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Abstract: Beneficial health effects of omega-3 polyunsaturated fatty acids (n-3 PUFA) are partly
attributed to specialized pro-resolving mediators (SPMs), which promote inflammation resolution.
Strategies to improve n-3 PUFA conversion to SPMs may, therefore, be useful to treat or prevent
chronic inflammatory disorders. Here, we explored a synbiotic strategy to increase circulating SPM
precursor levels. Healthy participants (n = 72) received either SynΩ3 (250 mg eicosapentaenoic acid
(EPA) plus docosahexaenoic acid (DHA) lysine salts; two billion CFU Bacillus megaterium; n = 23),
placebo (n = 24), or fish oil (300 mg EPA plus DHA; N = 25) capsules daily for 28 days in a randomized,
double-blind placebo-controlled parallel 3-group design. Biomarkers were assessed at baseline and
after 2 and 28 days of intervention. The primary analysis involved the comparison between SynΩ3
and placebo. In addition, SynΩ3 was compared to fish oil. The synbiotic SynΩ3 comprising Bacillus
megaterium DSM 32963 and n-3 PUFA salts significantly increased circulating SPM precursor levels,
including 18-hydroxy-eicosapentaenoic acid (18-HEPE) plus 5-HEPE, which was not achieved to this
extent by fish oil with a similar n-3 PUFA content. Omega-3 indices were increased slightly by both
SynΩ3 and fish oil. These findings suggest reconsidering conventional n-3 PUFA supplementation
and testing the effectiveness of SynΩ3 particularly in conditions related to inflammation.

Keywords: omega-3; probiotic; metabiotic; Bacillus megaterium; inflammation resolution; specialized
pro-resolving mediators; nutritional therapy

1. Introduction

Omega-3 polyunsaturated fatty acids (n-3 PUFA), including primarily alpha-linoleic
acid (ALA), eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA), are ingested
through the regular diet (e.g., in seafood, flaxseed, canola, and nuts) and through widespread
application of dietary supplements. Numerous intervention trials have been performed
with n-3 PUFA supplements, showing potential health benefits, including reducing the risk
of cardiovascular outcomes, improving cognitive function, and reducing inflammation [1,2].
The recommended daily intake of n-3 PUFA varies depending on age, sex, and health status.
It ranges from 200 mg to 4 g, according to different healthcare authorities such as the
American Heart Association [3]. Several studies showed a large variation in response
towards n-3 PUFA supplementation [4–6], arguing for more advanced or personalized,
instead of generic supplementation strategies. This response variability can be attributed
to, e.g., differences in baseline intake, duration of supplementation, dosage, form, and
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formulation of the n-3 PUFA preparations, and intrinsic factors like gender, health status,
and age.

Furthermore, n-3 PUFA after intake is further metabolized by several endogenous
enzymes to bioactive lipid mediators (LMs) [7]. A prominent group of LMs are the so-called
specialized pro-resolving mediators (SPMs), which are di- or trihydroxylated products
of EPA and DHA. The SPM family can be divided into resolvins (RV), protectins, and
maresins as well as arachidonic acid (AA)-derived lipoxins, whose biosynthesis involves
lipoxygenases, cytochrome P 450 monooxygenases, and cyclooxygenase-2 (see [8–10] for
an overview of the pathways). SPMs promote the resolution of inflammation by various
receptors and mechanisms [8]. Additional functions have been ascertained to select mono-
hydroxylated SPM precursors like 5-hydroxy-eicosapentaenoic acid (HEPE) and 18-HEPE,
such as the inhibition of monocyte adhesion to vascular endothelial cells [11], inhibition of
pressure-overload-induced maladaptive cardiac remodeling [12], and induction of adipose
tissue browning [13]. SPMs can, therefore, be considered important mediators of the health-
beneficial effects of n-3 PUFA, particularly concerning the amelioration or prevention of
cardiovascular and chronic inflammatory conditions as well as pain perception [14]. Impor-
tantly, the body’s capacity to synthesize or respond to SPM can be compromised, as shown
for, e.g., inflammatory bowel diseases [15], metabolic syndrome [16,17], arthritis [18], and
polycystic ovary syndrome [19] and this may contribute to persistent inflammation. On
the other hand, the physiological capacity to produce SPM precursors like 18-HEPE may
determine the clinical response towards n-3 PUFA, as shown for EPA in major depressive
disorder [7].

Strategies aimed at increasing the concentration of SPMs in the body could represent
a promising nutritional or therapeutic approach. However, previous n-3 PUFA studies
have shown significant increases in SPMs (in plasma or serum) only at supraphysiological
n-3 PUFA doses [20–22] or after a lipopolysaccharide endotoxin challenge [23]. The same
applies to the direct administration of exogenous SPMs in the form of SPM-enriched fish
oil preparations, which showed only a short-term increase in plasma SPM concentrations
at very high doses [24].

As an alternative, we recently developed a synbiotic strategy based on a microbial
conversion of n-3 PUFA to SPMs by probiotic bacteria of the genus Bacillus megaterium,
which acts self-sufficiently and independent of host metabolism [25]. An important aspect of
this strategy is to enable a long-lasting and sustained supply of endogenously formed SPMs,
which is advantageous over short-term peak concentrations using classical SPM-enriched
fish oil preparations. In a pilot study, a significant increase in plasma concentrations
of several SPM precursors, including 18-HEPE and 5-HEPE, was observed after low-
dose administration of a formulation comprising the SynΩ3 combination [25]. Here, we
investigated the effect of SynΩ3 in a controlled study compared to a fish oil preparation
with a comparable n-3 PUFA content, as well as to a placebo. We hypothesized that
supplementation with SynΩ3 leads to significantly higher plasma levels of 18-HEPE and
5-HEPE as compared to fish oil or placebo.

2. Materials and Methods
2.1. Study Design

The study was conducted as a double-blind, randomized, placebo-controlled parallel
design with a 4-week intervention period. Study visits were performed at baseline, after
2 days and at the end of the 4-week intervention. The study participants were either
allocated to the double-blind groups of the study receiving placebo or verum or to the
exploratory additional comparator study arm with commercial fish oil (ratio 1:1:1). The
randomization list was generated with RandList (DatInf GmbH, Tübingen, Germany)
stratified for gender with a blocksize of six. According to the randomization list, the pill
boxes were labelled with the subject number. Subject numbers were consecutively allocated
to subjects according to their inclusion. The study was performed at the study site of the
Nutritional CRO BioTeSys GmbH (Esslingen, Germany). All subjects gave their informed
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consent before they participated in the study. The study was approved by the Institutional
Review Board (IRB) of Landesärztekammer Baden-Württemberg (Reference number: F-
2022-078) and conducted in accordance with the guidelines for Good Clinical Practice
(GCP) set forth by the International Council for Harmonisation of Technical Requirements
for Pharmaceuticals for Human Use (ICH), and in accordance with the Declaration of
Helsinki regarding the treatment of human subjects in a study. Registration: German
register DRKS00030106.

2.2. Study Subjects

Between September 2022 and March 2023, 157 subjects were screened for their eligi-
bility. Out of these, 85 were screening failures, and 72 (healthy males and females) were
included in the study. Therefore, 72 subjects were considered for the intention-to-treat
(ITT) population and 64 subjects for the per-protocol (PP) population (Figure 1). Data are
presented for the ITT population. The main inclusion criteria were age between 30 and
75 years, a BMI of 19–35 kg/m2, and classification as an at-risk individual defined as at least
slightly elevated advanced glycation end products (AGEs) and/or high sensitive C-reactive
protein (hsCRP) level ≥ 1 mg/L. AGEs and hsCRP are commonly used biomarkers to
assess oxidative stress and inflammation [26,27], which determine the risk and progression
of various diseases, such as diabetes. Only nonsmokers were allowed to participate. As the
plasma levels of several pro-resolving LMs usually correlate with the omega-3 index [28],
only subjects with a cut-off level of omega-3 index ≤ 6.5% were enrolled in the study.
To control for confounding factors, subjects were asked to refrain from fish consumption
or other n-3 PUFA supplements or probiotics during the study intervention and also to
avoid plant oils rich in n-3 PUFA. Furthermore, they were asked to maintain their food
and lifestyle habits. Blood routine parameters were determined at the screening visit. Only
volunteers with no clinically relevant abnormal findings and blood values within defined
ranges were enrolled in the study. The clinical relevance of blood routine parameters
outside the reference range was judged by the Investigator. The main exclusion criteria
were as follows:

(1) Relevant history or presence of any severe medical disorder, potentially interfering
with this study (e.g., malabsorption, chronic gastro-intestinal diseases, heavy depres-
sion, diabetes, acute cancers within the last 3 years except basal cell carcinoma of the
skin, etc.);

(2) Subject under prescription for medication or taking dietary supplements possibly
interfering with this study (such as n-3 PUFA, probiotics, anti-spasmodic, laxatives and
anti-diarrheic drugs or other digestive auxiliaries, use of PPIs, bismuth salts and/or
H2-antagonists, fibers, chronic intake of NSAR or acetylsalicylic acid, glucocorticoids,
etc.) within 2 weeks before study start or during the study;

(3) Intake of antibiotics in the last 2 months and laxatives in the last 2 weeks.

2.3. Study Products

Investigational product: The investigational product synbiotic omega-3 (SynΩ3) is
a dietary supplement in capsule form (IN VIVO BIOTICS™ resolvin Beyond Omega).
One capsule contained 1 billion colony-forming units of Bacillus megaterium DSM 32963
(B4U™63), n-3 PUFA lysine salt containing 83.3 mg EPA, 41.7 mg DHA (AvailOm®), and
27.5 µg selenium in the form of L-selenomethionine. The capsules were coated for targeted
delivery of the ingredients into the intestine (EUDRAGUARD® biotic functional coating
for colon delivery).

Placebo: Cellulose powder was used as a placebo, provided in titanium-dioxide-
free vegetarian HPMC capsules. The capsules were coated for targeted delivery of the
ingredients into the intestine (EUDRAGUARD® biotic functional coating for colon delivery).
The investigational product (SynΩ3) and placebo product were blinded. SynΩ3 and the
placebo were manufactured by Evonik Operations GmbH, Hanau, Germany.
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Figure 1. Study flow chart.

Reference product fish oil: The fish oil product “Seefischöl Omega-3500 mg” by Zein
Pharma was used at a dosing of 2 capsules per day equivalent to a daily intake of 180 mg
EPA and 120 mg DHA in triglyceride form and 2.7 mg alpha-tocopherol (Vitamin E).
As generic fish oil capsules on the market were used, this arm was not blinded to the
investigational and placebo arm. Nevertheless, analogous to verum and placebo, the
products were dispensed in neutral flasks so that the study site staff did not know which
subject was receiving which study product when dispensing the study products.

For each type of study product, one capsule was taken in the morning (flexible with
or without breakfast) and one capsule in the evening (flexible with or without dinner)
unchewed with water.

On the study day, prior to study visits 2 and 3, the evening capsule was standardized
and taken 12 ± 2 h before the scheduled visit at the study site.

The subjects were asked to document the consumption of the study products daily in
a diary. Furthermore, residual study products were returned and counted. Compliance
was calculated based on the returned products and for SynΩ3 per detection of Bacillus
megaterium DSM 32963 in feces.

2.4. Methods for Samples and Data Collection
Blood Sampling

Blood sampling was performed at each visit after at least 10 h of overnight fasting for
the analysis of biomarkers and blood routine parameters.
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2.5. Analysis of Lipid Mediators, Omega-3 Index, and n-3 PUFA
2.5.1. Analysis of Lipid Mediators in Plasma

Lipid mediator (LM) analysis using ultra-performance liquid chromatography-tandem
mass spectrometry (UPLC-MS/MS) was performed as described previously [29] with
some minor modifications. Briefly, freshly thawed human plasma or Bacillus megaterium
cultures were first mixed with the same volume of ice-cold methanol containing deuterium-
labeled internal standards (200 nM d8–5S-HETE, d4-LTB4, d5-LXA4, d5-RvD2, d4-PGE2
and 10 µM d8-AA; Cayman Chemical/Biomol GmbH, Hamburg, Germany) to facilitate
quantification and sample recovery. Samples were kept at −20 ◦C for 60 min to allow
protein precipitation. After centrifugation (1200× g, 4 ◦C, 10 min), 8 mL of acidified water
was added (final pH = 3.5) and the samples were subjected to solid-phase extraction (SPE).
The SPE cartridges (Sep-Pak® Vac 6cc 500 mg/6 mL C18; Waters, Milford, MA, USA) were
equilibrated with 6 mL of methanol and then 2 mL of water before sample loading onto
the columns. After washing with 6 mL of water and an additional 6 mL of n-hexane,
LMs were eluted with 6 mL of methyl formate. The eluates were brought to dryness
using a TurboVap LV evaporation system (Biotage, Uppsala, Sweden) and resuspended in
100 µL of methanol/water (50/50, v/v) for analysis using UPLC-MS-MS. The LMs were
analyzed with an Acquity™ UPLC system (Waters, Milford, MA, USA) and a QTRAP 5500
Mass Spectrometer (ABSciex, Darmstadt, Germany), equipped with a Turbo V™ Source
and electrospray ionization. LMs were separated using an ACQUITY UPLC® BEH C18
column (1.7 µm, 2.1 × 100 mm; Waters, Eschborn, Germany) at 50 ◦C with a flow rate of
0.3 mL/min and a mobile phase consisting of methanol/water/acetic acid of 42/58/0.01
(v/v/v) that was ramped to 86/14/0.01 (v/v/v) over 12.5 min and then to 98/2/0.01 (v/v/v)
for 3 min. The QTrap 5500 was operated in negative ionization mode using scheduled
multiple reaction monitoring (MRM) coupled with information-dependent acquisition.
The scheduled MRM window was 60 sec, optimized LM parameters were adopted, and
the curtain gas pressure was set to 35 psi. The retention time and at least six diagnostic
ions for each LM were confirmed using external standards (Cayman Chemical/Biomol
GmbH, Hamburg, Germany). Quantification was achieved with calibration curves for each
LM. Linear calibration curves were obtained for each LM and gave r2 values of 0.998 or
higher (for PUFA 0.95 or higher). Additionally, the limit of detection for each targeted LM
was determined [30]. Parameters with concentrations below the limit of detection were
considered with a limit of detection for further statistical analysis.

2.5.2. Omega-3 Index and Total n-3 PUFA in Plasma

The omega-3 index is the sum of EPA and DHA expressed as a percentage of the
total fatty acids in erythrocyte membranes. In recent years, the omega-3 index has been
recognized as a new biomarker for quantifying long-term n-3 PUFA intake and correlates
very well with n-3 PUFA content in other tissues. At screening, analysis of the omega-3
index in erythrocytes was performed using gas chromatography at Omegametrix GmbH to
select subjects.

During the intervention, analysis of the omega-3 index in erythrocytes and plasma
fatty acid analysis were performed at OmegaQuant LLC (Sioux Falls, SD, USA) using gas
chromatography (GC) with flame ionization detection. Plasma fatty acid analysis was
performed as previously described [31]. The fatty acid composition was expressed as a
percentage of the total identified fatty acids and concentration (µg/mL) in the plasma. The
omega-3 index was measured using the HS-Omega-3 Index® methodology as previously
described [32].

2.6. Inflammatory Biomarkers in Blood

HsCRP was determined using a turbidimetric method in serum at the routine lab
(Synlab Leinfelden, Leinfelden-Echterdingen, Germany). Tumor necrosis factor (TNF)-
alpha was measured in serum samples using a chemoluminescent immunoassay at Synevo
Studien Service Labor GmbH, Berlin, Germany.
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2.7. Statistical Analysis

Based on a previous pilot study [25], the effect size for the increase in the two main
SPM precursors 18-HEPE and 5-HEPE was estimated with d = 0.96. Applying a two-tailed
approach and power of 80%, a sample size of 24 subjects was estimated considering a
dropout rate of 20% for the primary comparison of investigational product versus placebo.
This sample size was also applied for the exploratory comparison of SynΩ3 with a conven-
tional fish oil product.

ANCOVA models were applied for the changes between the end of intervention and
baseline accounting baseline values as a covariate. In the case of non-normality of residuals,
the Wilcoxon rank sum test was applied. The changes after two days of intervention were
investigated with the same approach. Furthermore, the differences between placebo and
SynΩ3 were also investigated for 18-HEPE and 5-HEPE with a linear mixed model with
repeated measures for changes over time and baseline conditions considered as covariate.
In a backward elimination, the impact of further covariates like gender, age, and BMI
were evaluated.

For the exploratory comparison of SynΩ3 with fish oil, an unpaired t-test or, if appli-
cable, non-parametric Wilcoxon rank sum test was applied. In addition, changes over time
within groups were investigated with repeated measurement ANOVA or the Friedman test
in case of three assessments during the study conduct or paired-test or corresponding non-
parametric approach if only baseline and end-of-intervention measures were performed. In
the figures, the statistical significance from an investigation of within-group changes and
pairwise tests against baseline are shown with * p < 0.05, ** p < 0.01, and *** p < 0.001.

3. Results
3.1. Study Collective

A total of 72 healthy subjects (25 men and 47 women) were enrolled between October
2022 and May 2023. There was one drop-out in the course of the study; the other 71 subjects
all completed the study according to the protocol. Characteristics of study participants are
summarized in Table 1.

Table 1. Study participant characteristics.

Variables Study Population
Mean (± 95% CI)

Age (years) 54.5 (51.9–57.1)
BMI (kg/m2) 25.7 (24.8–26.6)

Cholesterol (mg/dL) 219.7 (209.7–229.6)
LDL-cholesterol (mg/dL) 146.8 (136.5–157.1)

GPT (U/L) 26.7 (24.3–29.1)
GOT (U/L) 26.1 (24.7–27.5)

hsCRP (mg/L) 1.9 (1.4–2.4)
Systolic blood pressure (mmHg) 126.2 (122.5–129.9)
Diastolic blood pressure (mmHg) 79.2 (76.8–81.6)

Omega-3 index in erythrocytes (%) 4.9 (4.7–5.1)

AGE in skin

31.9% no risk
55.6% risk group 1
5.6% risk group 2
6.9% risk group 3

BMI: body mass index; LDL: low-density lipoprotein; GPT: glutamate pyruvic transaminase; GOT: glutamic
oxaloacetic transaminase; AGE: advanced glycation end products, CI: confidence interval.

There were no differences in age or BMI between groups. On average, the omega-3
index was 4.80% in the placebo group, 5.07% in the SynΩ3 group, and 4.83% in the fish
oil group.
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The overall compliance in the study was very good. Only in the SynΩ3 group, one sub-
ject showed a compliance of <80%. The compliance in the SynΩ3 group was also indirectly
confirmed by the determination of Bacillus megaterium DSM 32963 in stool samples. Thus,
in 21 of 23 subjects, the probiotic could be determined using qPCR. Medication, lifestyle,
dietary habits, and metabolic parameters were similar between all three groups and did
not significantly change during the study.

3.2. Primary Efficacy Endpoint: Significant Increase in the Sum of 18-HEPE and 5-HEPE
by SynΩ3

The EPA-derived 18-HEPE and 5-HEPE are the monohydroxylated precursors of RvE1
and RvE2, 18-HEPE is the precursor of RvE3, and 5-HEPE is the precursor of RvE4. The
SPM precursors 18-HEPE and 5-HEPE were found to be the most abundant LMs generated
from EPA. At baseline, low concentrations of 18-HEPE and 5-HEPE could be determined in
the plasma of most of subjects. Only in some individual subjects were concentrations below
the limit of detection. During the intervention with the placebo, the sum of 18-HEPE and
5-HEPE plasma concentrations (defined as the primary endpoint) remained unchanged
over time (Figure 2). However, during supplementation with SynΩ3, a highly significant
increase in 18-HEPE/5-HEPE levels was seen by an average factor of 3.3 after 2 days of
supplementation, which was confirmed by a factor of 3.5 after 4 weeks of supplementation;
see Table 2. Despite the supplementation of comparable amounts of n-3 PUFA provided by
the fish oil, only a minor increase in 18-HEPE and 5-HEPE levels by an average factor of
1.2 after 2 days and 4 weeks of supplementation was observed (Figure 2 and Table 2). The
increase in plasma levels of 18-HEPE plus 5-HEPE was much higher after intake of SynΩ3
in comparison to placebo and fish oil; see Figure 2 and Table 2.
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Figure 2. Plasma levels of the sum of 18-HEPE and 5-HEPE at baseline, after 2 days, and after 4 weeks
of intervention; scatter diagram with mean ± 95% CI; * p < 0.05, ** p < 0.01, *** p < 0.001; significance
derived from investigation of within-group changes and pairwise tests against baseline.

3.3. Treatment Effects on Selected Lipid Mediators

Next, we assessed the plasma levels of individual LMs, including 18-HEPE, 5-HEPE,
and other SPM precursors as well as relevant metabolites derived from EPA, DHA, and
AA; see Figure 3 and Table 2.
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Table 2. Statistical analysis of individual lipid mediators in plasma at baseline, after 2 days, and after 4 weeks of supplementation presented by study groups. Mean
± 95% CI. Differences in mean changes between SynΩ3 and placebo as well as SynΩ3 and fish oil are shown.

Lipid Metabolites Assessment
Points

Placebo (n = 24)
Mean (95% CI)

SynΩ3 (n = 23)
Mean (95% CI)

Fish Oil (n = 25)
Mean (95% CI)

Difference in
Mean Change

SynΩ3 vs. Placebo
p-Value §

Difference in
Mean Change

SynΩ3 vs.
Fish Oil

p-Value #

5-HETE
[pg/mL]

Baseline 196.8 (160.9, 232.6) 178.4 (156.4, 200.5) 208.4 (171.9, 244.9)
2 days 201.8 (166., 237.5) 184.8 (154.5, 215.2) 203.3 (164.8, 241.9) 1.4 0.3580 11.5 0.4712

4 weeks 202.9 (173.8, 231.9) 178.2 (150.7, 205.6) 187.5 (153.4, 221.7) −6.3 0.8670 20.7 0.2357

15-HETE **
[pg/mL]

Baseline 210.2 (180.3, 240.) 188.4 (163.7, 213.2) 196.5 (170.1, 222.9)
2 days 196.6 (170.6, 222.5) 193.9 (167., 220.8) 196.5 (168.3, 224.8) 19.1 0.3949 5.5 0.3491 *

A
A

m
et

ab
ol

it
es

4 weeks 209.6 (179.7, 239.5) 186.5 (151.9, 221.1) 181.4 (154.8, 208.0) −1.3 0.5728 * 13.2 0.4186

18-HEPE+5-
HEPE

[pg/mL]

Baseline 214.0 (164.9, 263.1) 185.8 (152.4, 219.3) 204.8 (164.5, 245.0)
2 days 204.3 (160.0, 248.7) 620.7 (432.7, 808.8) 254.1 (211.4, 296.8) 444.6 <0.0001 * 385.6 <0.0001 *

4 weeks 216.4 (187.6, 245.1) 642.5 (420.9, 864.1) 242.4 (202.2, 282.7) 454.3 <0.0001 * 419.1 0.0003 *

18-HEPE
[pg/mL]

Baseline 109.0 (78.1, 139.8) 97.0 (75.4, 118.6) 105.1 (75.8, 134.5)
2 days 99.8 (77.5, 122.1) 395.2 (218.5, 571.9) 142.3 (105.5, 179.1) 307.4 <0.0001 * 261.0 0.0003 *

4 weeks 112.0 (96.3, 127.6) 446.2 (247.7, 644.6) 132.2 (105.2, 159.2) 346.2 0.0007 * 322.1 0.0032 *

5-HEPE
[pg/mL]

Baseline 105.0 (81.6, 128.5) 88.8 (70.5, 107.1) 99.6 (80.7, 118.5)
2 days 104.5 (79.5, 129.6) 225.5 (177.3, 273.8) 111.8 (97.6, 125.9) 137.2 <0.0001 * 124.5 <0.0001

4 weeks 104.4 (85.1, 123.7) 196.3 (145.8, 246.9) 110.3 (98.7, 130.8) 108.1 0.0001 * 96.8 0.0005 *

15-HEPE
[pg/mL]

Baseline 33.9 (21.9, 45.9) 27.6 (22.3, 32.9) 31.3 (21.9, 40.7)
2 days 30.3 (24.1, 36.5) 49.6 (38.1, 61.0) 41.2 (27.8, 54.7) 25.6 0.0002 * 12.1 0.1351 *

EP
A

m
et

ab
ol

it
es

4 weeks 33.5 (26.6, 40.3) 46.4 (31.0, 61.7) 37.2 (27.4, 47.0) 19.2 0.0924 * 12.9 0.3470 *

4-HDHA
[pg/mL]

Baseline 55.7 (45.3, 66.2) 53.5 (44.7, 62.4) 50.1 (40.5, 59.7)
2 days 51.3 (43.5, 59.1) 76.3 (64.8, 87.8) 55.4 (44.1, 66.8) 27.2 0.0004 * 17.4 0.0048

4 weeks 53.5 (45.5, 61.6) 74.3 (62.9, 85.7) 60.8 (50.3, 71.2) 22.9 0.0014 10.1 0.1127

10-HDHA
[pg/mL]

Baseline 28.0 (22.5, 33.5) 31.6 (25.6, 37.5) 33.9 (21.2, 46.6)
2 days 30.0 (24.1, 35.9) 43.6 (35.4, 51.9) 37.7 (23.5, 51.9) 10.1 0.0319 * 8.3 0.0449

4 weeks 28.4 (23.6, 33.3) 48.7 (38.4, 59.1) 36.1 (28.7, 43.5) 16.8 0.0096 * 15.0 0.0516 *

17-HDHA
[pg/mL]

Baseline 80.3 (62.6, 98.0) 89.5 (71.2, 107.9) 122.3 (68.8, 175.8)
2 days 86.5 (70.8, 102.1) 146.3 (109.9, 182.6) 125.6 (61.2, 190.0) 50.7 0.0144 * 53.5 0.0246 *D

H
A

m
et

ab
ol

it
es

4 weeks 107.1 (82.3, 132.0) 100.4 (75.6, 125.2) 125.3 (87.0, 163.7) −15.9 0.2770 * 7.9 0.9913 *

* Wilcoxon rank sum test; without *: § ANCOVA, # unpaired t-test; ** 15-HETE Fish oil n = 24 (outlier excluded).



Nutrients 2024, 16, 1354 9 of 19

Nutrients 2024, 16, x FOR PEER REVIEW 10 of 19 
 

 

 

Figure 3. Plasma levels of individual lipid mediators at baseline, after 2 days, and after 4 weeks of 

intervention; scatter diagram with mean ± 95% CI; *** p < 0.001; * p < 0.05; significance derived from 

the investigation of within-group changes and pairwise tests against baseline. 

3.4. Modulation of n-3 PUFA Levels in Blood Compartments 

To determine whether the observed differential modulation of LMs could be ex-

plained by differences in substrate availability among the treatment arms, we assessed 

EPA and DHA levels in three different blood compartments: (i) as a percentage of the 

erythrocyte membrane total fatty acid content (omega-3 index); (ii) as total plasma EPA 

and DHA, esterified and free fatty acids (FFA); (iii) in the form of the FFA in plasma only. 

The omega-3 index was significantly increased by 4-week supplementation of SynΩ3 

or fish oil (Figure 4). Changes after supplementation with SynΩ3 were significant in com-

parison to the placebo (p = 0.0088), whereas supplementing with fish oil was superior to 

SynΩ3 in terms of the elevation of the omega-3 index (SynΩ3: change over time: 0.12%; 

fish oil: change over time: 0.5% (p < 0.0001)). 

 

5-HETE

5
-H

E
T

E
 [

p
g

/m
L

]

B
as

el
in

e

2 
day

s

4 
w

ee
ks

B
as

el
in

e

2 
day

s

4 
w

ee
ks

B
as

el
in

e

2 
day

s

4 
w

ee
ks

0

200

400

600

800 Placebo Fish oilSyn3

15-HETE

1
5

-H
E

T
E

 [
p

g
/m

L
]

B
as

el
in

e

2 
day

s

4 
w

ee
ks

B
as

el
in

e

2 
day

s

4 
w

ee
ks

B
as

el
in

e

2 
day

s

4 
w

ee
ks

0

100

200

300

400

500 Placebo Fish oilSyn3

AA metabolites

***

5-HEPE

5
-H

E
P

E
 [

p
g

/m
L

]

B
as

el
in

e

2 
day

s

4 
w

ee
ks

B
as

el
in

e

2 
day

s

4 
w

ee
ks

B
as

el
in

e

2 
day

s

4 
w

ee
ks

0

200

400

600

800

***

Placebo Fish oilSyn3

15-HEPE

1
5

-H
E

P
E

 [
p

g
/m

L
]

B
as

el
in

e

2 
day

s

4 
w

ee
ks

B
as

el
in

e

2 
day

s

4 
w

ee
ks

B
as

el
in

e

2 
day

s

4 
w

ee
ks

0

50

100

150

200

250

* *

Placebo Fish oilSyn3

***

18-HEPE

1
8

-H
E

P
E

 [
p

g
/m

L
]

B
as

el
in

e

2 
day

s

4 
w

ee
ks

B
as

el
in

e

2 
day

s

4 
w

ee
ks

B
as

el
in

e

2 
day

s

4 
w

ee
ks

0

500

1000

1500

2000

2500

*** *

*

Placebo Fish oilSyn3

EPA metabolites

4-HDHA

4
-H

D
H

A
 [

p
g

/m
L

]

B
as

el
in

e

2 
day

s

4 
w

ee
ks

B
as

el
in

e

2 
day

s

4 
w

ee
ks

B
as

el
in

e

2 
day

s

4 
w

ee
ks

0

50

100

150

200

250

***
***

*

Placebo Fish oilSyn3

10-HDHA

1
0

-H
D

H
A

 [
p

g
/m

L
]

B
as

el
in

e

2 
day

s

4 
w

ee
ks

B
as

el
in

e

2 
day

s

4 
w

ee
ks

B
as

el
in

e

2 
day

s

4 
w

ee
ks

0

50

100

150

200

250

*

Placebo Fish oilSyn3

17-HDHA

1
7

-H
D

H
A

 [
p

g
/m

L
]

B
as

el
in

e

2 
day

s

4 
w

ee
ks

B
as

el
in

e

2 
day

s

4 
w

ee
ks

B
as

el
in

e

2 
day

s

4 
w

ee
ks

0

200

400

600

800

1000 Placebo Fish oilSyn3

DHA metabolites

Figure 3. Plasma levels of individual lipid mediators at baseline, after 2 days, and after 4 weeks of
intervention; scatter diagram with mean ± 95% CI; *** p < 0.001; * p < 0.05; significance derived from
the investigation of within-group changes and pairwise tests against baseline.

The concentrations of 18-HEPE and of 5-HEPE at baseline were comparable. Of note,
after supplementation with either SynΩ3 or fish oil, the formation of 18-HEPE dominated
in comparison to 5-HEPE. This is in line with our previous study [25] and with the in vitro
characterization of a Bacillus megaterium-derived CYP enzyme as a producer of 18-HEPE
from EPA [33]. For all EPA-derived metabolites (5-HEPE, 15-HEPE, and 18-HEPE), a
highly significant increase was seen after supplementation with SynΩ3 (18-HEPE: factor 4.1
(after 2 days), factor 4.6 (after 4 weeks); 5-HEPE: (factor 2.5 (after 2 days), factor 2.2 (after
4 weeks)) in contrast to a minor increase in fish oil (18-HEPE: factor 1.4 (after 2 days), factor
1.3 (after 4 weeks); 5-HEPE: factor 1.1 after 2 days and 4 weeks) (Figure 3 and Table 2).
For the primary comparison of SynΩ3 against placebo, the significant differences in the
levels of 18-HEPE and 5-HEPE between the groups were confirmed with a linear mixed
model with repeated measures. Further impacting factors like gender, age, and BMI were
investigated. For 18-HEPE, the covariate age impacted by trend (p = 0.0713); for 5-HEPE,
the covariate age was significant (p = 0.0061). In contrast, gender and BMI did not show a
significant impact.
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In analogy to EPA-derived metabolites, a significant increase was also observed for the
DHA-derived LMs, i.e., 4-HDHA and 10-HDHA after supplementation with SynΩ3. For
fish oil, only a significant increase in 4-HDHA was observed. For other DHA-derived LMs,
the levels were rather low in the majority of subjects with no significant changes between
treatments. For the AA-derived metabolites, no changes over time were seen in any of the
study groups, confirming the selective modulation of EPA- and DHA-derived metabolites
during supplementation with SynΩ3 or fish oil. For all investigated LMs produced from
EPA and DHA, higher levels after supplementation of SynΩ3 in comparison to fish oil were
evident. Superiority could be demonstrated for the SPM precursors 18-HEPE and 5-HEPE
after two days and four weeks of intervention. For the HDHA metabolites 4-HDHA, 10-
HDHA, and 17-HDHA, superiority was demonstrated after two days of supplementation,
but differences were minor pronounced between products after 4 weeks of intervention;
see Table 2.

3.4. Modulation of n-3 PUFA Levels in Blood Compartments

To determine whether the observed differential modulation of LMs could be explained
by differences in substrate availability among the treatment arms, we assessed EPA and
DHA levels in three different blood compartments: (i) as a percentage of the erythrocyte
membrane total fatty acid content (omega-3 index); (ii) as total plasma EPA and DHA,
esterified and free fatty acids (FFA); (iii) in the form of the FFA in plasma only.

The omega-3 index was significantly increased by 4-week supplementation of SynΩ3
or fish oil (Figure 4). Changes after supplementation with SynΩ3 were significant in
comparison to the placebo (p = 0.0088), whereas supplementing with fish oil was superior
to SynΩ3 in terms of the elevation of the omega-3 index (SynΩ3: change over time: 0.12%;
fish oil: change over time: 0.5% (p < 0.0001)).
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Figure 4. Distribution of omega-3 index (%) at baseline and after 4 weeks of intervention; scatter
diagram with mean ± 95% CI; ** p < 0.01, *** p < 0.001; significance derived from investigation of
within-group changes.

During supplementation with SynΩ3, only a minor increase in total EPA and DHA
plasma levels was observed, which was neither significant over time (Figures 5 and 6) nor
in comparison to placebo after 4 weeks of supplementation (Supplementary Table S1 and
Figures 5 and 6). In contrast, a highly significant increase in total EPA and DHA levels was
observed for fish oil. Between SynΩ3 and fish oil, a significant difference in total EPA levels
was documented after 2 days (−4.5 µg/mL difference in mean change SynΩ3 versus fish
oil; p-value < 0.0001) and 4 weeks (−8.4 µg/mL difference in mean change SynΩ3 versus
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fish oil; p-value = 0.0055) of supplementation. For total DHA levels, only after 4 weeks of
supplementation a significant difference (−6.8 µg/mL; p-value = 0.0173) was seen for the
mean changes between groups (Supplementary Table S1).
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Figure 5. Plasma levels of (A) total EPA and (B) total DHA (µg/mL) at baseline, after 2 days and
4 weeks of intervention; scatter diagram with mean ± 95% CI; ** p < 0.01, *** p < 0.001; significance
derived from the investigation of within-group changes and pairwise tests against baseline.

3.5. EPA and DHA as Free Fatty Acids in Plasma

Additionally, the levels of EPA and DHA as FFA in plasma were measured; see Figure 6.
In contrast to the total EPA levels, differences by trend could be observed for the delta
change in EPA FFA after supplementation of SynΩ3 in comparison to the placebo, which
was confirmed after 2 days and 4 weeks of supplementation.

Comparing the changes between SynΩ3 and fish oil, a comparable increase in EPA
and DHA FFA was observed with no significant differences between products for EPA and
DHA after 2 days and 4 weeks of supplementation. Note that the free forms of EPA and
DHA are the substrates for the biosynthesis of LMs, including SPMs and their precursors.
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Figure 6. Plasma levels of (A) free EPA and (B) free DHA (ng/mL) at baseline, after 2 days and 4
weeks of intervention; scatter diagram with mean ± 95% CI; *** p < 0.001; significance derived from
the investigation of within-group changes and pairwise tests against baseline.

3.6. Evaluation of Cholesterols and Triglycerides

The lipid/cholesterol status was determined at baseline and end of intervention.
Baseline levels of total- and LDL-cholesterol varied between groups, but within all groups,
these levels did not change significantly. In the placebo group, a statistically significant
increase in HDL concentration was evident (p = 0.0175), which also contributed to the
significant group difference after four weeks of intervention between the placebo and
the SynΩ3 group (Table 3). In the SynΩ3 and fish oil groups, no differences over time
were observed.

In contrast, triglycerides decreased upon supplementation with n-3 PUFA, both in the
SynΩ3 and fish oil group (−12 mg/dL). Statistical significance over time was only reached
in the SynΩ3 group (p = 0.0216). In the placebo group, an increase in triglycerides was
observed (Table 3).



Nutrients 2024, 16, 1354 13 of 19

Table 3. Total cholesterol, LDL-cholesterol, HDL-cholesterol and triglyceride concentrations at baseline, after 2 days and 4 weeks of supplementation presented by
study groups. Mean ± 95% CI. Differences in mean changes between SynΩ3 and placebo as well as SynΩ3 and fish oil are shown.

Lipid Status Assessment
Points

Placebo (n = 24)
Mean (95% CI)

SynΩ3 (n = 23)
Mean (95% CI)

Fish Oil (n = 25)
Mean (95% CI)

Difference in
Mean Change

SynΩ3 vs.
Placebo

p-Value §

Difference in
Mean Change

SynΩ3 vs.
Fish Oil

p-Value #

Total cholesterol
[mg/dL]

Baseline 210.3 (192.5, 228.0) 228.7 (211.8, 245.7) 224.4 (207.7, 241.2)
4 weeks 210.3 (193.2, 227.3) 224.4 (205.9, 243.0) 219.8 (203.2, 236.4) −4.3 0.6624 0.3 0.9414

LDL
[mg/dL]

Baseline 137.0 (118.7, 155.3) 156.1 (140.6, 171.7) 149.7 (133.4, 166.1)
4 weeks 136.9 (118.7, 155.1) 157.8 (140.3, 175.3) 148.6 (131.9, 165.3) 1.8 0.6233 2.8 0.5569

HDL
[mg/dL]

Baseline 60.4 (54.2, 66.6) 58.5 (52.8, 64.2) 60.9 (55.3, 66.6)
4 weeks 63.5 (56.4, 70.7) 57.9 (51.5, 64.3) 61.7 (55.5, 68.0) −3.8 0.0331 −1.4 0.3517

Triglycerides
[mg/dL]

Baseline 105.3 (74.9, 135.6) 114.3 (97.2, 131.3) 104.2 (82.2, 126.3)
4 weeks 113.1 (82.3, 144.0) 102.0 (81.9, 122.2) 92.2 (74.8, 109.7) −20.1 0.1034* −0.3 0.4387*

* Wilcoxon rank sum test; without *: § ANCOVA, # unpaired t-test.
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3.7. Evaluation of TNF-α and hsCRP

As at-risk individuals were enrolled in the study, defined as at least slightly elevated
AGEs and/or a hsCRP level ≥ 1 mg/L, we tested whether the study products display
possible effects on the pro-inflammatory markers hsCRP and TNF-α. Overall, no significant
changes over time in hsCRP and TNF-α plasma concentrations were observed in any of the
study groups (Figure 7). The observed difference by trend (p-value: 0.0862) between mean
changes in hsCRP in SynΩ3 and fish oil after 4 weeks of intervention is mainly due to the
slight increase in the SynΩ3 group; in contrast, in the fish oil group, average concentrations
slightly decreased (Supplementary Table S2).
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3.8. Safety and Tolerability

To monitor safety concerns, tolerability and adverse events were inquired about at
study visits. Tolerability was assessed at the end of the intervention phase. Overall, the
tolerability of all study products was very good. There was only one subject per group who
complained about slightly unpleasant or very unpleasant tolerability; reasons for these
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judgments included the following: heartburn after intake (placebo group); a feeling of
pressure, burping, and/or flatulence (SynΩ3 group); and a fishy aftertaste (fish oil group).

During the study, a total of 87 adverse events (AEs) were reported by 42 subjects.
One of these AEs was classified as a serious adverse event (SAE) due to hospitalization.
The most AEs in the intervention phase were reported in the placebo group (n = 36),
followed by the fish oil group (n = 33) and the SynΩ3 group with only n = 18 AEs. In the
total study collective, the most commonly reported AE was headache/migraine (n = 38).
One subject (SynΩ3 group) reported burping, flatulence, and a feeling of pressure in the
stomach during the intervention phase, which was rated as possibly related to the intake
of the study product. All other AEs were not related to the intake of the investigational
products. Altogether, only one AE (elevated HbA1c in the diabetic range) conflicted with
study participation, and this subject was excluded from the study at visit 2 (drop-out). No
other AEs were in conflict with study participation and the study was continued according
to the protocol.

4. Discussion

n-3 PUFA intake—either via the diet or through the use of supplements/functional
food products—has long been practiced for preventing or ameliorating conditions arising
from chronic or excessive inflammation, such as metabolic syndrome (MetS) and cardiovas-
cular diseases. However, recent meta-analyses of clinical data have challenged the view
that EPA/DHA supplementation has beneficial effects in humans. As a consequence, the
design of current n-3 PUFA studies has become more specific, e.g., by selecting certain
subject collectives, special formulations, and taking confounding factors more into account.
In this context, we reasoned that the conversion of n-3 PUFA to SPMs and their precursors
such as 18-HEPE and their subsequent signal transduction events are crucial determinants
of n-3 PUFA outcomes. The literature describes numerous examples of disturbed levels,
production capacity, and activity of SPMs in the diseased versus healthy state (summarized
in [25,34,35]). Furthermore, the clinical response to n-3 PUFA is stronger in patients with
a greater ability to produce LMs, as shown for 18-HEPE in major depressive disorder [7],
which again suggests addressing the conversion of n-3 PUFA.

We previously introduced a novel route towards endogenous n-3 PUFA conversion,
based on a recently described concept of synbiotics that exploits specific metabolic proper-
ties of probiotic strains [36]. More precisely, our route applies the CYP102A1-dependent
metabolic capacity of Bacillus megaterium to produce a range of SPMs and precursors from
exogenously provided n3-PUFA in a strain-specific manner. Thus, a formulation compris-
ing a synbiotic combination of Bacillus megaterium DSM 32963 and n-3 PUFA lysine salt
increased plasma concentrations of, e.g., 5-HEPE, 15-HEPE, and 18-HEPE, in a pilot study
with healthy adults [25]. Our current study aimed at confirming this finding in a controlled
study and comparing the quantitative effect of SynΩ3 against a fish oil supplement with a
similar n-3 PUFA content. Directly comparing the pro-resolving LM production efficacy
of conventional and synbiotic n-3 PUFA supplementation was vital because plasma con-
centration measurements of SPMs and their precursors greatly rely on the choice of the
analytical platform [37].

18-HEPE and 5-HEPE, in sum and individually, were significantly increased in plasma
by an average factor of 3.3–3.5 after two days and four weeks of supplementation with
SynΩ3. The stronger increase in 18-HEPE levels (4.6-fold after four weeks) compared
to 5-HEPE is in agreement with our pilot study as well as the fact that the CYP enzyme
contained in Bacillus megaterium has been described to convert EPA to 18-HEPE in vitro
before [33]. In our study, despite comparable amounts of EPA provided by the fish oil,
only a minor increase in 18-HEPE and 5-HEPE by an average factor of 1.2 after two days
and after four weeks of supplementation was observed. The latter finding is in line with
previous human studies, wherein significant increases in 18-HEPE and other LMs were
only found at very high doses (1.0–4.4 g per day) of esterified n-3 PUFA, SPM-enriched
n-3 PUFA, isolated EPA, or in conjunction with an endotoxin challenge [7,20–24,28,38].
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Interestingly, the EPA-derived 15-HEPE, the precursor of RvE4, and the DHA-derived
4-HDHA and 10-HDHA were also elevated in plasma from subjects supplemented with
SynΩ3, but not or much less in the placebo or fish oil group. This supports the requirement
of Bacillus megaterium for elevating these monohydroxylated EPA- and DHA-derived LMs
on top of the supplementation of EPA/DHA. In fact, the corresponding monohydroxylated
AA-metabolites 5-HETE and 15-HETE were not increased in the plasma of the SynΩ3
group, implying a certain selectivity for conversion of the n-3-PUFA EPA and DHA (but
not of the n-6-PUFA AA) by Bacillus megaterium. Despite the increase in pro-resolving LMs,
we did not observe a change in inflammatory biomarkers in the blood, which is due to
the rather healthy population having relatively low baseline concentrations of, e.g., TNF-α
and hsCRP.

Strikingly, in the OMEGA-PAD I Trial, daily ingestion of 4.4 g (2.6 g EPA and 1.8 g
DHA) n-3 PUFA nearly doubled the omega-3 index but increased plasma levels of 5-HEPE,
15-HEPE, and 18-HEPE by only 1.9-fold, 1.7-fold, and 2.3-fold, respectively [28]. This
underlines that maximizing the intake or bioavailability of n-3 PUFA is not the most
expedient strategy for robustly increasing the concentration of (circulating) pro-resolving
LMs. In this context, the greater formation of 18-HEPE from SynΩ3 versus fish oil observed
in our study cannot be explained by higher bioavailability of EPA, as the increase in free
plasma EPA was comparable, and the increases in the total EPA and omega-3 index were
even significantly higher after fish oil intervention. We therefore reason that gut luminal
production of these LMs in the SynΩ3 group, seemingly due to Bacillus megaterium, explains
this difference. Though we have not confirmed this hypothesis experimentally in vivo, our
previous studies clearly show the capability of Bacillus megaterium strains to produce SPMs
and the precursors 18-HEPE and 5-HEPE in vitro [25]. It would be worthwhile to follow
up on this by assessing the SPM profile in other relevant body compartments/fluids (e.g.,
intestinal mucosa, serum, urine, feces, etc.) in subsequent human trials or advanced gut
models. In particular, and due to the increase in 18-HEPE and 5-HEPE, the formation of the
related SPM RvE1, RvE2, and RvE4 needs to be studied in this respect.

5. Conclusions

In summary, we have shown the superiority of a targeted synbiotic approach to in-
crease the plasma concentration of circulating pro-resolving LMs in middle-aged, healthy
but at-risk subjects. This effect did not occur with a standard fish oil with a similar n-3
PUFA content and without added B. megaterium. Our findings strengthen the idea that
a disturbed or limited metabolic capacity of the body to produce pro-resolving LM with
health-beneficial properties from n-3 PUFA can be compensated by suitable microbes or
synbiotics. The clinical implication of this is that the outcomes of n-3 PUFA supplementa-
tion, especially in the prevention and treatment of chronic inflammatory conditions, may be
significantly improved through this synbiotic approach. Additionally, targeted metabolism
allows for much smaller doses of n-3 PUFA than typically applied, which avoids possible
side effects from supranutritional intake levels and increases the convenience and therefore
patient compliance. Testing the impact of this synbiotic formulation on other body compart-
ments and patients will provide additional and crucial insights into its pharmacokinetic
and pharmacodynamic SPM profile and possible therapeutic use, e.g., for cardiovascular
diseases, rheumatoid arthritis, and inflammatory bowel diseases.

6. Patent Applications

WO2020109474A1
WO2020109480A1

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu16091354/s1, Table S1: Total and free EPA and DHA concen-
trations at baseline, after 2 days and 4 weeks of supplementation presented by study groups; Table S2:
TNF and hsCRP concentrations at baseline, after 2 days and 4 weeks of supplementation presented
by study groups.

https://www.mdpi.com/article/10.3390/nu16091354/s1
https://www.mdpi.com/article/10.3390/nu16091354/s1


Nutrients 2024, 16, 1354 17 of 19

Author Contributions: B.S., H.t.D. and C.S. designed research; T.W., P.M.J. and C.S. conducted
research; T.W., P.M.J., O.W., M.W. and C.S. analyzed data; B.S., C.S. and O.W. wrote the paper. All
authors have read and agreed to the published version of the manuscript.

Funding: This study was funded by Evonik Operations GmbH.

Institutional Review Board Statement: This study was approved by the Institutional Review Board
(IRB) of Landesärztekammer Baden-Württemberg (Reference number: F-2022-078) and conducted in
accordance with the guidelines for Good Clinical Practice (GCP) set forth by the International Council
for Harmonisation of Technical Requirements for Pharmaceuticals for Human Use (ICH), and in
accordance with the Declaration of Helsinki regarding the treatment of human subjects in a study.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to patenting processes.

Acknowledgments: We thank the study subjects for their participation. We also thank Thomas
Berngruber for assistance in study management, and Ellen Ehring for creating the graphical abstract.

Conflicts of Interest: B.S. and H.t.D. are employed by Evonik Operations GmbH. All other authors
declare no conflicts of interest.

References
1. Bae, J.H.; Lim, H.; Lim, S. The Potential Cardiometabolic Effects of Long-Chain omega-3 Polyunsaturated Fatty Acids: Recent

Updates and Controversies. Adv. Nutr. 2023, 14, 612–628. [CrossRef] [PubMed]
2. Calder, P.C. Marine omega-3 fatty acids and inflammatory processes: Effects, mechanisms and clinical relevance. Biochim. Biophys.

Acta 2015, 1851, 469–484. [CrossRef]
3. Siscovick, D.S.; Barringer, T.A.; Fretts, A.M.; Wu, J.H.; Lichtenstein, A.H.; Costello, R.B.; Kris-Etherton, P.M.; Jacobson, T.A.;

Engler, M.B.; Alger, H.M.; et al. Omega-3 Polyunsaturated Fatty Acid (Fish Oil) Supplementation and the Prevention of Clinical
Cardiovascular Disease: A Science Advisory From the American Heart Association. Circulation 2017, 135, e867–e884. [CrossRef]
[PubMed]

4. Aung, T.; Halsey, J.; Kromhout, D.; Gerstein, H.C.; Marchioli, R.; Tavazzi, L.; Geleijnse, J.M.; Rauch, B.; Ness, A.; Galan, P.; et al.
Associations of Omega-3 Fatty Acid Supplement Use With Cardiovascular Disease Risks: Meta-analysis of 10 Trials Involving
77917 Individuals. JAMA Cardiol. 2018, 3, 225–234. [CrossRef] [PubMed]

5. Yokoyama, Y.; Kuno, T.; Morita, S.X.; Slipczuk, L.; Takagi, H.; Briasoulis, A.; Latib, A.; Bangalore, S.; Heffron, S.P. Eicosapentaenoic
Acid for Cardiovascular Events Reduction- Systematic Review and Network Meta-Analysis of Randomized Controlled Trials. J.
Cardiol. 2022, 80, 416–422. [CrossRef] [PubMed]

6. He, X.; Yu, H.; Fang, J.; Qi, Z.; Pei, S.; Yan, B.; Liu, R.; Wang, Q.; Szeto, I.M.; Liu, B.; et al. The effect of n-3 polyunsaturated fatty
acid supplementation on cognitive function outcomes in the elderly depends on the baseline omega-3 index. Food Funct. 2023, 14,
9506–9517. [CrossRef] [PubMed]

7. Lamon-Fava, S.; Liu, M.; Dunlop, B.W.; Kinkead, B.; Schettler, P.J.; Felger, J.C.; Ziegler, T.R.; Fava, M.; Mischoulon, D.; Rapaport,
M.H. Clinical response to EPA supplementation in patients with major depressive disorder is associated with higher plasma
concentrations of pro-resolving lipid mediators. Neuropsychopharmacology 2023, 48, 929–935. [CrossRef] [PubMed]

8. 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]

9. Jordan, P.M.; Gerstmeier, J.; Pace, S.; Bilancia, R.; Rao, Z.; Börner, F.; Miek, L.; Gutiérrez-Gutiérrez, Ó.; Arakandy, V.; Rossi, A.;
et al. Staphylococcus aureus-Derived alpha-Hemolysin Evokes Generation of Specialized Pro-resolving Mediators Promoting
Inflammation Resolution. Cell Rep. 2020, 33, 108247. [CrossRef]

10. Lopez-Vicario, C.; Rius, B.; Alcaraz-Quiles, J.; Garcia-Alonso, V.; Lopategi, A.; Titos, E.; Claria, J. Pro-resolving mediators
produced from EPA and DHA: Overview of the pathways involved and their mechanisms in metabolic syndrome and related
liver diseases. Eur. J. Pharmacol. 2016, 785, 133–143. [CrossRef]

11. Liu, Y.; Fang, X.; Zhang, X.; Huang, J.; He, J.; Peng, L.; Ye, C.; Wang, Y.; Xue, F.; Ai, D.; et al. Metabolic profiling of murine plasma
reveals eicosapentaenoic acid metabolites protecting against endothelial activation and atherosclerosis. Br. J. Pharmacol. 2018, 175,
1190–1204. [CrossRef] [PubMed]

12. Endo, J.; Sano, M.; Isobe, Y.; Fukuda, K.; Kang, J.X.; Arai, H.; Arita, M. 18-HEPE, an n-3 fatty acid metabolite released by
macrophages, prevents pressure overload-induced maladaptive cardiac remodeling. J. Exp. Med. 2014, 211, 1673–1687. [CrossRef]
[PubMed]

13. Zong, Y.; Wang, M.; Liu, Y.; Suo, X.; Fan, G.; Yang, X. 5-HEPE reduces obesity and insulin resistance by promoting adipose tissue
browning through GPR119/AMPK/PGC1alpha activation. Life Sci. 2023, 323, 121703. [CrossRef] [PubMed]

https://doi.org/10.1016/j.advnut.2023.03.014
https://www.ncbi.nlm.nih.gov/pubmed/37031750
https://doi.org/10.1016/j.bbalip.2014.08.010
https://doi.org/10.1161/CIR.0000000000000482
https://www.ncbi.nlm.nih.gov/pubmed/28289069
https://doi.org/10.1001/jamacardio.2017.5205
https://www.ncbi.nlm.nih.gov/pubmed/29387889
https://doi.org/10.1016/j.jjcc.2022.07.008
https://www.ncbi.nlm.nih.gov/pubmed/35914996
https://doi.org/10.1039/d3fo02959j
https://www.ncbi.nlm.nih.gov/pubmed/37840364
https://doi.org/10.1038/s41386-022-01527-7
https://www.ncbi.nlm.nih.gov/pubmed/36635595
https://doi.org/10.1172/JCI97943
https://doi.org/10.1016/j.celrep.2020.108247
https://doi.org/10.1016/j.ejphar.2015.03.092
https://doi.org/10.1111/bph.13971
https://www.ncbi.nlm.nih.gov/pubmed/28771708
https://doi.org/10.1084/jem.20132011
https://www.ncbi.nlm.nih.gov/pubmed/25049337
https://doi.org/10.1016/j.lfs.2023.121703
https://www.ncbi.nlm.nih.gov/pubmed/37075946


Nutrients 2024, 16, 1354 18 of 19

14. Dyall, S.C.; Balas, L.; Bazan, N.G.; Brenna, J.T.; Chiang, N.; da Costa Souza, F.; Dalli, J.; Durand, T.; Galano, J.M.; Lein, P.J.; 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]

15. Pochard, C.; Coquenlorge, S.; Jaulin, J.; Cenac, N.; Vergnolle, N.; Meurette, G.; Freyssinet, M.; Neunlist, M.; Rolli-Derkinderen, M.
Defects in 15-HETE Production and Control of Epithelial Permeability by Human Enteric Glial Cells From Patients With Crohn’s
Disease. Gastroenterology 2016, 150, 168–180. [CrossRef] [PubMed]

16. Kwon, Y. Immuno-Resolving Ability of Resolvins, Protectins, and Maresins Derived from Omega-3 Fatty Acids in Metabolic
Syndrome. Mol. Nutr. Food Res. 2020, 64, e1900824. [CrossRef] [PubMed]

17. Barden, A.E.; Mas, E.; Croft, K.D.; Phillips, M.; Mori, T.A. Specialized proresolving lipid mediators in humans with the metabolic
syndrome after n-3 fatty acids and aspirin. Am. J. Clin. Nutr. 2015, 102, 1357–1364. [CrossRef] [PubMed]

18. Arnardottir, H.H.; Dalli, J.; Norling, L.V.; Colas, R.A.; Perretti, M.; Serhan, C.N. Resolvin D3 Is Dysregulated in Arthritis and
Reduces Arthritic Inflammation. J. Immunol. 2016, 197, 2362–2368. [CrossRef] [PubMed]

19. Regidor, P.A.; de la Rosa, X.; Muller, A.; Mayr, M.; Gonzalez Santos, F.; Gracia Banzo, R.; Rizo, J.M. PCOS: A Chronic Disease That
Fails to Produce Adequately Specialized Pro-Resolving Lipid Mediators (SPMs). Biomedicines 2022, 10, 456. [CrossRef]

20. Lamon-Fava, S.; So, J.; Mischoulon, D.; Ziegler, T.R.; Dunlop, B.W.; Kinkead, B.; Schettler, P.J.; Nierenberg, A.A.; Felger,
J.C.; Maddipati, K.R.; et al. Dose- and time-dependent increase in circulating anti-inflammatory and pro-resolving lipid
mediators following eicosapentaenoic acid supplementation in patients with major depressive disorder and chronic inflammation.
Prostaglandins Leukot. Essent. Fat. Acids 2021, 164, 102219. [CrossRef]

21. Ramirez, J.L.; Gasper, W.J.; Khetani, S.A.; Zahner, G.J.; Hills, N.K.; Mitchell, P.T.; Sansbury, B.E.; Conte, M.S.; Spite, M.; Grenon,
S.M. Fish Oil Increases Specialized Pro-resolving Lipid Mediators in PAD (The OMEGA-PAD II Trial). J. Surg. Res. 2019, 238,
164–174. [CrossRef] [PubMed]

22. So, J.; Wu, D.; Lichtenstein, A.H.; Tai, A.K.; Matthan, N.R.; Maddipati, K.R.; Lamon-Fava, S. EPA and DHA differentially modulate
monocyte inflammatory response in subjects with chronic inflammation in part via plasma specialized pro-resolving lipid
mediators: A randomized, double-blind, crossover study. Atherosclerosis 2021, 316, 90–98. [CrossRef]

23. Norris, P.C.; Skulas-Ray, A.C.; Riley, I.; Richter, C.K.; Kris-Etherton, P.M.; Jensen, G.L.; Serhan, C.N.; Maddipati, K.R. Identifi-
cation of specialized pro-resolving mediator clusters from healthy adults after intravenous low-dose endotoxin and omega-3
supplementation: A methodological validation. Sci. Rep. 2018, 8, 18050. [CrossRef] [PubMed]

24. Irun, P.; Carrera-Lasfuentes, P.; Sanchez-Luengo, M.; Belio, U.; Domper-Arnal, M.J.; Higuera, G.A.; Hawkins, M.; de la Rosa,
X.; Lanas, A. Pharmacokinetics and Changes in Lipid Mediator Profiling after Consumption of Specialized Pro-Resolving
Lipid-Mediator-Enriched Marine Oil in Healthy Subjects. Int. J. Mol. Sci. 2023, 24, 16143. [CrossRef]

25. Speckmann, B.; Kleinbolting, J.; Borner, F.; Jordan, P.M.; Werz, O.; Pelzer, S.; Tom Dieck, H.; Wagner, T.; Schon, C. Synbiotic
Compositions of Bacillus megaterium and Polyunsaturated Fatty Acid Salt Enable Self-Sufficient Production of Specialized
Pro-Resolving Mediators. Nutrients 2022, 14, 2265. [CrossRef] [PubMed]

26. Pepys, M.B.; Hirschfield, G.M. C-reactive protein: A critical update. J. Clin. Investig. 2003, 111, 1805–1812. [CrossRef] [PubMed]
27. Semba, R.D.; Nicklett, E.J.; Ferrucci, L. Does accumulation of advanced glycation end products contribute to the aging phenotype?

J. Gerontol. Ser. A Biomed. Sci. Med. Sci. 2010, 65, 963–975. [CrossRef] [PubMed]
28. Schaller, M.S.; Zahner, G.J.; Gasper, W.J.; Harris, W.S.; Conte, M.S.; Hills, N.K.; Grenon, S.M. Relationship between the omega-3

index and specialized pro-resolving lipid mediators in patients with peripheral arterial disease taking fish oil supplements. J.
Clin. Lipidol. 2017, 11, 1289–1295. [CrossRef] [PubMed]

29. Werz, O.; Gerstmeier, J.; Libreros, S.; De la Rosa, X.; Werner, M.; Norris, P.C.; Chiang, N.; Serhan, C.N. Human macrophages
differentially produce specific resolvin or leukotriene signals that depend on bacterial pathogenicity. Nat. Commun. 2018, 9, 59.
[CrossRef]

30. Werner, M.; Jordan, P.M.; Romp, E.; Czapka, A.; Rao, Z.; Kretzer, C.; Koeberle, A.; Garscha, U.; Pace, S.; Claesson, H.E.; et al.
Targeting biosynthetic networks of the proinflammatory and proresolving lipid metabolome. FASEB J. 2019, 33, 6140–6153.
[CrossRef]

31. Koba, S.; Takao, T.; Shimizu, F.; Ogawa, M.; Ishii, Y.; Yokota, Y.; Furuyama, F.; Tsunoda, F.; Shoji, M.; Harris, W.S.; et al. Comparison
of plasma levels of different species of trans fatty acids in Japanese male patients with acute coronary syndrome versus healthy
men. Atherosclerosis 2019, 284, 173–180. [CrossRef] [PubMed]

32. Harris, W.S.; Von Schacky, C. The Omega-3 Index: A new risk factor for death from coronary heart disease? Prev. Med. 2004, 39,
212–220. [CrossRef] [PubMed]

33. Capdevila, J.H.; Wei, S.; Helvig, C.; Falck, J.R.; Belosludtsev, Y.; Truan, G.; Graham-Lorence, S.E.; Peterson, J.A. The highly
stereoselective oxidation of polyunsaturated fatty acids by cytochrome P450BM-3. J. Biol. Chem. 1996, 271, 22663–22671. [CrossRef]
[PubMed]

34. Chiang, N.; Serhan, C.N. Specialized pro-resolving mediator network: An update on production and actions. Essays Biochem.
2020, 64, 443–462. [CrossRef] [PubMed]

35. Fredman, G.; Serhan, C.N. Specialized pro-resolving mediators in vascular inflammation and atherosclerotic cardiovascular
disease. Nat. Rev. Cardiol. 2024, 1–16. [CrossRef] [PubMed]

36. Speckmann, B.; Ehring, E.; Hu, J.; Rodriguez Mateos, A. Exploring substrate-microbe interactions: A metabiotic approach toward
developing targeted synbiotic compositions. Gut Microbes 2024, 16, 2305716. [CrossRef]

https://doi.org/10.1016/j.plipres.2022.101165
https://www.ncbi.nlm.nih.gov/pubmed/35508275
https://doi.org/10.1053/j.gastro.2015.09.038
https://www.ncbi.nlm.nih.gov/pubmed/26433161
https://doi.org/10.1002/mnfr.201900824
https://www.ncbi.nlm.nih.gov/pubmed/31797565
https://doi.org/10.3945/ajcn.115.116384
https://www.ncbi.nlm.nih.gov/pubmed/26561623
https://doi.org/10.4049/jimmunol.1502268
https://www.ncbi.nlm.nih.gov/pubmed/27534559
https://doi.org/10.3390/biomedicines10020456
https://doi.org/10.1016/j.plefa.2020.102219
https://doi.org/10.1016/j.jss.2019.01.038
https://www.ncbi.nlm.nih.gov/pubmed/30771686
https://doi.org/10.1016/j.atherosclerosis.2020.11.018
https://doi.org/10.1038/s41598-018-36679-4
https://www.ncbi.nlm.nih.gov/pubmed/30575798
https://doi.org/10.3390/ijms242216143
https://doi.org/10.3390/nu14112265
https://www.ncbi.nlm.nih.gov/pubmed/35684065
https://doi.org/10.1172/JCI18921
https://www.ncbi.nlm.nih.gov/pubmed/12813013
https://doi.org/10.1093/gerona/glq074
https://www.ncbi.nlm.nih.gov/pubmed/20478906
https://doi.org/10.1016/j.jacl.2017.06.011
https://www.ncbi.nlm.nih.gov/pubmed/28778393
https://doi.org/10.1038/s41467-017-02538-5
https://doi.org/10.1096/fj.201802509R
https://doi.org/10.1016/j.atherosclerosis.2019.02.025
https://www.ncbi.nlm.nih.gov/pubmed/30921600
https://doi.org/10.1016/j.ypmed.2004.02.030
https://www.ncbi.nlm.nih.gov/pubmed/15208005
https://doi.org/10.1074/jbc.271.37.22663
https://www.ncbi.nlm.nih.gov/pubmed/8798438
https://doi.org/10.1042/EBC20200018
https://www.ncbi.nlm.nih.gov/pubmed/32885825
https://doi.org/10.1038/s41569-023-00984-x
https://www.ncbi.nlm.nih.gov/pubmed/38216693
https://doi.org/10.1080/19490976.2024.2305716


Nutrients 2024, 16, 1354 19 of 19

37. Murphy, R.C. Specialized pro-resolving mediators: Do they circulate in plasma? J. Lipid Res. 2015, 56, 1641–1642. [CrossRef]
38. Miyoshi, T.; Naoe, S.; Wakabayashi, H.; Yano, T.; Mori, T.; Kanda, S.; Arita, M.; Ito, H. Enhanced Production of EPA-Derived Anti-

Inflammatory Metabolites after Oral Administration of a Novel Self-Emulsifying Highly Purified EPA Ethyl Ester Formulation
(MND-2119). J. Atheroscler. Thromb. 2023, 30, 1927–1949. [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.

https://doi.org/10.1194/jlr.C062356
https://doi.org/10.5551/jat.64135

	Introduction 
	Materials and Methods 
	Study Design 
	Study Subjects 
	Study Products 
	Methods for Samples and Data Collection 
	Analysis of Lipid Mediators, Omega-3 Index, and n-3 PUFA 
	Analysis of Lipid Mediators in Plasma 
	Omega-3 Index and Total n-3 PUFA in Plasma 

	Inflammatory Biomarkers in Blood 
	Statistical Analysis 

	Results 
	Study Collective 
	Primary Efficacy Endpoint: Significant Increase in the Sum of 18-HEPE and 5-HEPE by Syn3 
	Treatment Effects on Selected Lipid Mediators 
	Modulation of n-3 PUFA Levels in Blood Compartments 
	EPA and DHA as Free Fatty Acids in Plasma 
	Evaluation of Cholesterols and Triglycerides 
	Evaluation of TNF- and hsCRP 
	Safety and Tolerability 

	Discussion 
	Conclusions 
	Patent Applications 
	References

