [CrossRef]

Takahashi, H.; Hara, H.; Goto, T.; Kamakari, K.; Wataru, N.; Mohri, S.; Takahashi, N.; Suzuki, H.; Shibata, D.; Kawada, T.
13-Ox0-9(Z),11(E),15(Z)-octadecatrienoic acid activates peroxisome proliferator-activated receptor y in adipocytes. Lipids 2015, 50,
3-12. [CrossRef]

Balas, L.; Dey, S.K.; Béraud-Dufour, S.; Riechers, D.E.; Landau, O.A.; Bertrand-Michel, J.; Durand, T.; Blondeau, N. Linotrins:
Omega-3 oxylipins featuring an E,Z,E conjugated triene motif are present in the plant kingdom and alleviate inflammation in
LPS-challenged microglial cells. Eur. |. Med. Chem. 2022, 231, 114157. [CrossRef]

Gabbs, M.; Zahradka, P; Taylor, C.G.; Aukema, H.M. Time Course and Sex Effects of «-Linolenic Acid-Rich and DHA-Rich
Supplements on Human Plasma Oxylipins: A Randomized Double-Blind Crossover Trial. J. Nutr. 2021, 151, 513-522. [CrossRef]
Caligiuri, S.P.; Aukema, HM.; Ravandi, A.; Guzman, R.; Dibrov, E.; Pierce, G.N. Flaxseed consumption reduces blood pressure
in patients with hypertension by altering circulating oxylipins via an «-linolenic acid-induced inhibition of soluble epoxide
hydrolase. Hypertension 2014, 64, 53-59. [CrossRef]

Pauls, S.D.; Rodway, L.R.; Sidhu, K.K.; Winter, T.; Sidhu, N.; Aukema, H.M.; Zahradka, P.; Taylor, C.G. Oils Rich in «-Linolenic
Acid or Docosahexaenoic Acid Have Distinct Effects on Plasma Oxylipin and Adiponectin Concentrations and on Monocyte
Bioenergetics in Women with Obesity. J. Nutr. 2021, 151, 3053-3066. [CrossRef]

Holt, R.R.; Yim, S.J.; Shearer, G.C.; Hackman, R.M.; Djurica, D.; Newman, ].W.; Shindel, A.W.; Keen, C.L. Effects of short-term
walnut consumption on human microvascular function and its relationship to plasma epoxide content. . Nutr. Biochem. 2015, 26,
1458-1466. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.jnutbio.2018.03.020
http://doi.org/10.1038/srep31649
http://doi.org/10.1093/ajcn/nqac272
http://doi.org/10.1016/j.clnesp.2022.03.038
http://doi.org/10.1016/j.biocel.2017.04.009
http://www.ncbi.nlm.nih.gov/pubmed/28465089
http://doi.org/10.1038/nsmb.1474
http://www.ncbi.nlm.nih.gov/pubmed/19172745
http://doi.org/10.1042/BSR20193767
http://www.ncbi.nlm.nih.gov/pubmed/32266936
http://doi.org/10.1194/jlr.M053058
http://doi.org/10.1007/s11745-014-3972-x
http://doi.org/10.1016/j.ejmech.2022.114157
http://doi.org/10.1093/jn/nxaa294
http://doi.org/10.1161/HYPERTENSIONAHA.114.03179
http://doi.org/10.1093/jn/nxab235
http://doi.org/10.1016/j.jnutbio.2015.07.012

	Introduction 
	ALA Intake, Human Inflammation and CVDs 
	Association of ALA with the Lipid Profile and Markers of Inflammation in Human Plasma 
	ALA Supplementation and Cardiovascular Diseases 

	Enzymatic Metabolism of ALA to Oxylipins 
	Effects and Mechanism of ALA and Its Oxylipins on Inflammation in Mice and Cell Cultures 
	Effect of ALA Supplementation on Oxylipin Profiles 
	Conclusions 
	References

