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Omega-3 PUFAs reduce inflammation by targeting
NRF2 and NF-xB activity in an ex vivo model of
cardiac mature adipocytes and adipose derived
stem cells from atherosclerotic patients

Stefano Quarta, (2@ Giuseppe Santarpino,®“9 Nadia Calabriso,?
Maria Annunziata Carluccio,? Laura Siracusa, () € Tonia Strano,® Francesco Cardetta,©
Luisa Siculella,” Fabrizio Damiano,’ Raffaele De Caterina*® and Marika Massaro () *2

Under proatherogenic conditions, epicardial (EAT) and pericardial adipose tissue (PAT) acquire inflamma-
tory/pro-atherogenic phenotypes that contribute to coronary atherosclerosis. Recent data have high-
lighted a significant inverse relationship between levels of n-3 polyunsaturated fatty acids (PUFAs) eicosapen-
taenoic acid (EPA) and docosahexaenoic acid (DHA) in adipose tissue and risk of myocardial infarction. Our
study aimed at investigating whether DHA/EPA supplementation of cardiac fat adipocytes attenuates cardiac
adipose tissue inflammation. To this aim mature adipocytes and adipose stem cells were isolated from PAT
samples collected from coronary artery disease (CAD) patients undergoing coronary artery bypass grafting,
exposed to DHA/EPA ex vivo, and evaluated for pro-inflammatory gene expression and activity. PAT adipocytes
and stem cell exposure to DHA led to a significant increase in the membrane ratio of omega-3 to omega-6
PUFAs and decreased mRNA expression levels of monocyte chemoattractant protein (MCP)-1, interleukin(IL)-
6, matrix metalloproteinase(MMP)-9 and CXC motif chemokine ligand (CXCL)10 (p < 0.05). This downregula-
tion was accompanied by increased expression of uncoupling proteins (UCP)1 and 2 and heme-oxygenase
(HO)-1 and of the anti-inflammatory and pro-resolving lipid mediator resolvin D1. Mechanistically, this protec-
tive modulation appears to be driven by the upregulation of peroxisome proliferator-activated receptor
gamma (PPAR)-y and nuclear factor erythroid 2-related factor (NRF)2, leading to increased NRF2 activity and
suppressed NF-xB signaling. Functionally, supernatants from DHA-conditioned adipocytes exhibited reduced
monocyte-attracting activity in chemotaxis assays. While EPA conditioning produced effects similar to DHA,
arachidonic acid (AA) showed no significant biological effects. In conclusion, DHA and EPA mitigated the PAT
infllammatory profile, highlighting the potential therapeutic role of such PUFAs in reducing cardiac adipose
tissue inflammation. These results may have implications for treatment of CAD patients.

Introduction

Adipose tissue is now recognized as a complex endocrine
organ that plays a critical role in regulating both local and sys-
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temic metabolic homeostasis, and also contributing to meta-
bolic dysfunction.” This is particularly evident in the cardiac
fat depots, epicardial (EAT) and pericardial (PAT) adipose
tissues, subtypes of visceral fat that are putatively involved in
the pathogenesis of coronary artery disease (CAD) by promot-
ing the development of vulnerable, non-calcified, high-risk
plaques.” This pathogenic connection arises from a substantial
reprogramming of gene expression in hypertrophic cardiac adi-
pocytes. Studies using microarray analysis and assessments of
mRNA and protein dysregulation have indeed shown that both
EAT® and PAT” exhibit a pro-atherogenic transcriptional profile
in CAD patients. In these individuals, genes encoding various
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pro-inflammatory cytokines including interleukin(IL)-6, mono-
cyte chemoattractant protein(MCP)-1, and chemokine ligands
and receptors, are consistently upregulated in EAT® and are
associated with signs of accelerated transdifferentiation from
brown to white fat, as evidenced by a significant decrease in the
expression of brown fatlike genes.” This whitening process has
been associated with increased production of reactive oxygen
species (ROS)° and is accompanied by increased activation of the
pro-inflammatory transcription factor Nuclear Factor(NF)-«B.” It
has been hypothesized that the whitening of EAT, along with its
associated dysfunction, may contribute to the development of a
pro-inflammatory microenvironment that disrupts vascular
homeostasis. This inflammatory milieu could perpetuate endo-
thelial cell dysfunction, promote the recruitment and activation
of monocytes and macrophages, and ultimately increase suscepti-
bility to coronary atherosclerosis.> The recognition of EAT and
PAT as a novel cardiovascular risk factor has thus increased the
interest in strategies that may target cardiac adipose tissue expan-
sion and inflammation.

Multiple studies have demonstrated that EAT and PAT
volumes can be modified through pharmaceutical® and dietary
interventions,” with potential accompanying changes in under-
lying adipose gene expression. Midway between a pharmacologic
and a dietary therapeutic strategy, supplementation with n-3 poly-
unsaturated fatty acids (n-3 PUFAs) has been shown to decrease
EAT volume in CAD patients,'® in addition to improving various
dysmetabolic conditions associated with obesity in both animals
and humans."" Moreover, a higher adipose n3/n6 ratio has
recently been shown to predict a reduced occurrence of myocar-
dial infarction.'® Overall, these data suggest that n-3 PUFAs can
enhance adipose tissue function and reduce cardiovascular risk,
underscoring the need to explore their effects on cardiac fat dys-
function. The aim of this study was to determine whether n-3
PUFAs can ameliorate the pro-inflammatory and dysmetabolic
features that characterize hypertrophic cardiac adipocytes and
adipose-derived stem cells (ASCs) in patients with coronary ather-
osclerosis requiring  aorto-coronary  bypass surgery.
Demonstrating whether such protective effects are mediated by
beneficial conditioning of EAT and PAT physiology in vivo
remains challenging, largely because of the limited availability of
reliable experimental models. However, we have recently devel-
oped a functional model of human adipocytes derived from PAT
collected from coronary patients."® Using this ex vivo cell model,
we investigated whether - and by which mechanisms - the n-3
PUFAs docosahexaenoic acid (DHA) and eicosapentaenoic acid
(EPA) modulate pro-inflammatory gene expression in cardiac
adipose tissue. We also examined their influence on functional
interactions between adipocytes and monocytes/macrophages,
which represent key cellular contributors to atherogenesis.

Material and methods

Chemicals

DHA (22:6 n-3 all cis), EPA (20:5 n-3 all cis) and arachidonic
acid (AA) (20:4 n-6, all cis), were obtained as >99% pure
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sodium salts from Merk Life Science (Milan, Italy). Type 2 col-
lagenase was obtained from Worthington Biochemicals
(Lakewood, NJ, USA). Nile red and ActinGreen 488, the latter a
selective F-actin probe conjugated with the dye Alexa Fluor
488, are from Invitrogen (distributed by Thermo Fisher
Scientific, Waltham, MA, USA). ML385 was obtained from
Cayman Chemical Company (Ann Arbor, MI, USA). Unless
otherwise indicated, all other reagents were purchased from
Merk Life Science.

Patient characteristics and PAT sample collection procedures

A total of 12 patients undergoing coronary artery bypass graft
surgery (CABG) at Citta di Lecce Hospital, Lecce, Italy, were
included in the study. The study was conducted in accordance
with the ethical guidelines of the Declaration of Helsinki'* and
was approved by the Ethics Committee of Lecce (Italy, N. 21,
02072018). All patients gave written informed consent before
surgery. The characteristics of the patients are listed in Table 1.

Adipocyte cell culture and experimental design

Sodium salt fatty acids were prepared as stock solutions in
pyrogen-free distilled water (Merck Life Science) and stored at
—80 °C until use in subsequent cell treatment assays. After
tissue collection, adipocytes were immediately isolated as pre-
viously described™ and incubated for 48 hours with 50 umol
L™' DHA, EPA or AA in DMEM/F12 supplemented with 10%
fetal bovine serum (FBS), 100 mg ml™" streptomycin and 100
IU ml™" penicillin. Under these culture conditions, the
albumin content of FBS is estimated to be approximately 2.5 g
dL™"," a concentration sufficient to facilitate PUFA uptake by
the cells.’ In selected experiments ML385, at a concentration
of 5 umol L%, was added for 24 hours before DHA treatment.
Following the incubation period, the cells were transferred to
sterile tubes and centrifuged at 25 °C for 5 minutes at low
speed. The medium below the adipocyte layer was carefully
aspirated using a sterile glass Pasteur pipette and used as
Conditioned Medium (CM) for the evaluation of chemokine
release and chemotaxis assay. The remaining oil cell layers
corresponding to PAT adipocytes were then washed with warm
PBS before undergoing further analysis. Adipose-derived stem
cells (ASCs) were isolated and characterized as previously
described" and expanded until passage 1. Confluent ASCs
were then induced to differentiate into mature adipocytes

Table 1 Baseline characteristics of patients

Number of total patients 12

Age, years 69.7 £5.1
Sex (male %) 100
Weight, Kg 82.2 £23.8
BMI 27.6 +5.3
Hypertension 9 (75%)
Type 1 diabetes (T1D) 3 (25%)
Type 2 diabetes (T2D) 3 (25%)
Previous stroke or heart attack 3 (25%)

Data are presented as mean + SD or number of participants (%). BMI,
body mass index.

This journal is © The Royal Society of Chemistry 2026
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(mAd-ASCs) by exposure to a differentiation medium contain-
ing 10% fetal bovine serum (FBS), 100 mg ml™" streptomycin,
100 TU ml™" penicillin, 500 pmol L™' 3-isobutyl-1-methyl-
xanthine, 250 nmol L' dexamethasone, 1 pmol L™" rosiglita-
zone, 5 pg mL™' insulin for approximately 14 days with
medium changes every 3 days.

Evaluation of cell viability and cell fluorescent imaging

Cell viability was determined using the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltrazolium bromide (MTT) assay, which is
based on the ability of viable cells to convert MTT, a soluble
tetrazolium salt, into an insoluble formazan precipitate.
Briefly, both untreated and treated adipocytes were incubated
with MTT solution (at a final concentration of 0.5 mg mL™")
for 2 hours. After incubation sample images were visualized
and captured with a stereomicroscope (Nikon, Minato, Tokyo,
Japan) equipped with the Nikon NIS-Elements D at 20x magni-
fication. The formazan products were then dissolved with iso-
propanol, and the absorbance measured at 595 nm using a
microplate reader. Total cell protein content was determined
using the Lowry method with protein assay reagents from Bio-
Rad (Bio-Rad, Laboratories, Segrate, Italy). For the evaluation
of cell architecture and lipid content, PAT adipocytes were iso-
lated and made adherent to the bottom of the culture flask by
the ceiling technique as previously described.™® After exposing
the cells to DHA for 48 hours, lipid distribution was deter-
mined by incubating the cells with a 300 nmol L™" Nile red
solution for 30 minutes. The cells were then gently washed
and fixed with a 4% formaldehyde solution in PBS for
15 minutes. After washing, the cells were permeabilised with a
0.1% Triton X-100 solution in PBS for 5 minutes and treated
with ActinGreen 488 according to the manufacturer’s instruc-
tions. After additional washing, cell nuclei were stained with
DAPI, and images were visualised and captured using an EVOS
Floid fluorescence microscope (Thermo Fisher Scientific).

Table 2 Primer sequences used for gPCR analysis
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Fluorescence from the Nile red staining was quantitatively
measured using the Cytation 5 multi-mode microplate reader
(BioTek Instruments, Inc., Winooski, VT, USA). For each treat-
ment, 3 photographs of different areas were taken and cell
were then analyzed in terms of dimension using NIH Image]
software.

RNA isolation and real-time quantitative polymerase chain
reaction

Total RNA was isolated using TRIzol reagent (Thermo Fisher
Scientific) according to the manufacturer’s protocol and hence
retrotranscribed using the High-Capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific) on a GeneAmp
PCR System 9700 (Thermo Fisher Scientific) under the follow-
ing conditions: 10 min at 25 °C, 120 min at 37 °C, and 5 min
at 85 °C. Real-time PCR (qPCR) analyses were performed using
the CFX96 Touch Real-Time PCR Detection System and soft-
ware (Bio-Rad, Hercules, CA, USA). All reactions were carried
out in a total volume of 25 uL with 50 ng cDNA, 0.3 pmol L™
of primer pair, and 12.5 pL 2 x SYBR Green PCR master mix
(Bio-Rad) under the following conditions: 2 min at 50 °C,
10 min at 95 °C, and 40 cycles of 15 s at 95 °C and 1 min at
60 °C. Reactions were executed in duplicate on three indepen-
dent sets of RNA. Negative controls (without RNA addition)
were processed under the same conditions as the experimental
samples. The quantifications were performed using the com-
parative critical threshold method (AACT), and f-actin gene
was used as internal control for normalization. The primers
used for real-time PCR analysis were listed in Table 2.

Measurement of MCP-1, IL-6, MMP-9, CXCL10, APN and lipid
mediators by ELISA assay

CM-untreated and DHA/EPA-treated PAT adipocytes were col-
lected, and the levels of secreted cytokines were measured
using the corresponding ELISA kits (Boster Bio, Pleasanton,

Gene Accession
symbol Full name Forward primer sequence Revers primer sequence number
APN Adiponectin AGTCTCACATCTGGTTGGGG CTCTCTGTGCCTCTGGTTCC NM_001177800.1
PPAR-y Peroxisome proliferator-activated TGCAGGTGATCAAGAAGACG AGTGCAACTGGAAGAAGGGA NM_005037.5
receptor y
MMP-9 Matrix metalloproteinase-9 TTGACAGCGACAAGAAGTGG GCCATTCACGTCGTCCTTAT NM_004994.2
COX-2 Cyclooxygenase-2 TGCTGTGGAGCTGTATCCTG GAAACCCACTTCTCCACCA NM_000963.2
MCP-1 Monocyte chemoattractant protein-1 CCCCAGTCACCTGCTGTTAT TCCTGAACCCACTTCTGCTT NM_002982.3
IL-6 Interleukin-6 AGGAGACTTGCCTGGTGAAA CAGGGGTGGTTATTGCATCT NM_000600.5
CXCL-10 C-X-C Motif chemokine ligand-10 CAAGGATGGACCACACAGAG GCAGGGTCAGAACATCCACT NM_001565.2
UCP-1 Uncoupling protein-1 TCTCTCAGGATCGGCCTCTA CCGTGTAGCGAGGTTTGATT NM_021833.5
UCP-2 Uncoupling protein-2 AGCCCACGGATGTGGTAAAG CTCTCGGGCAATGGTCTTGT NM_003355.3
NRF2 Nuclear factor erythroid 2-related factor 2 ~GCGACGGAAAGAGTATGAGC GTTGGCAGATCCACTGGTTT NM_006164.5
HO-1 Heme-oxygenase-1 CTTCTTCACCTTCCCCAACA CCTGCAACTCCTCAAAGAGC NM: X14782.2
Rel A Nuclear factor -kB p65 CCTGGAGCAGGCTATCAGTC ATCTTGAGCTCGGCAGTGTT NM_021975
ATGL Adipose triglyceride lipase CTGACCACCCCAACAT TCACCAGGTACAGATG NM_020376
SREBP-1 Sterol regulatory element-binding ACACCATGGGGAAGCACAC CTTCACTCTCAATGCGCC NM_004176
transcription factor 1
DGAT-1 Diacylglycerol O-acyltransferase 1 GCTTCAGCAACTACCGTGGCAT CCTTCAGGAACAGAGAAACCACC NM_012079
DGAT-2 Diacylglycerol O-acyltransferase 1 GCTGACCTGGTTCCCATCTA CAGGTGTCGGAGGAGAAGAG NM_032564
CD36 CD36 molecule AGATGCAGCCTCATTTCCA GCCTTGGATGGAAGAACAAA NM_000072
B-Actin Beta-actin GATGAGATTGGCATGGCTTT CACCTTCACCGTTCCAGTTT NM_001101.3

This journal is © The Royal Society of Chemistry 2026
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CA, USA). The concentrations of resolvin D1 (RvD1) and prosta-
glandin E2 (PGE,) were assessed using competitive ELISA kits
(Cayman), following the manufacturers’ instructions.

NF-kB and NRF2 activation

PAT adipocytes nuclear protein purification was carried out
employing the Active Motif Nuclear extract kit (Active Motif,
Carlsbad, CA, USA) according to the manufacturer’s protocol.
The binding activity of NF-kB and NFR2 was assayed using the
pertinent “TransAM kit” (Active Motif) following the manufac-
turer’s protocol.

PAT adipocytes fatty acid analysis

Control and DHA-treated PAT adipocytes designated for fatty
acid analysis were stored at —80 °C until the assay was per-
formed. On the day of the assay, cells were allowed to reach
room temperature before being processed as previously
described.”® The cell pellet was brought to room temperature
and directly methylated to obtain the corresponding fatty acid
methyl esters (FAMESs). A more refined procedure for methyl-
ation, based on the official method,'” was implemented in our
in-house laboratories and applied here. This strategy is par-
ticularly suitable for sensitive matrices susceptible to thermal
degradation or degradation due to drastic reaction conditions.
Briefly, cell pellets (on the order of 100 mg) were accurately
weighed and placed in 8 mL amber vials with screw caps and
silicone septum (Agilent Technologies, Milan, Italy). Four mL
of n-hexane and 1 mL of a 2N KOH solution in methanol (11.2
g of KOH in 100 mL methanol) were then added, the hetero-
geneous mixture shortly stirred (2 minutes) at room tempera-
ture with a magnetic stirrer and then left decanting for at least
2 hours until complete phase separation. The upper clean
phase (hexane fraction) was then taken with a glass pasteur
pipette, treated with anhydrous sodium sulfate, filtered
through Whatman No. 1 paper, placed in 2 mL GC autosam-
pler vials and sent to analytical determinations. Methylations
were performed in duplicate for each sample. FAMEs were ana-
lyzed in the fast mode on a Shimadzu gas chromatograph
Model 17-A equipped with a flame ionization detector (FID)
and an operating software Class VP Chromatography Date
System version 4.3 (Shimadzu). Analytical conditions were set
as follows: DB-5 MS capillary column (15 m x 0.10 mm X
0.10 mm), helium as carrier gas; injection in split mode
(1:200), injected volume 1 pL, injector and detector tempera-
ture 250 and 280 °C, respectively. Linear velocity in column
51 cm sec”'. The oven temperature was held at 80 °C for one
minute, then programmed from 80 to 280 °C at 10 °C min~"
constant for 20 minutes. Percentages of compounds were
determined from their peak areas in the GC-FID profiles. For
FAMEs’ masses determination, gas-chromatography-mass
spectrometry (GC-MS) was carried out in the fast mode on a
Shimadzu GC-MS mod. GCMS-QP5050A with operating soft-
ware GCMS solution version 1.02 (Shimadzu). The ionization
voltage was 70 eV, the electron multiplier was set at 1000 V and
the transfer line temperature was 280 °C. Analytical con-
ditions: SPB-5 Ms (Supelco) capillary column (15 m x 0.10 mm
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x 0.10 mm), helium as carrier gas. Injection in split mode
(1:96), injected volume 1 pL, injector and detector tempera-
ture 250 and 280 °C, respectively. Constant linear velocity in
column 50 cm sec™'. The oven temperature was held at 80 °C
for one minute, then programmed from 80 to 280 °C at 10 °C
min~" constant for 20 minutes. Analyses were carried out in
triplicate. Gas chromatographic peaks were identified based
on matching of their mass spectral data whit those compiled
in the NIST MS 107, NIST 21, and NIST 14 libraries and com-
parison of the fragmentation patterns with those reported in
literature.

In vitro THP-1 chemotaxis assay

PAT adipocytes were treated with DHA for 48 hours or left
untreated as a control. After exposure, media were collected
under sterile conditions, centrifuged to remove cell debris,
and frozen at —20 °C until the chemotaxis assay was per-
formed. THP-1 cell migration was analysed using a Boyden
chamber (Corning, purchased through Sigma Aldrich) (see
Fig. 5B for a schematic representation of the assay), with the
upper and lower chambers separated by a polycarbonate mem-
brane with a pore size of 8 pm. THP-1 cells were suspended at
a concentration of 2.5 x 10° cells per mL in a chemotaxis
buffer consisting of RPMI 1640 with 0.1% BSA and added to
the upper chamber, while the adipocyte-conditioned medium
was added to the lower chamber. A cell-free culture medium,
prepared in the same manner as the experimental samples but
without cells, served as the negative control. After 30 minutes
of incubation at 37 °C, the upper chambers were removed. The
migrated THP-1 cells were determined by adding a solution of
5 mg mL™" MTT to the lower chamber to reach a final concen-
tration of 0.5 mg mL™". After 3 hours, the intracellular purple
formazan crystals were dissolved and quantified spectrophoto-
metrically. To investigate the role of MCP-1 in the attraction of
monocytes, a solution of recombinant MCP-1 was added to the
upper chamber, which significantly reduced the migration of
monocytes by disrupting the chemotactic gradient.
Furthermore, the addition of DHA to PAT adipocyte-con-
ditioned medium derived from untreated cells had no effect,
demonstrating that the chemotactic inhibition is dependent
on DHA conditioning of the cells themselves.

Statistical analysis

The results were expressed as means + S.D. Student’s ¢-test was
used to compare the means between adipocyte culture at
different time points post-explantation as well as between the
control group and the treated group. A p value of <0.05 was
considered as statistically significant.

Results

Effect of n-3 PUFAs on cell viability, architecture, and lipid
content

To determine whether DHA and EPA, at concentrations achiev-
able in vivo,'® could cause damage or toxicity to PAT adipo-

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fo03219a

Open Access Article. Published on 07 January 2026. Downloaded on 6/14/2026 9:19:56 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Food & Function

gg 100- § 5

DHA 50 pumol/L

(untreated)

View Article Online

Paper

150

100

50

Protein content, % of control

0 T

3 Untreated cells E@ DHA-treated cells
E=1 EPA-treated cells

EPA 50 umol/L

Fig. 1 Effect of DHA and EPA treatment on the viability of PAT adipocytes. Immediately after the isolation PAT adipocytes were treated for 48 hours
with 50 umol L™ of DHA or EPA. (A) PAT adipocytes viability was assessed by a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
assay. Data (means + S.D., n = 3) are expressed as percentage of untreated control. In (A) lower micrographs, representative of MTT-stained PAT adi-
pocytes, are acquired at 10x magnification. (B) PAT adipocytes viability was assessed by quantification of total cell protein content. Data (means + S.

D., n = 3) are expressed as percentage of untreated control.

cytes, we assessed mitochondrial dehydrogenase activity and
total cellular protein content. As shown in Fig. 1A and B, treat-
ment with 50 pmol L™" DHA or EPA had no impact on cell via-
bility while concentrations of 100 pmol L™" showed some signs
of toxicity (data not shown). At the same concentrations, mor-
phological examination of MTT-loaded cells revealed no sig-
nificant changes in cell structure (Fig. 1C). At these concen-
trations, DHA treatment of ASCs and mAd-ASCs had no effect
(data not shown).

We next investigated whether DHA treatment affects intra-
cellular lipid organization and overall cellular architecture. As
shown in Fig. 2A, exposure to 50 pmol L™' DHA did not alter
the pattern of intracellular lipid accumulation, which
remained predominantly unilocular in both treated and
untreated adipocytes. Structurally, consistent with previous
observations in adipocytes from high-fat diet-fed C57BL/6]
mice," lipid accumulation and the resulting hypertrophy are
associated with a redistribution of actin toward the cell cortex.
In line with this, phalloidin staining in our samples confirmed
the presence of cortical actin enrichment at the cell periphery,
a feature that was not modified by DHA treatment (Fig. 2B).
Finally, DHA administration did not induce significant
changes in total lipid content or cell size (Fig. 2C).

On this basis, all subsequent experiments were conducted
using 50 pmol L™' DHA. Fatty acid profiling revealed no sig-
nificant alterations in the major fatty acid classes, saturated,
monounsaturated, or polyunsaturated fatty acids (data not
shown). However, DHA treatment significantly reduced the cel-
lular n-6/n-3 PUFA ratio (Fig. 3A and B). Although an increase
in intracellular DHA levels was observed, this change did not

This journal is © The Royal Society of Chemistry 2026

reach statistical significance, likely due to variability associated
with the high total lipid content of the cells (Fig. 3C).

DHA and EPA modulate inflammatory adipokines and lipid
mediators release in cardiac adipocytes from CAD patients

In cardiac adipocytes from CAD patients, we investigated
whether n-3 PUFAs modulate inflammatory responses by
assessing the expression of MCP-1, IL-6, CXCL10, COX-2, and
APN, as well as the release of the lipid mediators PGE, and
RvD1. Fig. 4 summarizes these effects at both the mRNA and
protein levels. As shown in Fig. 4A-C (upper panels), DHA and
EPA both reduced the expression of the pro-inflammatory
genes MCP-1 and IL-6, with DHA consistently showing greater
potency. DHA lowered MCP-1 mRNA by approximately 45%
and IL-6 mRNA by 40% (p < 0.001 and p < 0.01, respectively),
whereas EPA produced reductions of ~35% and ~20%. The
strongest transcriptional effect was observed for CXCL10,
which was reduced by ~55% following DHA treatment (p <
0.001; Fig. 4C). As expected, exposure to the n-6 PUFA AA did
not alter cytokine expression (data not shown). To determine
whether these transcriptional effects translated into changes
in cytokine secretion, we next measured protein release
(Fig. 4A-C, lower panels). DHA again produced robust anti-
inflammatory actions, decreasing MCP-1 secretion by ~30%,
IL-6 by ~40%, and CXCL10 by ~35%. EPA induced more
modest decreases, with reductions of ~30%, ~20%, and ~25%
for MCP-1, IL-6, and CXCL10, respectively. DHA treatment did
not alter PGE, release (data not shown), yet it elicited a pro-
nounced and statistically significant increase in RvD1 pro-
duction relative to controls (15.5 + 5.2 pg mL ™" vs. 170.4 +

Food Funct., 2026, 17,1431-1450 | 1435
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a fluorescence reader, cell size were obtained using JImage. Data (means + S.D., n = 3) are expressed as percentage of untreated control.

11.36 pg mL™, p < 0.001, n = 3), indicating a selective enhance-
ment of pro-resolving mediator synthesis. Together, these data
demonstrate that DHA - and, to a lesser extent, EPA - substan-
tially attenuates both the expression and secretion of key
inflammatory mediators in cardiac adipocytes from CAD
patients.

In contrast, as shown in Fig. 5A, COX-2 expression was only
slightly reduced following DHA treatment (8%, p = 0.50).
However, it is noteworthy that patients clustered into two dis-
tinct groups: one group exhibited a significant reduction in
COX-2 expression (p < 0.05), while the other showed no
appreciable response. Similarly, DHA had no overall effect on
APN gene expression or protein secretion (Fig. 5B, upper and
lower histograms, respectively). Interestingly, patient responses
to DHA treatment were again heterogeneous. One subset of
patients showed a significant increase in APN expression (p <
0.05), whereas the remaining patients exhibited no detectable
benefit.

These findings indicate that n-3 PUFAs can attenuate the
inflammatory response in cardiac adipocytes from CAD
patients; however, their effectiveness may vary according to
individual responsiveness, leading to differential effects across
specific pro-inflammatory molecules.
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DHA decreases MMP-9 gene expression and monocyte
attraction in cardiac adipocytes from CAD patients

MMP-9, which is linked to extracellular matrix remodeling,
monocyte chemotaxis, and the rupture of atherosclerotic
plaques, is overexpressed in the cardiac fat depots of CAD
patients.”® Therefore, we investigated whether DHA could
reduce MMP-9 gene expression and protein release in our
ex vivo model. We observed a modest but significant reduction
of approximately 20% in both MMP-9 gene expression and
protein release (p < 0.05) (Fig. 6A).

To assess the functional impact of DHA on chemokine over-
production, we evaluated monocyte migration in response to
conditioned medium (CM) from PAT adipocyte cultures using
a transwell migration assay. CM from untreated adipocytes
induced a fourfold increase in monocyte migration compared
to cell-free culture medium, which served as the negative
control (data not shown). The addition of 10 ng mL™" human
recombinant MCP-1 to the upper chamber reduced monocyte
migration by 30% relative to adipocyte CM, highlighting
MCP-1’s role in monocyte chemotaxis (data not shown).
Supporting the anti-inflammatory effect of DHA, treatment of
adipocytes with DHA for 48 hours significantly reduced mono-

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 DHA treatment reduces n-6/n-3 PUFAs ratio in PAT adipocytes. Immediately after the isolation, PAT adipocytes were treated for 48 hours
with 50 umol L™ of DHA. Culture medium was discarded, and cells were washed and stored at —80° before GC-MS analysis. (A) n-6/n-3 ratio in
DHA-treated and untreated PAT adipocytes. Data (means + S.D., n = 3) are expressed as % of untreated control. *p < 0.05. (B) n-6/n-3 ratio in DHA-
treated and untreated PAT adipocytes from three different patients. The figure shows individual results for each patient. Data (means + S.D. of three
technical replicates for each patient) are expressed as ratio between n-6 and n-3 PUFAs. (C) DHA content in DHA-treated and untreated PAT adipo-

cytes. Two-tailed paired t-test.

cyte migration by 35% (p < 0.05), indicating a decreased pres-
ence of proinflammatory chemokines following DHA exposure
(Fig. 6B). Furthermore, the addition of DHA to PAT adipocyte-
conditioned medium derived from untreated cells had no
effect, demonstrating that the chemotactic inhibition is depen-
dent on DHA conditioning of the cells themselves.

DHA increases the expression of metabolic genes and key
transcription factors in cardiac adipocytes from CAD patients

While gene expression profiling analyses of cardiac adipose
tissue from CAD patients consistently reveal overexpression of
pro-inflammatory genes and pathways, they also indicate
potential dysregulation of anti-inflammatory and metabolic
genes.*?"*?> As shown in Fig. 7 and 8, DHA treatment signifi-
cantly increased the expression of PPARy by 32% (p < 0.05)
and NFR2 by 20% (p < 0.05), while the expression of NF-kB
p65 (relA) remained unaffected. Conversely, the effects of EPA
did not exactly overlap with those of DHA. EPA showed a signifi-
cant effect in terms of NRF2 induction and only a trend towards
upregulation of PPARy (27%, p = 0.063 and 33%, p < 0.05).
Regarding downstream gene expression of PPARy and NRF2,
while DHA induces the UCP-1, UCP-2 and HO-1 gene expression
by 42% (p < 0.01), 77% (p < 0.05) and 121% (p < 0.05), respect-
ively (Fig. 7B-D), EPA significantly increased UCP-2 expression
(69%, p < 0.05), but had no effect on UCP-1 and HO-1.
Additionally, DHA consistently upregulated the expression of a

This journal is © The Royal Society of Chemistry 2026

range of genes involved in lipid metabolism, including ATGL,
SREBP-1, DGAT-1, DGAT-2, and CD36 by 350%, 220%, 280%,
110%, and 100%, respectively (p < 0.05) (Fig. 7E).

DHA suppresses NF-kB and activates NRF2 in PAT adipocytes

To better understand the mechanism by which DHA reduces
inflammation in PAT adipocytes, we examined the expression
and activation of NRF2 and NF-«B. In line with the downregu-
lation of MCP-1, IL-6, and CXCL10, genes containing NF-kB
binding sequences in their promoters, we observed a signifi-
cant decrease in NF-kB transactivation activity (Fig. 8C), inde-
pendent of p65 gene induction (Fig. 8A). At the same time,
DHA treatment led to a significant increase in NRF2-binding
activity (Fig. 8C), which aligned with both the upregulation of
NRF2 gene expression (Fig. 8B) and the increased transcrip-
tional levels of its target gene, HO-1 (Fig. 7D).

To investigate the involvement of NRF2 signaling in DHA-
induced anti-inflammatory and thermogenic responses, PAT
adipocytes from CAD patients were pre-treated with 5 pmol L™"
ML385 (a selective NRF2 inhibitor that blocks NRF2 binding to
the antioxidant response element (AREs), preventing the acti-
vation of NRF2 target genes) for 24 h prior to DHA exposure.
As shown in Fig. 9, DHA markedly reduced the expression of
the pro-inflammatory genes MCP-1, IL-6, and CXCL10, lower-
ing their levels by approximately 50-60% relative to untreated
cells. Co-treatment with ML385 substantially reverted these
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Fig. 4 DHA and EPA reduce pro-inflammatory gene expression in PAT adipocytes. Immediately after the isolation PAT adipocytes were treated for
48 hours with 50 pmol L=* DHA or EPA. (A, B and C) mRNA levels were measured by gRT-PCR and normalized to p-actin mRNA. Data (mean + S.D.,
n = 7-9) are expressed as fold-induction versus control; (D, E and F) MCP-1, IL-6, and CXCL-10 release was evaluated by ELISA assay. Data (mean +
S.D., n = 4-5) are expressed as % versus untreated control. Each dot represents one patient. *p < 0.05; **p < 0.01; ***p < 0.001. Significance was

evaluated by the two-tailed paired t-test.

effects, restoring gene expression by ~70-80% toward basal
levels (p < 0.01 for MCP-1 and p < 0.05 for CXCL10), indicating
that the anti-inflammatory action of DHA is NRF2-dependent
for most but not all genes investigated. Conversely, DHA sig-
nificantly increased UCP-1 expression by roughly 2-fold (p <
0.01), and this induction was almost completely abolished by
ML385 co-treatment, indicating strong NRF2 involvement in
the thermogenic response. In contrast, the DHA-mediated up-
regulation of PPARy (~1.7-fold vs. control; P < 0.01) remained
unaffected by ML385, suggesting that this transcriptional
response occurs independently of NRF2 inhibition.

DHA suppresses inflammation in ASCs and mAd-ASCs

ASCs from lean, metabolically healthy individuals display mul-
tipotent differentiation capacity, immunosuppressive activity,
and directed migration toward sites of injury or
inflammation.>*** In contrast, ASCs from obese individuals
develop a metabolically dysfunctional phenotype characterized
by increased secretion of pro-inflammatory cytokines such as
IL-6, MCP-1, and TNF-a, which activate immune cells and
drive macrophage polarization toward a pro-inflammatory
state.”>>” To determine whether DHA modulates this inflam-
matory profile, we treated ASCs in both their undifferentiated
state and after adipogenic differentiation. As shown in
Fig. 10A, undifferentiated ASCs secreted markedly higher
levels of MCP-1 (~250% of mature adipocytes), IL-6 (~300%),
and CXCL10 (~150%). DHA treatment significantly reduced

1438 | Food Funct,, 2026,17,1431-1450

the secretion of MCP-1 (55-60%), IL-6 (50-55%), and CXCL10
(40-45%) in both undifferentiated and mAd-ASCs. In parallel,
DHA robustly increased the production of RvD1 by approxi-
mately 3-4 fold compared with untreated cells (Fig. 10D).
These data indicate that DHA exerts consistent anti-inflamma-
tory effects in ASCs regardless of differentiation status, effec-
tively counteracting the pro-inflammatory phenotype associ-
ated with metabolically impaired environments. Collectively,
these findings indicate that DHA effectively suppresses the
pro-inflammatory phenotype of obesity-associated ASCs while
promoting the release of anti-inflammatory mediators, high-
lighting its potential to restore ASC immunomodulatory
function.

Discussion

Our results highlight the potential of the n-3 PUFAs, DHA and
EPA, in mitigating inflammation occurring in the cardiac fat
of patients with advanced CAD.

This study shows that in mature adipocytes and ASCs iso-
lated from the PAT of patients undergoing CABG, exposure to
DHA and EPA modulates the expression of key inflammatory
and metabolic genes as well as the expression of transcription
factors involved in antioxidant and anti-inflammatory
defenses. These changes appear to reduce the attraction of
monocytes and potentially limit their infiltration into adipose

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 DHA and EPA effects on COX-2 (A) and APN expression (B) in PAT adipocytes from CAD patients. Immediately after the isolation PAT adipo-
cytes were treated for 48 hours with 50 pumol L™* DHA or EPA. mRNA levels were measured by qRT-PCR and normalized to f-actin mRNA. Data
(mean + S.D., n = 5-9) are expressed as fold-induction versus control; APN release was also evaluated by ELISA assay. Data (mean + S.D., n = 4) are
expressed as % versus untreated control. Each dot represents one patient. Significance was evaluated by the two-tailed paired t-test.

tissue. To our knowledge, this is the first study to directly
examine the protective effects of n-3 PUFAs on cardiac adipo-
cytes and provides mechanistic insights into recent evidence
linking higher omega-3/omega-6 lipid ratios to a lower inci-
dence of myocardial infarction.?

In general, PUFAs play essential roles in maintaining cell
membrane structure and regulating physiological processes,
including signal transduction, cellular metabolism, and tissue
homeostasis, thereby contributing to disease prevention.?®
They can be obtained directly from the diet or synthesized
endogenously through sequential enzymatic reactions invol-
ving desaturation, elongation, and peroxisomal f-oxidation.>®
The nutritionally essential precursors of n-3 and n-6, respect-
ively a-linolenic acid (C18:3n-3) and linoleic acid (C18:2n-6),
are metabolized by A6- and A5-desaturases and elongases 2
and 5, enzymes whose activity is downregulated by PUFA them-
selves.>® Although elongation and desaturation enzymes are
expressed in many tissues, their contribution to whole-body
long-chain PUFA production varies substantially. The liver is
considered the primary site of PUFA biosynthesis-including
the formation of EPA, DHA, and arachidonic acid (AA)-because
it expresses high levels of A6- and A5-desaturases and elon-
gases and has the capacity to incorporate newly formed fatty
acids into lipoproteins for systemic distribution.?®*' Adipose
tissue also expresses these enzymes but at lower activity; its

This journal is © The Royal Society of Chemistry 2026

main role relates to the storage, remodeling, and local utiliz-
ation of fatty acids rather than significant de novo long-chain
PUFA production.®'?

Experimentally, we observed that exposing pericardial adi-
pocytes to DHA, besides to increase the cell total amount of
DHA decreases the omega-6-omega-3 PUFA ratio. This shift is
associated with the downregulation of several proinflammatory
cytokines and chemokines. Elevated IL-6 mRNA expression in
the EAT was found to correlate with increased severity of ather-
osclerosis, suggesting that high IL-6 levels in the EAT may sig-
nificantly drive CAD progression.** Additionally, a review of 40
studies identified IL-6 as a “hub” gene being highly intercon-
nected within gene networks that regulate atherogenesis,”
underscoring IL-6 central role in the pathogenesis of CAD and
its possible role as a promising therapeutic target. Our find-
ings indicate that DHA reduces both IL-6 mRNA expression
and protein release, aligning with findings from da Cunha de
$4%° and Bargut,*® who reported similar effects in visceral adi-
pocytes and epididymal fat pad isolated from mice on a high-
fat diet enriched with fish oil. MCP-1, a chemokine implicated
in the pathogenesis of CAD?” and obesity,*® plays a critical role
in the recruitment of monocytes to endothelial layers®® and
adipose tissue.’® Similarly, CXCL10 has been shown to play a
comparable role in the homing and arrest of leukocytes on
endothelial cells, particularly in obese individuals.*'

Food Funct., 2026,17,1431-1450 | 1439
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Fig. 6 DHA reduces MMP-9 gene expression and monocyte recruitment in PAT adipocytes. Immediately after the isolation PAT adipocytes were
treated with 50 pmol L™ of DHA for 48 hours before cells and culture media collection. (A) mRNA level was measured by qRT-PCR and normalized
to p-actin mRNA. Data (mean + S.D., n = 8-12) are expressed as fold-induction versus control. MMP-9 release was evaluated by ELISA assay. Data
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and DHA-conditioned PAT adipocytes was added to the lower chamber of a Boyden chamber. Cell-free culture medium, prepared under the same
conditions as the conditioned medium, served as a negative control. THP-1 cells (2.5 x 106 cells per mL) were placed in the upper chamber. After
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control. Significance was evaluated by the two-tailed paired t-test.

Consistent with an anti-inflammatory role of n-3 PUFAs in
cardiac adipocytes, our results demonstrate that both DHA
and EPA significantly reduce the expression and release of
MCP-1, aligning with previous findings in subcutaneous (SAT)
and visceral adipose tissue (VAT).*>*>** Furthermore, DHA
also decreased the expression and release of CXCL10, a comp-
lementary pro-inflammatory gene that is over-expressed in con-
junction with other pro-inflammatory genes in hypertrophic
adipose tissue.** Taken together, these results provide a
mechanistic explanation for the observed reduction in the
ability of DHA-treated adipocyte-conditioned medium to
attract monocytes, highlighting the potential anti-atherogenic
role of DHA in modulating the inflammatory environment in
coronary plaques.

Cardiac fat in individuals with CAD has also been shown to
be a significant source of MMP-9,>° an enzyme involved in

1440 | Food Funct, 2026, 17, 1431-1450

tissue remodelling and plaque instability.*> A notable finding of
our study was the modulation of MMP-9 gene expression and
protein release by DHA. This observation is consistent with pre-
vious reports by Kabir,’® who demonstrated similar effects in
SAT samples from women with T2D or obesity following fish oil
supplementation. However, this is in contrast to the results of
Hernandez et al. who found no modulating effect of fish oil in
pure adipocytes isolated from adipose tissue of obese subjects.*”
This discrepancy could be due to the high doses of fish oil
administered (4 g day™"). In contrast, we used more physiologi-
cal concentrations of DHA and EPA (50 umol L™") corresponding
to a lower fish oil intake (1-2 g day™").*®

To the best of our knowledge, few studies have investigated
the effects of diets enriched in fatty fish on the absolute
plasma concentrations of DHA and/or EPA. Most reports,
rather, express these changes as the percentage of EPA and/or

This journal is © The Royal Society of Chemistry 2026
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DHA relative to total fatty acids.*® Among the limited studies
that report absolute concentrations, the DHA and EPA levels
we applied to inhibit pro-inflammatory gene expression and/or
normalize metabolic gene expression fall within the range
achievable through in vivo administration of marine lipids.
Such interventions typically increase plasma DHA concen-
trations from the low micromolar range to values exceeding
100 pmol L™".%° More recently, ingestion of a single 2000 mg
dose of DHA has been shown to raise plasma DHA levels to
approximately 243 pmol L', consistent with single dietary
intake of seafood-derived products.”® However, we believe that
the physiological relevance of plasma PUFA concentrations is
limited in the context of in vitro studies. Cultured cells may
take up and metabolize fatty acids more efficiently-or differ-
ently-than they do in vivo, owing to the absence of competing
processes such as clearance, catabolism, or dilution.
Consequently, the same extracellular concentration can lead to
substantially greater intracellular accumulation. Moreover, the
notion of a “physiological concentration” is inherently
complex, as fatty acid levels differ markedly between plasma,
tissues, cellular membranes, and subcellular compartments.
The primary objective of many in vitro experiments is not to
reproduce exact systemic plasma levels, but rather to investi-
gate mechanistic effects under controlled conditions. The con-
centrations employed often represent plausible upper limits or
effect-relevant ranges, rather than steady-state physiological
values.>

Recent studies have suggested that EAT and PAT have
brown adipose tissue (BAT)-like properties that may decrease

This journal is © The Royal Society of Chemistry 2026

with age and under pro-inflammatory conditions associated
with obesity and CAD.*>® UCP-1 is primarily known as a proton
transporter that facilitates the dissipation of mitochondrial
membrane potential as heat, thereby enabling non-shivering
thermogenesis in BAT.>* Recently, UCP-1 expression has been
associated with an active thermogenic phenotype in EAT and
PAT.”® This thermogenic activity showed an inverse correlation
with markers of inflammation and oxidative stress,’”
suggesting a novel role for UCP-1 in attenuating oxidative and
proinflammatory conditions in cardiac fat depots.’® The
UCP-1 homologue UCP-2 plays a crucial role in regulating the
production of ROS,”” insulin secretion,”® mitochondrial fatty
acid oxidation and thermogenesis.”®

Growing evidence indicates that inflammation plays a
central regulatory role in adipose tissue also shaping meta-
bolic function. Among inflammatory mediators, mice lacking
of MCP-1 (Ccl2 KO) show increased UCP-1 expression in
adipose tissue and increased energy expenditure.®® At the
same time, IL-6 modulates adipocyte differentiation by sup-
pressing PPARYy, a key transcription factor required for healthy
adipogenesis.’® Furthermore, inflammatory profile also inter-
acts with adipokine metabolic networks: in adipocytes, APN
suppresses IL-6, attenuating inflammation and enhancing
insulin sensitivity.®? Conversely, anti-inflammatory pathways
such as HO-1 induction reduce IL-6 production while increas-
ing APN and PPARy expression, illustrating a coordinated anti-
inflammatory-metabolic axis.®® Exploring how external anti-
inflammatory supplements, such as DHA or EPA, shape
inflammatory-mediated dysmetabolism may open new thera-
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peutic opportunities to harness metabolic benefits such as
improved thermogenesis, adipokine balance, and systemic
energy homeostasis. On this background we decided to verify
the effects of DHA on UCP-1, UCP-2, and PPRy, HO-1 and APN.
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Consistent with the downregulation of the aforementioned
inflammatory markers, PAT adipocytes exposed to DHA exhibit
increased levels of PPARy together to increased levels of UCP-1
and UCP-2, ATGL. DGAT-1,-2 and CD36. This is consistent with
similar findings observed in mouse/rat models® and in
human peripheral blood mononuclear cell (PBMC).®> Under
our experimental conditions, EPA only increased the
expression of UCP-2, while the expression of UCP-1 remained
unaffected. This lack of modulation of UCP-1 by EPA in PAT
adipocytes raises interesting questions for further investi-
gation. In our experimental system, DHA supplementation
simultaneously increase the expression of PPARy, CD36,
DGAT1, DGAT2, SREBP-1, and ATGL without producing mea-
surable changes in overall lipid accumulation. As a central
transcriptional regulator, PPARy enhances fatty-acid trafficking
and adipokine secretion, partly by up-regulating transporters
such as CD36,°° thereby improving the cell’s capacity to
handle incoming fatty acids. Higher expression of DGAT1 and
DGAT2—observed in certain DHA-treated adipose models®”
raises the potential for triglyceride synthesis and re-esterifica-
tion. In parallel, the induction of ATGL, which is positively
regulated by PPARy, enhances lipolytic activity and supports
triglyceride mobilization.®® Although SREBP-1 is typically sup-
pressed by n-3 PUFAs,* context-specific or transient increases

This journal is © The Royal Society of Chemistry 2026
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release was evaluated by ELISA assay. Data (mean + S.D., n = 3) are expressed as % versus untreated cells. *p < 0.05 vs. untreated cells; **p < 0.01 vs.
untreated cells; *p < 0.001 vs. untreated cells; #p < 0.05 vs. TNF-o; ##p < 0.01 vs TNF-a. (D) Resolvin D1 release was evaluated by competitive assay.

Data (mean + S.D., n = 3) are expressed as pg mL™%. **p < 0.001.

have been reported and may reflect adaptive remodeling of
lipid metabolism. Together, these coordinated gene-expression
changes suggest that DHA promotes a metabolically flexible
state characterized by increased lipid flux-greater uptake, syn-
thesis, and mobilization-allowing adipocytes to maintain
stable lipid content despite substantial transcriptional acti-
vation of lipid-handling pathways.

Overall, our results suggest that both DHA and EPA play a
positive role in the regulation of gene networks involved in
pro-inflammatory dysmetabolism of cardiac fat. Whether acti-
vation of a thermogenic phenotype by fish oils in cardiac adi-
pocytes leads to modulation of EAT and PAT volume remains a
matter of debate. While the original papers by Sato'® and
Pacifico’® demonstrated a significant reduction in EAT volume
in adults with CAD following EPA supplementation and in chil-
dren with DHA supplementation, more recent research on
overweight CAD patients receiving combined EPA + DHA
alongside statin therapy found no significant impact.”* This
discrepancy may reflect the pronounced effect of statins in
reducing EAT volume, potentially hiding the impact of fish
oils. However, our results showing an anti-inflammatory effect
of DHA and EPA suggest a broader benefit. Future in vivo
studies should investigate the effects of DHA not only by
looking at changes in EAT volume, but also EAT inflammation

This journal is © The Royal Society of Chemistry 2026

using advanced imaging techniques, such as "*F-fluorodeoxy-
glucose positron emission tomography.””

From a mechanistic perspective, we hypothesize and show
that DHA and EPA activate a “protective transcriptional axis”
in cardiac fat. This axis involves the upregulation of PPAR-y
and NRF2 expression, both of which are associated with the
suppression of pro-inflammatory NF-kB activity, a pathway
notably inhibited by omega-3 PUFAs.””

NF-kB activity can be downregulated independently of
p65 mRNA expression through mechanisms that affect p65
function or localization. In the resting state, NF-xB dimers,
most commonly the p65-p50 dimer, are retained in the cyto-
plasm in an inactive form by binding to inhibitory proteins
known as inhibitors of kB (IkB). A wide range of stimuli can
activate NF-kB by inducing the degradation of IkB. This allows
the dimers to translocate into the nucleus, where they bind to
consensus sequences in the promoters of target genes.”*
Drugs and nutraceuticals may affect NF-kB activation through
several mechanisms that do not depend on downregulation of
p65 mRNA, such as interference with signaling pathways
leading to IkB degradation or inhibition of nuclear transloca-
tion. These mechanisms prevent the p65 subunit from activat-
ing target genes even when the protein is present, providing a
layer of regulation separate from transcriptional control of its

Food Funct., 2026, 17,1431-1450 | 1443
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expression.”* Furthermore, factors that do not directly target
NF-kB can also reduce its activity. For example, the Nrf2/HO-1
signaling pathway can shift the cell toward a less inflammatory
state, thereby indirectly reducing NF-kB activation. In our data,
we clearly observe a reduction in NF-xB activation and we can
conclude that this effect is not mediated by regulation of
p65 mRNA. Instead, it evidently involves other mechanisms,
including the antioxidative and anti-inflammatory actions of
the Nrf2-HO-1 axis.”>’°

A key feature of inflamed adipocytes is the downregulation of
PPARy gene expression and activity.”” PPARy is a nuclear recep-
tor that is critical for a positive regulation of adipose metab-
olism and insulin sensitivity.”® The ability of PPARY to suppress
the synthesis of pro-inflammatory mediators has been widely
attributed to the ligand-dependent suppression of key transcrip-
tion factors, including NF-xB, AP-1 and STAT.”® Consistent with
a chronic pro-inflammatory milieu in EAT under pro-athero-
sclerotic conditions, PPARy signaling results downregulated.®
Similarly, NRF2 is a well-established master regulator of anti-
oxidant and metabolic signalling pathways.®! It achieves this
regulation by binding to a specific DNA sequence known as the
antioxidant response element (ARE) located in the promoters of
its target genes.®® Through its interaction with ARE, NRF2
orchestrates the cellular defence mechanisms against oxidative
stress by enhancing detoxification of ROS, maintaining redox
homeostasis, and protecting cells from oxidative damage.
Therefore, NRF2, even if not directly targeting NF-kB can reduce
its activity shifting the cell toward a less oxidative and inflam-
matory state, thereby indirectly reducing NF-xB activation.”>”®

But NRF2 pathway is critical not only for antioxidant
defence but also for supporting metabolic adaptations under
stress conditions, further underscoring NRF2’s role as a
central player in cellular homeostasis and survival.®' Despite
conflicting evidence regarding NRF2’s role in modulating the
dysmetabolic and pro-inflammatory features of obesity®>®®
recent studies highlight its tissue-specific protective effects.
For example, mice with adipocyte-specific deletion of NRF2
show a deteriorated metabolic profile, underscoring NRF2 role
in preserving metabolic homeostasis in the adipose tissue.®*
An interplay between PPARy and NRF2 in the regulation of
inflammatory processes is also well established, and there is
evidence for their reciprocal regulation. In particular, two
AREs have been identified in the PPARy promoter,®>*® while a
putative PPARy response element (PPRE) is present in the
NRF2 promoter region.?® Based on these findings, numerous
studies have investigated the potential to improve inflamma-
tory regulation by simultaneously targeting PPARy and NRF2
signaling pathways with results showing improved therapeutic
benefit, further emphasizing the key role of crosstalk between
PPARy and NRF2.*” n-3 PUFAs are well-recognized for their
role as activators and gene inducers of both PPARy and
NRF2.%%%% Our results demonstrate that DHA treatment leads
to a robust induction of both PPARy and NRF2 gene
expression, accompanied by enhanced NRF2 DNA-binding
activity and transcriptional activation of downstream targets.
The partial reversal of DHA’s effects by the NRF2-specific
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inhibitor ML385 supports the notion that NRF2 plays a con-
tributory role in mediating DHA’s biological activities.
However, the incomplete inhibition by ML385 also suggests
that other signaling pathways, including PPARy or additional
mechanisms, may be involved in the response to DHA.
Collectively, these findings indicate that NRF2 activation is an
important mediator of DHA’s effects, but it is likely part of a
broader network of regulatory pathways. Corroborating these
findings previous studies have highlighted the ability of DHA
and EPA to induce the expression of NRF2 in inflamed macro-
phages,”® in PBMC of diabetic patients®* and in endothelial
cells,”® and the ability of NRF2 to mediate the anti-inflamma-
tory activities of DHA.’® Similarly, a large body of previous
studies have shown the ability for DHA and EPA to activate
PPARy activity and gene expression.”® Under our experimental
conditions a boosted expression and activity of PPARy and
NRF2 likely contributes to the upregulation of key downstream
targets, including UCP-1 and -2, as well as HO-1 each of which
is regulated by either PPARy or NRF2, or through their syner-
gistic interaction.’® Interestingly, our observations align with
those of Walker et al., who reported in the Ossabaw pig model
that n-3 PUFA enrichment in EAT was associated with
increased PPARy expression and a shift toward a less inflam-
matory phenotype.®® To the best of our knowledge, however,
our results are the first to demonstrate a direct protective
action of DHA in a human cardiac fat model, highlighting its
ability to modulate key inflammatory markers such as MCP-1
and IL-6. We clearly observe a reduction in NF-«xB activation,
and based on our observation, we can conclude that this effect
is not mediated by regulation of p65 mRNA. Instead, it evi-
dently involves other mechanisms, including the antioxidative
and anti-inflammatory actions of the NRF2-HO-1/PPARy axis.
We did not pursue in-depth mechanistic analyses of how
DHA and EPA exert their effects; however, several complemen-
tary pathways are likely involved. These include modifications
of membrane fluidity, decreased synthesis of AA-derived pro-
inflammatory eicosanoids, and increased formation of special-
ized pro-resolving mediators such as resolvins and protec-
tins,”® which are known to be reduced in adipose tissue during
obesity.”°® A number of pro-resolving mediators generated
from n-3 PUFAs have been shown to limit adipose tissue
inflammation, regulate adipokine secretion, and improve
insulin sensitivity in animal models and adipocyte
cultures,”® ! primarily through attenuation of MAPK and NF-
kB signaling. Our observation of increased RvD1 production in
mature adipocytes suggests that activation of this pro-resolving
pathway contributes to the overall protective effects of DHA.'*?
Alternatively, this effect may occur through direct interference
of PPARy and NRF2 with NF-«B activation, potentially
mediated by the actions of UCP-1, UCP-2, and HO-1 in modu-
lating oxidative stress or upstream redox-sensitive molecular
switches and transcription factor activation. Many of these
interfering activities remain speculative and deserve further
investigation, which will be the subject of future studies.
Adipose tissue is a heterogeneous structure composed of
mature adipocytes and a substantial population of adipose-

This journal is © The Royal Society of Chemistry 2026
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derived stem cells, both of which influence the tissue’s inflam-
matory profile. The ability of DHA to reduce inflammation in
both cell types is particularly meaningful, because it suggests
a coordinated effect on the entire adipose microenvironment
rather than on a single cell population. By dampening pro-
inflammatory signaling in mature adipocytes while simul-
taneously shifting stem cells toward a more anti-inflammatory
profile, DHA may help remodel the tissue environment in a
way that supports long-term metabolic stability. Over time,
this dual action could contribute to sustained reductions in
chronic low-grade inflammation, improved adipose function,
and a healthier systemic inflammatory balance.

A strength of our research is the use of human mature adi-
pocytes derived from patients as a cell model effective in iden-
tifying new prevention and treatment strategies. These adipo-
cytes, which are used immediately after collection, retain the
dysmetabolic phenotype of the donors, making them a reliable
and physiologically relevant adipocyte model. In addition, they
have been shown to be cost-effective, ready-to-use and sensitive
to n-3 PUFAs. This approach provides a valuable platform for
studying adipose tissue dynamics and responses, providing
insights at both patient-specific and population levels.

Limitations of the study

A significant limitation of our study lies in the enrolment of a
relatively small cohort of patients, coupled with limited access
to comprehensive clinical information and the absence of
genetic profiling for the participants. These constraints hinder
our ability to fully evaluate potential interindividual variability
in the adipose tissue response to the nutraceutical treatment.
Such variability could be influenced by genetic factors, meta-
bolic profiles, or other individual-specific determinants,'®
which remain unexplored in the current study. Additionally, the
collection of a limited amount of original adipose tissue
material is another challenge we had to face. The small amount
of material from each patient sampling restricted our capacity to
isolate sufficient protein for a comprehensive and systematic
analysis of cellular protein expression. This limitation, in turn,
prevented us from conducting deeper investigations into the
molecular mechanisms underlying the observed responses, par-
ticularly at the level of specific signalling pathways and protein-
level interactions. Future studies addressing these limitations by
incorporating larger patient populations, detailed genetic and
clinical profiling, and optimized sample collection protocols
will be essential for a more robust understanding of the nutra-
ceutical effects of n-3 PUFAs on adipose tissue biology.

Conclusion

In conclusion, our results indicate that n-3 PUFAs, particularly
DHA and EPA, play a significant role in attenuating pro-inflam-
matory responses in cardiac adipocytes, potentially reducing
tissue remodeling and plaque instability while enhancing
metabolic gene expression. These effects appear to be
mediated, at least in part, through the upregulation of NRF2-

This journal is © The Royal Society of Chemistry 2026
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and PPARy-dependent pathways, leading to suppression of NF-
kB signaling and activation of pro-resolving mechanisms,
including increased production of resolvin D1. By alleviating
inflammation and promoting pro-resolving pathways, n-3
PUFAs may contribute to their cardioprotective properties, tar-
geting both cell- and tissue-specific dysmetabolism. Clinically,
these findings suggest that n-3 PUFA supplementation could
mitigate cardiac fat-driven inflammation, a key contributor to
coronary atherosclerosis and plaque instability, positioning
DHA and EPA as potential adjunct therapies for patients with
coronary artery disease. In addition, the observed modulation
of metabolic and inflammatory pathways implies broader sys-
temic benefits, including improved insulin sensitivity and
reduced systemic inflammation. While the precise cardiopro-
tective mechanisms of DHA remain to be fully elucidated, our
study underscores the therapeutic potential of n-3 PUFAs and
supports further clinical investigations to evaluate their impact
on cardiovascular outcomes in high-risk populations.
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