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Abstract: Colorectal cancer (CRC) is a major life-threatening disease, being the third most common
cancer and a leading cause of death worldwide. Enhanced adiposity, particularly visceral fat, is
a major risk factor for CRC, and obesity-associated alterations in metabolic, inflammatory and
immune profiles in visceral adipose tissue (VAT) strongly contribute to promoting or sustaining
intestinal carcinogenesis. The role of diet and nutrition in obesity and CRC has been extensively
demonstrated, and AT represents the main place where diet-induced signals are integrated. Among
the factors introduced with diet and processed or enriched in AT, ω3/ω6 polyunsaturated fatty
acids (PUFAs) are endowed with pro- or anti-inflammatory properties and have been shown to exert
either promoting or protective roles in CRC. In this study, we investigated the impact of ex vivo
exposure to the ω3 and ω6 PUFAs docosahexaenoic and arachidonic acids on VAT adipocyte whole
transcription in healthy lean, obese and CRC-affected individuals. High-throughput sequencing of
protein-coding and long non-coding RNAs allowed us to identify specific pathways and regulatory
circuits controlled by PUFAs and highlighted an impaired responsiveness of obese and CRC-affected
individuals as compared to the strong response observed in healthy lean subjects. This further
supports the role of healthy diets and balanced ω3/ω6 PUFA intake in the primary prevention of
obesity and cancer.

Keywords: polyunsaturated fatty acids; adipose tissue; obesity; colorectal cancer; long non-coding
RNA; transcriptome

1. Introduction

Colorectal cancer (CRC) is the third most common cancer and the second cause of
cancer-related mortality worldwide, with its burden expected to increase in the coming
years (IARC 2020. Colorectal cancer. Source: Globocan. The Global Cancer Observatory.
Available from: http://gco.iarc.fr/today, accessed on 20 January 2024). CRC is a multifac-
torial disease with both genetic and environment/lifestyle-related etiology. Body weight,
dietary habits and physical activity deeply influence cancer risk, with important implica-
tions for prevention. Specifically, obesity, resulting from a long-term imbalance between
energy intake and expenditure and characterized by increased visceral fat, represents a
major predisposing factor for CRC and is also associated with worse disease outcomes [1,2].
The obesity–CRC relationship is complex and multifaceted, and alterations in metabolic, im-
mune, inflammatory and fatty acid (FA) profiles occurring in visceral adipose tissue (VAT)
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play a crucial role in the generation of obesity-associated inflammation, and contribute to
promoting or sustaining intestinal carcinogenesis [3–6].

The role of nutrition in obesity and CRC has been extensively investigated, and
epidemiological and preclinical studies have clearly shown that specific dietary patterns
and dietary bioactive compounds can influence overweight, obesity and CRC risk, mainly
by regulating inflammation and oxidative stress [7,8]. FAs, introduced with the diet and
processed and released by AT, are gaining importance as main players due to their capacity
to act in an autocrine and paracrine manner, and to influence both cancer cell proliferation
and host immune and inflammatory responses [9,10]. In particular, long-chain ω6 and ω3
polyunsaturated fatty acids (PUFAs) have been associated with pro- and anti-inflammatory
pathways, respectively [11], and reported to exert either promoting or protective roles in
CRC [7,12]. ω3 PUFAs, increasingly recognized for their health benefits, have become one
of the hotspots in nutritional biochemistry research and generated considerable interest
as nutritional supplements [13,14]. Indeed, dietary supplementation with ω3 PUFA-rich
oils or eicosapentaenoic acid (EPA)/docosahexaenoic acid (DHA) in healthy individuals
was associated with the extensive modulation of blood immune cell gene expression,
with the regulation of inflammatory and oxidative stress pathways, cell adhesion, the
DNA damage response, and glucose and lipid metabolism [10,15–20]. The modulation
of oxidant/antioxidant balance in PBMC was also reported in a few intervention studies
involving obese subjects [10,21–23]. Moreover, data on the beneficial effects of ω3 PUFAs
on inflammation and the immune response have arisen from studies on in vitro exposed
blood immune cells from healthy donors [10]. Contrariwise, treatment with ω6 PUFAs,
mainly arachidonic acid (AA), resulted in detrimental effects such as reactive oxygen
species and mitochondrial stress generation, de novo lipogenesis and impaired immune
responses [10,12]. By virtue of their effects on immunity and inflammation, ω3 and ω6
PUFAs have gained prominence in CRC research as potential modulators of cancer onset
and progression, by acting on cancer cells as well as by shaping gut microbiota and immune
cell profiles [24]. However, in spite of the crucial role played by AT inflammation in CRC,
the impact of PUFAs on AT functions in cancer patients has not been investigated so far.
More generally, only a few studies have analyzed the effects of direct PUFA exposure or
dietary supplementation on gene expression in human AT (homing both adipocytes and
immune cells) in spite of the huge alterations in endogenous FA profiles described in both
obesity and CRC [10].

Specifically, in intervention studies involving obese individuals, ω3 PUFAs and ω3
PUFA-rich oils or fish were shown to modulate inflammasome and inflammatory cytokine
genes, despite the high variability related to the fat depot analyzed (subcutaneous AT (SAT)
versus VAT) [25–28]. Moreover, EPA and DHA supplementation also modulated several
inflammation- and immune response-related genes in SAT from healthy individuals follow-
ing evoked inflammation [29,30]. Conversely, their effects on immune gene expression were
less pronounced in obese individuals [31]. Furthermore, the down-regulation of specific
inflammatory mediators was described in SAT and VAT explants from obese subjects upon
direct stimulation with ω3 PUFAs, with a better response obtained in SAT [32–34]. Most of
these studies provided information on ω3 PUFAs’ effects on a limited number of genes or
gene products in whole AT (mainly SAT) from either diseased subjects or healthy controls.
In contrast, comparative studies aimed at deciphering the global transcriptional response
to ω3 and ω6 PUFAs, as well as the specific role of adipocytes, are lacking. In this regard,
we have previously reported that both ω3 (DHA) and ω6 (AA) PUFAs can modulate
the production of cytokines and adipokines and the activation of inflammation-related
transcription factors in purified VAT adipocytes from obese and CRC-affected subjects as
compared to healthy lean controls [4,5,35].

Accumulating evidence has revealed that gene regulation by non-coding RNAs (ncR-
NAs), specifically long ncRNAs (lncRNAs), is involved in the occurrence and progression of
many major diseases, including obesity and cancer [36], and specific lncRNA profiles have
been associated with CRC [37]. High-throughput methods and bioinformatics approaches
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have significantly contributed to the identification of these new transcripts. However, only
a few studies have described lncRNAs in human AT in obesity or CRC [38–41], and their
potential role as targets of PUFA-based interventions has been only poorly explored.

We recently analyzed RNASeq expression profiles of human visceral adipocytes puri-
fied from lean, obese and CRC-affected subjects, and highlighted changes in their transcrip-
tional programs specifically associated with obesity and cancer, or both conditions [35].
Furthermore, specific ncRNA-mRNA networks were identified in these subjects [41].

In this study, we performed a whole-transcriptome analysis aimed at investigating
the impact of ω6 and ω3 PUFA (AA and DHA, respectively) treatment on human VAT
adipocytes from healthy lean, obese and CRC-affected subjects. High-throughput sequenc-
ing of protein coding and lncRNAs, as well as pathway analysis and regulatory network
constructions, were employed to identify common and specific PUFA effects. The results
highlight impaired responsiveness of obese subjects and CRC patients to PUFA stimulation,
particularly to DHA, in the face of a robust response of healthy individuals.

2. Results
2.1. Arachidonic and Docosahexaenoic Acids Differently Affect Adipocyte Transcription in Healthy
Lean, Obese and CRC-Affected Subjects

We previously reported that obese and CRC-affected subjects exhibit alterations in
VAT PUFA composition and adipocyte gene expression with respect to healthy lean in-
dividuals [4,5,35,41]. Moreover, VAT adipocyte exposure to AA or DHA was found to
differently modulate the expression and activation of specific factors related to AT inflam-
mation [4,5,35].

To more deeply investigate the impact of pro- and anti-inflammatory PUFAs on VAT
adipocyte whole transcription, adipocytes isolated from a subset of previously analyzed
lean, obese and CRC subjects [35,41] were left untreated or exposed to AA or DHA, and
then, subjected to RNASeq and differential transcript analysis.

The number of differentially expressed (up- and down-modulated) transcripts, includ-
ing protein-coding transcripts and lncRNAs, following PUFA treatments are summarized
in Table 1.

Table 1. Effect of AA and DHA treatment on adipocyte transcript expression. The numbers of up-
and down-differentially (treated vs. untreated) expressed total transcripts, protein-coding genes
(differentially expressed genes, DEGs) and lncRNAs (differentially expressed lncRNAs, DELs) in
adipocytes exposed ex vivo to AA or DHA are reported (n = 3 subjects/category, FDR < 0.05). NW,
healthy lean; OB, obese; CRC, CRC-affected subjects.

Total Transcripts DEGs DELs

Subject
category Treatment Up Down TOT Up Down TOT Up Down TOT

NW AA 272 196 468 201 150 351 7 5 12
DHA 280 176 456 265 167 432 7 4 11

OB AA 159 193 352 152 184 335 6 7 13
DHA 57 62 119 54 61 115 2 0 2

CRC AA 144 126 270 138 114 252 2 5 7
DHA 95 73 168 92 69 161 1 1 2

As shown in Table 1, adipocytes from healthy lean (normal weight, NW), obese
(OB) and CRC-affected (CRC) individuals exhibit a different transcriptional response to
PUFA stimulation. In particular, the highest overall responsiveness to both AA (468 tran-
scripts) and DHA (456 transcripts) was observed in adipocytes from healthy NW subjects,
with most of them being up-regulated. Conversely, a lower number of modulated tran-
scripts was found following the AA treatment of cells from OB (352 transcripts) and CRC
(270 transcripts) subjects. Notably, in the latter groups, the transcriptional response to DHA
was markedly impaired, with approximately 70% (OB) and 60% (CRC) fewer transcripts
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detected compared to the control NW group (Table 1). Most of the differentially expressed
transcripts are represented by protein-coding RNAs, sometimes with two transcripts for
the same gene; however, several lncRNAs are also modulated by PUFAs (Table 1) and are
discussed in detail below.

To validate the RNASeq data, we analyzed a panel of six genes randomly picked from
NW DEGs by real-time quantitative PCR (qPCR) (Supplementary Data S1). We focused
on the NW condition as it was the most affected by PUFAs. Real-time qPCR analysis
overall confirmed the RNASeq data in NW subjects, with a borderline significant positive
correlation (R2 = 0.7726, p-value = 0.0717) only in the NW-AA group. In addition, in the OB
and CRC groups, some modulations, not detected in the RNASeq analysis, were found to
be significant by qPCR, according to the higher sensitivity of this independent technology.

Venn diagrams comparing AA and DHA treatments in the same subject group (Figure 1)
evidenced an equal distribution of unique and shared DEGs in the NW group, whereas the
majority of DEGs were uniquely modulated by AA or DHA in the OB and CRC categories.
According to what is described above, the number of transcripts uniquely modulated by
DHA in OB and CRC subjects was 60–70% smaller than in the NW group (Figure 1a–c).
The discrepancies in the number of transcripts between Table 1 and Figure 1 are due to
multiple transcripts associated with the same genes, which are joined in the Venn diagram.
Upon comparing all subject groups exposed to the same PUFAs, very limited numbers
of overlapping DEGs were found (Figure 1d,e), pointing to a different impact of PUFAs
on adipocyte transcription depending on the patient’s health status. Accordingly, the
hierarchical clustering of transcripts highlighted how distant the adipocyte transcriptomic
profiles are in the different subject categories even following exposure to the same PUFAs
(Figure 1f,g).
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after exposure to AA or DHA of adipocytes from (a) lean (NW), (b) obese (OB) and (c) CRC-affected
(CRC) subjects or the three subject categories exposed to AA (d) or DHA (e). (f,g) Hierarchical
clustering of transcripts in NW, CRC and OB adipocytes treated with AA (f) or DHA (g). Shades of
purple and orange indicate the level of down- and up-regulation, respectively.

2.2. Pathway Enrichment Analysis of Differentially Expressed Genes Reveals Higher Number
of PUFA-Modulated Pathways in Healthy Lean Individuals Compared to Obese and
CRC-Affected Subjects

PUFAs can modulate many signal transduction mechanisms of critical importance
in adipocyte biology, such as antioxidant, metabolic and inflammatory processes [42].
Therefore, the identified DEGs between the PUFA-treated and untreated groups were
explored for their enrichment in Reactome pathways.

According to the number of DEGs, PUFA treatments affected a huge number of
pathways in healthy lean individuals compared to the other subject groups (Figure 2).

Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 6 of 21 
 

 

 
Figure 2. Cont.



Int. J. Mol. Sci. 2024, 25, 3357 6 of 18Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 7 of 21 
 

 

 

Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 8 of 21 
 

 

 
Figure 2. Pathway analysis of PUFA-modulated significant processes. Reactome pathways enriched 
in adipocytes of healthy lean (a,b), obese (c,d) and CRC-affected individuals (e,f) following treat-
ment with AA (a,c,e) or DHA (b,d,f). Sizes of the circles identifying the pathways are proportional 
to their statistical significance; shades of red or blue indicate that >50% of DEGs featured in the 
pathway are up-regulated or down-regulated, respectively. Grey circles indicate that the same num-
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to their up- or down-regulation. 
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a prevalent repressing effect on the regulated pathways, whereas DHA behaved mostly 
as an inducer. Deregulated pathways were mainly associated with inflammatory signal-
ing, AT physiology and metabolism or involved in cancer. Among these, the Cal-
nexin/calreticulin cycle, associated with a wide variety of signaling processes, such as adi-
pocyte differentiation, cellular stress and the immune response [43], was the most signif-
icantly affected pathway by both PUFAs, with a slight prevalence of up-modulation fol-
lowing DHA exposure. Also, the Circadian clock pathway was modulated in NW subjects 
by both ω3 and ω6 PUFAs in opposite directions, with a prevalence of genes repressed or 
activated by AA or DHA, respectively. The regulation of circadian rhythm genes may play 
an important role in AT function and homeostasis as well as in tumor initiation. Interest-
ingly, among such genes, PER1 expression was specifically enhanced by DHA treatment, 
whereas ARNTL and CARM1 were repressed by AA. Notably, all the pathways involving 
Toll-like receptor signaling, related to the immune response to commensal or pathogenic 
microorganisms, were differently modulated by AA and DHA, further supporting the 
opposite roles of ω3 and ω6 PUFAs in immunity. 

Concerning pathways selectively regulated by ω3 or ω6 PUFAs in NW subjects, DHA 
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with AA (a,c,e) or DHA (b,d,f). Sizes of the circles identifying the pathways are proportional to their
statistical significance; shades of red or blue indicate that >50% of DEGs featured in the pathway are
up-regulated or down-regulated, respectively. Grey circles indicate that the same numbers of up- and
down-regulated DEGs are included in the pathway. DEGs are red or blue according to their up- or
down-regulation.

In particular, 63 and 85 pathways were significantly enriched in adipocytes from NW
individuals by AA and DHA treatment, respectively (Figure 2a,b). AA treatment showed a
prevalent repressing effect on the regulated pathways, whereas DHA behaved mostly as an
inducer. Deregulated pathways were mainly associated with inflammatory signaling, AT
physiology and metabolism or involved in cancer. Among these, the Calnexin/calreticulin
cycle, associated with a wide variety of signaling processes, such as adipocyte differentiation,
cellular stress and the immune response [43], was the most significantly affected pathway
by both PUFAs, with a slight prevalence of up-modulation following DHA exposure. Also,
the Circadian clock pathway was modulated in NW subjects by both ω3 and ω6 PUFAs
in opposite directions, with a prevalence of genes repressed or activated by AA or DHA,
respectively. The regulation of circadian rhythm genes may play an important role in
AT function and homeostasis as well as in tumor initiation. Interestingly, among such
genes, PER1 expression was specifically enhanced by DHA treatment, whereas ARNTL
and CARM1 were repressed by AA. Notably, all the pathways involving Toll-like receptor
signaling, related to the immune response to commensal or pathogenic microorganisms,
were differently modulated by AA and DHA, further supporting the opposite roles of ω3
and ω6 PUFAs in immunity.

Concerning pathways selectively regulated by ω3 or ω6 PUFAs in NW subjects,
DHA specifically regulated terms associated with immunity and infection (e.g., antigen
processing, IL-1 signaling), cancer-related pathways (e.g., TP53 activity, PTEN regulation,
TGFβ signaling), as well as extracellular matrix organization and fibrosis (e.g., collagen
formation). Conversely, categories related to metabolism (e.g., Triglyceride metabolism, the
synthesis of PC), inflammation and oxidative stress (e.g., TNF and Interleukin-17 signaling, the
metabolism of nitric oxide), and signaling pathways that play pivotal roles in the oncogenic
process (e.g., FGFR1-4 signaling, NOD1/2 signaling) were specifically modulated by AA. AA
treatment was also found to promote the oncogenic MAPK pathway and EGFR signaling
(e.g., signaling by EGFR, EGFR down-regulation), previously involved in AT dysfunction.

In OB and CRC conditions, very few pathways were modulated following adipocyte
exposure to both PUFAs (Figure 2c–f). In obese subjects, 21 and 2 pathways were affected
by AA and DHA, respectively (Figure 2c,d). Similar to what was observed in NW subjects,
AA had a general gene-repressing effect and mostly deranged pathways related to energy
balance (e.g., p75 NTR receptor-mediated signaling, RND1 and the 3 GTPase cycle), metabolism
(e.g., signaling by NOTCH) and necrosis/apoptosis (e.g., cell death signaling via NRAGE,
NRIF and NADE, death receptor signaling, regulated necrosis). On the other hand, genes related
to the RhoA GTPase cycle and TLR4 signaling, known for their role in the inflammatory
response in human adipocytes, were up-regulated by AA in these subjects. Furthermore,
the most significant pathway was selective autophagy featuring a balanced number of up-
and down-regulated genes, linked to other pathways involved in necrosis and cell death
signaling, some of which were also similarly repressed by AA in NW adipocytes. As
shown in Figure 2d, DHA treatment only promoted two pathways related to DNA damage
repair, potentially linked to carcinogenesis, in the OB group. The impact of both PUFAs
on adipocyte processes was found to be even less pronounced when CRC patients were
analyzed (Figure 2e,f). Indeed, in this group, AA promoted only and specifically the
NOTCH signaling pathway, as also found in NW-AA group, while DHA modulated a
couple of processes, including the cell–extracellular matrix interactions, peroxisomal protein
import and the signaling by non-receptor tyrosine kinase pathways. In the latter pathway,
STAT3 gene is a key player involved in the adipocyte transcriptional program and in
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pro-inflammatory pathways, and we previously reported that AA and DHA differently
modulate its activation in adipocytes from CRC patients [4].

A detailed list of the Reactome pathways enriched by AA and DHA in the dif-
ferent subject categories, along with the genes involved in each term, is reported in
Supplementary Data S2.

2.3. LncRNA Profiles and mRNA-lncRNA-RNA-Binding Protein Networks Are Specifically
Associated with PUFA Stimulation in Healthy Lean, Obese and CRC-Affected Subjects

As lncRNAs have been found to play important roles in the regulation of cancer and AT
functions, we also analyzed lncRNA profiles and their potential interaction with DEGs in
each condition. Although the implication of regulatory RNAs in human adipocytes remains
largely unknown, we have previously described several lncRNAs aberrantly expressed in
visceral adipocytes from obese and CRC subjects [41]. LncRNAs that were significantly up-
and down-regulated in the three categories of subjects in response to ω3 and ω6 PUFAs
are shown in Table 2. Similar to what was observed for protein-coding transcripts, an
equal number of lncRNAs was found to be deregulated by AA and DHA in NW subjects.
Likewise, the OB and CRC categories were less responsive to DHA, with only two lncRNAs
modulated in each group (Tables 1 and 2). Among the identified differentially expressed
lncRNAs (DELs), six were novel transcripts with still unknown functions.

Table 2. LncRNA profiles in response to PUFAs. Differentially expressed lncRNAs (DEL) in normal
weight (NW), obese (OB) and CRC-affected (CRC) individuals treated with DHA or AA compared to
untreated control. Values are log2FC (FDR < 5%).

NW OB CRC

AA DHA AA DHA AA DHA

Annotated lncRNAs
DAAM2-AS1 −7.56
DNAAF4-CCPG1 −10.76
FAM88B −8.61
HOXB-as3 8.34
LINC00174 6.40 6.31
LINC00663 7.84
LINC00884 8.65
LINC00893 −7.22
LINC01106 8.54 9.19
LINC01128 −7.30
LINC01554 −7.02
LIPE-AS1 7.61
LUCAT1 −8.84 −10.57
MAGI2-AS3 −7.67 9.66 8.41
MIR100HG 10.06
MRPL20-AS1 −6.14
MSC-AS1 9.36 9.24
NOP14-AS1 7.51
NR2F1-AS1 −8.53
NUTM2A-AS1 −8.84
PAX8-AS1 −10.64
POLR2J4 −5.80
PSMG3-AS1 −8.17
SNHG11 8.91 7.75
SNHG17 9.02 8.96 −8.26
STAG3L5P-PVRIG2P-
PILRB 10.54 −8.06;

10.46
TICAM2-AS1 6.53
TRIM52-AS1 6.01 6.51
Novel lncRNAs
HSALNG0010842 −6.76
HSALNG0056067 −8.63
HSALNG0088518 6.11
HSALNG0101929 6.68
HSALNG0114326 −11.64
HSALNG0132632 −6.07
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In NW individuals, among the 23 DELs modulated by PUFAs, 5 DELs (SNGH11,
SNHG17, LINC00174, LINC01106, TRIM52-AS1) were common to both treatments and
modulated in the same directions, 7 were exclusively expressed upon AA treatment and
6 in response to DHA. In OB subjects, 12 DELs were specifically altered in the AA group,
while only LIPE-AS1 was specific to DHA. Likewise, in the CRC category, the majority of
lncRNAs were selectively modulated following AA exposure. Overall, PUFA type- and
health condition-specific lncRNA profiles were found.

Next, to obtain further insight into the mechanisms underlying the specific effects
of PUFAs, validated interactions among differentially expressed lncRNAs, mRNAs and
RNA-binding proteins (RBPs) were retrieved from the ENCORI and RNAInter repositories,
and the corresponding networks were designed within Cytoscape (Figure 3).
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The networks obtained for NW individuals were highly populated, with 80 and
52 nodes for AA and DHA treatment, respectively. The top six hubs in NW-AA were
DELs with a degree > 10, followed by four relevant RBPs with a degree > 7, whereas in the
NW-DHA network, the top eight interacting ones were DELs with a degree > 9 followed
by six RBPs with a degree > 5. In the OB-AA interactome, featuring 95 nodes, MIR100HG
appeared to be a highly relevant hub, establishing 77 interactions. Also, SNHG17 and
NUTMA2A-AS1 had a degree > 10. The OB-DHA network featured only eight nodes and
had only the DEL LIPE-AS1 with a degree > 5. Finally, the interactome for the CRC-AA
condition included 19 nodes, with only two DELs having a degree > 5, whereas 10 nodes
were present in the CRC-DHA network, with a prevalent role of LUCAT1.

3. Discussion

Obesity and CRC, whose prevalence is constantly increasing, have become very con-
cerning public health issues. These multifactorial disorders are strongly interconnected,
and their relationship is also reinforced by their shared AT inflammation and the cru-
cial role played by nutrition [3,44]. AT’s association with cancer is based not only on
epidemiological evidence but also on the fact that adipocytes are a main component of
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the tumor microenvironment in certain cancers, such as malignant breast and gastroin-
testinal tumors [45–47]. Specifically, VAT plays an important role in the establishment of
obesity-associated cancer due to its privileged localization to portal circulation and its
capacity to secrete key bioactive molecules [48]. Moreover, VAT represents the main site
for the processing and release of FAs, which have the potential to control host surveillance
mechanisms and shape anticancer responses [10].

In this study, we report the results of transcriptomic analysis performed on VAT
adipocytes, isolated from healthy lean, obese and CRC-affected individuals exposed ex
vivo to ω3 or ω6 PUFAs. Although the effects of PUFAs on AT have been investigated in
some studies, to our knowledge, this is the first study comparing VAT adipocytes’ global
transcriptional response to AA or DHA treatment in healthy lean individuals versus obese
subjects and CRC patients. The results achieved indicate that DHA and AA induce different
transcriptional changes depending on the subject category, and define multiple pathways
and processes that are specifically altered in response to ω3 or ω6 PUFAs or common to
both treatments.

Previous studies, mainly analyzing whole AT from either obese or lean subjects, have
reported the ω3 PUFA-induced modulation of inflammatory genes or gene products, high-
lighting a more vigorous response in SAT as compared to VAT [5,25,28–30,32–34]. However,
some studies failed to detect any relevant gene modulation in AT from obese subjects
following direct exposure or dietary supplementation with ω3 PUFAs [26,27]. Apart from
the opposite effects reported for EPA and AA on in vitro adipocyte differentiation and
mitochondrial functions [49], very little is known on the AT or adipocyte response to
ω6 PUFAs.

We compared ω3 and ω6 PUFA-exposed VAT adipocytes from obese and healthy
lean individuals, and extended the analysis of PUFAs’ effects to CRC-affected subjects. In
line with previous findings, we definitively show that the most extensive and relevant
changes induced by both PUFA types occur in healthy controls, involving pathways
and processes which regulate AT homeostasis, metabolism and inflammation, as well as
pathways related to cancer. Conversely, adipocytes from obese individuals, and even more
from CRC patients, show only a weak transcriptional response to both PUFAs, particularly
to DHA, with a much smaller number of genes and pathways modulated. Furthermore,
while DHA pathways mainly feature up-regulated genes, AA pathways mainly include
down-regulated genes.

Interestingly, in healthy individuals, both PUFAs differentially regulate circadian clock
and calnexin/calreticulin cycle, among the most significant and representative pathways. In
this regard, the local circadian clocks present in adipocytes modulate many essential AT
processes, including lipolysis, adipogenesis, inflammation, as well as the expression and
secretion of adipokines [50], whereas their dysregulation has been identified as a major
contributor to carcinogenesis and tumor growth [51]. Furthermore, our results provide
evidence of a connection between specific nutrients and the circadian clock in AT, as recently
reported [52]. At the same time, the pathway calnexin/calreticulin cycle plays a crucial role in
adipocyte differentiation, cellular stress and immunity [43]. Indeed, Boden and colleagues
found that ER stress-related unfolded proteins, including calnexin and calreticulin, are
up-regulated in the SAT of obese subjects [53].

We also demonstrate that, although to a lower extent compared to lean individuals, AA
treatment is able to affect adipocyte transcription in obese subjects, with particular effects
on selective pathways regulating energy balance, metabolism and inflammation. In this
regard, it has been reported that AA supplementation can exacerbate high-fat-diet-induced
obesity and accelerate its downstream effects in animal models [54]. Conversely, DHA
exposure only promotes two statistically significant pathways in adipocytes from obese
individuals, in line with the impaired response to ω3 PUFA supplementation recently
described in SAT [31]. Similarly, the response to DHA is markedly reduced in CRC patients,
suggesting that obesity and CRC, both characterized by chronic AT inflammation, possibly
share impaired responsiveness to anti-inflammatory FA.
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We recently identified a number of ncRNAs aberrantly expressed in visceral adipocytes
from obese and CRC subjects as compared to healthy lean controls, reporting the first
analysis of annotated and novel lncRNAs, not previously described in human AT [41]. As
further evidence, in this study, we highlight the capacity of AA and DHA to selectively
modulate the expression of several lncRNAs, most of which have a recognized role in
cancer, depending on the PUFA type and subject group.

Of note, in both NW and CRC-affected subjects, DHA down-regulates LUCAT1,
known for its oncogenic activity [55] and previously found to be up-regulated in obe-
sity [41]. In NW subjects, DHA also down-regulates PSMG3-AS1, reported to be highly
expressed in gastric cancer patients [56]. Likewise, AA modulates lncRNAs previously
described to have an emerging role in intestinal tumorigenesis, such as NR2F1-AS1 [57],
POLR2J4 [58], NOP14 [59] and MAGI2-AS3 [60]. Similarly, AA regulates the expression of
SNHG17 and MIR100HG, known to be deregulated in various human cancers [61–64] and
in obesity, while DHA specifically up-regulates LIPE-AS1, a regulator of adipogenesis in
animal models [65]. Importantly, in CRC-affected patients, AA specifically down-regulates
LINC00893, known to act as a tumor suppressor in CRC [66].

Overall, our results show that, similar to what was observed for gene expression,
DHA and AA have a more pronounced capacity to modulate lncRNAs in adipocytes from
healthy controls as compared to those from obese and CRC subjects. The expression of
lncRNAs with cancer-regulating properties in VAT adipocytes, and their modulation by
PUFAs, may suggest that they have a relevant role in CRC development and/or progression
in light of their potential to be released and to affect distal tissues [67]. Moreover, our
network analysis identifies novel potential gene–lncRNA–RBP interactions, with most
PUFA-modulated lncRNAs acting as network hubs. Although some scattered data are
emerging on the cross-talk between PUFAs and regulatory RNAs in other systems, our
findings highlight novel protein-coding lncRNA regulatory circuits controlled by PUFAs in
AT, providing further evidence of the central role of this tissue in linking diet to obesity
and cancer.

The results obtained in this study through an omics approach and computational
analysis contribute to the identification of candidate genes, ncRNAs and their regulatory
networks relevant to many AT biological processes in response to PUFAs, although the
direct causality remains to be established. Of note, the focus on adipocytes, the most
transcriptionally active and functional cell type in AT [68], represents added value, albeit
with difficulties due to the requirement for fresh tissue and the low number of biolog-
ical replicates. Despite these limitations, our findings highlight new potential players
in diet–AT cross-talk, and pave the way for future experimental and functional studies,
potentially including larger subject groups and sex-stratified analyses aimed at more deeply
characterizing the mechanisms of the adipocyte response to PUFAs. In this regard, rele-
vant focus should be placed on lncRNAs, as emerging evidence links them to numerous
obesity-related disorders and multiple types of cancer [39,41,69,70].

We and other groups previously reported a reduced ω3/ω6 PUFA ratio in VAT, with
the accumulation of AA as well as of saturated FA, as a common feature of obese and
CRC-affected individuals [4,5,71–74]. Moreover, circulating free FAs were found to be
increased in these subject categories [75–77]. Based on this evidence, we might speculate
that the autocrine adipocyte stimulation by endogenous pro-inflammatory FA, as well as
by other inflammatory stimuli, occurring in obesity and CRC could result in impaired
responsiveness to exogenous stimulation with PUFAs, particularly those endowed with
beneficial anti-inflammatory potential. In support of this hypothesis, it has been recently
reported, in both mice and humans, that the high production of endogenous FA, also known
as de novo lipogenesis, occurring in metabolic diseases and widely demonstrated in both
obesity and CRC [78], can negatively affect exogenous ω3 PUFA uptake, thus reducing the
outcome of PUFA supplementation [79]. Accordingly, ω3 PUFA intervention was found
to decrease pro-inflammatory oxylipins and immune gene expression in SAT to a greater
extent in lean as compared to obese individuals [31].
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ω3 PUFA hypo-responsiveness might represent a limitation for their use as adjuvants
in the treatment of metabolic diseases or cancer. Conversely, our results and data from
the literature indicate that a robust response can be triggered in healthy individuals,
according to the protective effects on CRC and obesity risk reported for these PUFAs in
epidemiological studies [12,80,81]. This strongly supports the relevance of healthy diets
and the importance of consuming the recommended ω3/ω6 PUFA ratio in the primary
prevention of obesity and associated diseases. The nutritional prevention of metabolic
diseases continues to hold much promise, and the high CRC preventability highlights the
importance of modifiable lifestyle factors, including diet. In this scenario, the regulatory
action of dietary PUFAs on AT genomics provides further evidence of a role of diet in
the modulation of AT biology, and increases our mechanistic understanding of the role
of individual PUFAs, potentially enabling the translation of nutritional interventions into
effective risk reduction measures.

4. Materials and Methods
4.1. Ethics Statement

This investigation was conducted in accordance with ethical standards and with
the Declaration of Helsinki, and according to national and international guidelines. It
was approved by the Institutional Review Board of Istituto Superiore di Sanità (protocol
PRE 838/13-CE 13/410 on 19 December 2013). All enrolled subjects were provided with
complete information about the study and asked to sign an informed consent form.

4.2. Patient and Sample Collection

Human VAT was collected from age-matched lean and obese subjects undergoing
abdominal surgery or laparoscopy for benign conditions (i.e., gallbladder disease without
icterus, umbilical hernia and uterine fibromatosis) and from newly diagnosed CRC patients
(histologically proven primary colon adenocarcinoma, stage TNM I-II). The exclusion cri-
teria were as follows: clinical evidence of active infection, recent (within 14 days) use of
antibiotics and anti-inflammatory drugs, pregnancy, hormonal therapies, severe mental
illness, autoimmune diseases, family history of cancer, other neoplastic diseases. The
mean BMI was 23 Kg/m2 for the normal weight group, 35 Kg/m2 for the obese group and
23.3 Kg/m2 for the CRC group. Three subjects/category were analyzed. The anthropomet-
ric characteristics of subjects included in the study are reported in Supplementary Data S3.

4.3. Adipocyte Isolation/Culture and RNA Preparation

Adipocytes were isolated from VAT as previously described [35]. For each group of
individuals (n = 3), isolated cells were cultured in low-glucose Dulbecco’s modified Eagle’s
medium and left untreated or stimulated for 18 h at 37 ◦C with docosahexaenoic acid
(DHA, 10 µM; Sigma Aldrich, St. Louis, MO, USA) or arachidonic acid (AA, 5 µM; Cayman
Chemical Company, Ann Arbor, MI, USA) as previously described [6]. DHA and AA were
dissolved under a nitrogen atmosphere in 100% ethanol to make 10 mM stock solutions,
which were stored at −20 ◦C. Stock solutions were diluted in culture media prior to cell
treatment. Final concentration of ethanol in treated cells was less than 0.1%. Total RNA
was isolated with a Total RNA Purification Plus Kit (Norgen Biotek, Thorold, ON, Canada).
RNA quality and quantity were assessed by an Agilent 2100 Bioanalyzer and samples
stored at −80 ◦C until use. Total RNA (2 µg) was used to prepare the library for Illumina
sequencing. Single-end reads (>10 M reads per sample) were produced by Illumina HiSeq
2000 as previously described [35,41].

4.4. RNASeq Data Preprocessing and Differential Expression Analysis

Transcriptome reconstruction and differential expression analysis were performed
using the Tuxedo protocol as previously described [35]. Reads were mapped to the human
genome (hg38.p2 version) using HISAT2 [82]. Human genome and annotations of reference
genes and transcripts (Ensembl 79) were provided as input data. Alignments were then
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elaborated by StringTie [83], which assembled and quantified the transcripts in each sample.
Subsequently, the sample-specific assembled transcriptomes were merged together by a
dedicated StringTie module, which created a uniform set of transcripts for all samples. The
Gffcompare program was used to compare the genes and transcripts to the existing annota-
tions [84]. We used RSEM to estimate transcript abundances. Transcripts with <10 counts
in at least 60% of samples per group of subjects were filtered out. Differential expression
(pairwise comparisons) was computed in R v3.9 [85] using edgeR v3.18.1 [86], and a batch
effect correction was applied using RuvSeq v1.18.0 [87], with factors of unwanted variation
optimized to k = 7. Multiple-testing controlling of the False Discovery Rate (FDR) was
performed applying the Benjamini–Hochberg method. Transcripts with a corrected p-value
(FDR) ≤ 0.05 and log2(Fold Change) ≥ |2| were considered differentially expressed.

Re-annotation of previously unknown transcripts was performed using BioMart
v2.46.3 [88] in R to identify a higher number of lncRNAs. For lncRNAs that were still
not annotated, the lncBook nomenclature was used (https://ngdc.cncb.ac.cn/lncbook/,
last access 28 November 2023). Venn diagrams were generated with ggvenn v0.1.10 in
R, whereas hierarchical clustering was performed with JMP 10.0 (SAS Institute Inc., Cary,
NC, USA).

Raw sequence data will be made available on the NCBI Sequence Read Archive (SRA)
(http://www.ncbi.nlm.nih.gov/sra, accessed on 3 March 2024); the accession number is
PRJNA1082685.

4.5. mRNA-lncRNA Regulation Network Construction

The ENCORI [89] the RNAinter [90] databases were used to search for verified DEL-
RNA (including RNA-binding proteins) interactions. The overall targets were filtered
against the lists of DEGs and integrated to design specific interaction networks for each
condition with Cytoscape v3.9.1 software [91].

4.6. Functional Analysis

The list of DEGs for each condition was examined for significantly enriched pathways
by the Cytoscape plug-in ClueGO v2.5.7 [92], querying the Reactome database and applying
the Benjamini–Hochberg correction with p < 0.05.

4.7. Real-Time Quantitative PCR Validation of Differentially Expressed Transcripts

Gene expression profiling was performed using a custom-made Taqman® low-density
array (TLDA), as previously described [35]. Briefly, the synthesis of cDNA from 1 µg of
total RNA was performed using a High-Capacity cDNA kit (Applied Biosystems, Waltham,
MA, USA) following the manufacturer’s instructions. cDNA was mixed with 2 × TaqMan
Universal PCR Master Mix (Applied Biosystems), loaded on a TLDA card and run on
a QuantStudio 12 K Flex Real-Time PCR System (Applied Biosystems) following the
manufacturer’s instructions. Gene expression values were normalized to the expression
of GUSB (selected house-keeping gene). For each sample, the relative gene expression
level was determined according to the 2−∆∆CT method. The primer sequences are listed in
Supplementary Data S4. Statistical differences between PUFA-treated samples and basal
values were calculated by one-way analysis of variance (ANOVA) with LSD post hoc
tests by using SPSS software (Ver.20). Concordance between qPCR and RNASeq data was
determined by Pearson’s correlation coefficient analysis in JMP.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms25063357/s1.
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