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A B S T R A C T   

Western diet (WD), high in sugar and fat, promotes obesity and associated chronic low-grade pro-inflammatory 
environment, leading to impaired immune function, reprogramming of innate and adaptive immune cells, and 
development of chronic degenerative diseases, including cardiovascular disease. Increased concentrations of 
circulating and tissue ceramides contribute to inflammation and cellular dysfunction common in immune 
metabolic and cardiometabolic disease. Therefore, ceramide-lowering interventions have been considered as 
strategies to improve adipose tissue health. 

Here, we report the ability of omega-3 polyunsaturated fatty acids (n-3PUFA) to attenuate inflammatory 
phenotypes promoted by WD, through ceramide-dependent pathways. Using an animal model, we show that 
enrichment of WD diet with n-3PUFA, reduced the expression of ceramide synthase 2 (CerS2), and lowered the 
concentration of long-chain ceramides (C23-C26) in plasma and adipose tissues. N-3PUFA also increased prev
alence of the anti-inflammatory CD4+Foxp3+ and CD4+Foxp3+CD25+ Treg subtypes in lymphoid organs. The 
CerS inhibitor FTY720 mirrored the effect of n-3PUFA. Treatment of animal and human T cells with ceramide 
C24 in vitro, reduced CD4+Foxp3+ Treg polarisation and IL-10 production, and increased IL-17, while it 
decreased Erk and Akt phosphorylation downstream of T cell antigen receptors (TCR). These findings suggest 
that molecular mechanisms mediating the adverse effect of ceramides on regulatory T lymphocytes, progress 
through reduced TCR signalling. 

Our findings suggest that nutritional enrichment of WD with fish oil n-3PUFA can partially mitigate its 
detrimental effects, potentially improving the low-grade inflammation associated with immune metabolic dis
ease. Compared to pharmacological interventions, n-3PUFA offer a simpler approach that can be accommodated 
as lifestyle choice.   

1. Introduction 

It is now widely recognised that western diet (WD), rich in high 
energy-dense foods, can promote non-communicable multifactorial 

disease, increasing the prevalence of obesity, immune metabolic con
ditions and cardiovascular disease (CVD) [1–4]. In particular, WD has 
been shown to foster a chronic low-grade pro-inflammatory environ
ment associated with impaired immune function and reprogramming of 
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innate and adaptive immune cells, underpinning the development of 
chronic degenerative diseases, including CVD [1,3,5]. 

Regulatory T cells (Tregs) are a subset of CD4+ T lymphocytes that 
express the transcription factor protein Foxp3+ [6]. As well as being 
critical to controlling immune responses to self and environmental an
tigens, Tregs can promote tissue homeostasis and repair, and limit 
chronic inflammation [6–8]. The extensive phenotypic and functional 
diversity of Treg subtypes reflects their diverse origin and prevalence at 
different tissues, while their plasticity and function can be affected by 
diet components, including fatty acids [2,6,9,10]. Of importance to 
immune metabolic disease are the adipose tissue resident Tregs which 
interact with adipocytes and local immune cells, controlling the chronic 
low-grade inflammation associated with metabolic disorders, poten
tially, conferring protection [11–13]. WD can promote adipose tissue 
inflammation in a process driven by increased pro-inflammatory cell 
recruitment and insufficient anti-inflammatory responses of the resident 
Tregs [13–15]. It is therefore important to explore therapeutic ap
proaches to combat the deleterious adipose tissue responses to WD, in 
order to maintain metabolic health. 

Fatty acids mediate biological processes important for T lympho
cytes, including their differentiation to specific T cell subsets and gen
eration of immunological memory [9,16]. In particular, omega-3 (n-3) 
polyunsaturated fatty acids (PUFA) can suppress T cell antigen presen
tation, activation, proliferation and cytokine expression [10,17], while 
when used as nutritional supplements, they have shown promise in 
managing systemic inflammation [18]. Their protective activities are 
multifactorial, mediated through changes in cell membrane composi
tion, gene expression, lipid mediator production and signalling cascades 
[10,17,19]. N-3PUFA can induce Treg differentiation via upregulation 
of peroxisome proliferator-activated receptor (PPAR) γ [20], reduce 
CD4+ T cell activation via membrane raft related signalling [21,22], and 
as we have recently shown in a murine model, alter CD4+ T cell 
migration through changes in cytoskeletal dynamics and membrane 
microdomains [23]. 

Ceramides are potent bioactive sphingolipid mediators involved in 
biological processes including cell proliferation, apoptosis, migration, 
senescence, autophagy and inflammation [24–26]. Ceramide biosyn
thesis and metabolism proceed through highly controlled reactions that 
belong to three pathways: the de novo biosynthesis, sphingomyelin 
storage and the salvage pathway. The de novo biosynthesis reactions are 
controlled by serine palmitoyl transferase (SPT) and progress through 
ceramide synthase (CerS) - a family of 6 isoforms (CerS1-6) that differ in 
substrate specificity and tissue distribution - to generate an array of 
ceramides, derivatives of sphingosine and other sphingoid bases, and 
fatty acids of varying lengths. Dysregulation in sphingolipid metabolism 
leads to increased concentrations of ceramides systemically and in tis
sues. Whereas circulating ceramides are considered biomarkers of CVD 
with increased heritability, tissue accumulation of ceramides can impair 
cellular function and metabolism [25,27–29]. Indeed, in adipose tissue, 
increased levels of ceramides are considered to contribute to inflam
mation and dysfunction underpinning the development to immune 
metabolic and cardiometabolic disease [25,26,29]. Ceramide-lowering 
interventions have been considered as effective strategies to improve 
adipose tissue health. 

Here, we report the ability of n-3PUFA to attenuate inflammatory 
phenotypes promoted by WD, through ceramide-dependent pathways. 
Using an animal model, we show that enrichment of WD with n-3PUFA, 
reduced ceramide concentrations in plasma and adipose tissues, and 
promoted anti-inflammatory Treg subsets suppressed by ceramides 
through reduced TCR signalling. Our findings suggest that n-3PUFA 
intake can partially mitigate some of the detrimental effects of WD, 
potentially improving the low-grade inflammation associated with im
mune metabolic disease. 

2. Materials and methods 

2.1. Animal study 

Animal experimentation took place in accordance with the UK Home 
Office regulations and was compliant with the European Parliament 
Directive 2010/63/EU for the protection of animals used in scientific 
research. Wild-type (WT) C57BL/6J female mice (5 weeks old, Charles 
River Laboratories, Bristol, UK) were allocated to groups of 6–7 animals 
each; they were fed either a chow diet (CD) (CRM-P, Special Diet Ser
vices, LBS Biotech, London, UK), a western diet (WD) (AIN-76A Western 
Diet, TestDiet, IPS, London, UK) or a western diet enriched with 5% 
menhaden oil (WD + ω3) (TestDiet® 5342, TestDiet, IPS, UK) for 21 
days. The nutritional composition and fatty acid profile of all three diets 
are shown in Table 1. At the end of the study, no major changes in body 
parameters, including weight, were observed between the mice groups 
fed with either diet (mean body weight for CD: 19.0 ± 1.5 g; for WD: 
18.7 ± 1.5 g; for WD + ω3: 19.0 ± 0.7 g). Immunisation took place 14 
days after commencing the study (section 2.2). A further two groups of 
animals (6–7 animals each) were fed a WD for 21 days and treated with 
the ceramide synthase inhibitor FTY720 (SML0700-5MG; Merck, Gil
lingham, UK) [30] via 3 intraperitoneal injections (i.p.) (1 mg/kg) given 

Table 1 
(A) Composition of experimental chow diet (CD; CRM-P, SDS, UK), western diet 
(WD; AIN-76A, TestDiet, UK) and western diet enriched with omega-3 poly
unsaturated fatty acids (n-3PUFA) using 5% menhaden oil (WD + ω3; Test
Diet®5342, TestDiet UK). (B) Fatty acid composition of the menhaden fish oil 
used for the WD + ω3 diet. SFA: saturated fatty acids; MUFA: monounsaturated 
fatty acids; PUFA: polyunsaturated fatty acids.   

A. Composition of experimental diets 

Nutrients CD WD WD þ ω3 
Energy (Kcal/g) 3.59 4.49 4.50  
- Protein (%) 22.0 15.5 15.5  
- Fat (%) 9.08 40.1 40.0  
- Carbohydrates (%) 68.9 44.4 44.5 
Sucrose (%) 3.90 34.0 34.3 
Cholesterol (%) – 0.15 0.15 
Milk fat (%) – 20.0 15.0 
Corn oil (%) – 1.00 0.70 
Crude oil (%) 3.36 – – 
Menhaden oil (%) – – 5.00 
Fatty Acid Composition (%)    
Linoleic acid (C18:2n-6) 0.96 1.07 0.84 
α-Linolenic acid (C18:3n-3) 0.11 0.10 0.14 
Arachidonic acid (C20:4n-6) 0.11 0.03 0.07 
Total SFA 0.56 12.1 10.4 
Total MUFA 0.99 4.61 4.48 
Total n-3PUFA 0.11 0.21 1.51 
Total PUFA 1.18 0.58 1.91   

B. Fatty acid profile of menhaden fish oil (%) 

Myristic Acid (C14:0) 6.85 Hexadecadienoic Acid (C16:2n-9) 1.62 
Pentadecanoic Acid 

(C15:0) 
0.46 Hexadecatrienoic Acid (C16:3n-6) 1.51 

Palmitic Acid (C16:0) 14.8 Hexadecatetraenoic Acid (C16:4n-3) 1.53 
Heptadecanoic Acid 

(C17:0) 
0.38 Linoleic Acid (C18:2n-6) 1.93 

Stearic Acid (C18:0) 2.55 α-Linolenic Acid (C18:3, n-3) 1.48 
Arachidic Acid (C20:0) 0.17 Stearidonic Acid (C18:4n-3) 3.09 
Behenic Acid (C22:0) 0.10 Auricolic Acid (C20:2n-3) 0.18 
Lignoceric Acid (C24:0) 0.60 Bishomopinolenic Acid (C20:3n-6) 0.37 
Total SFA 25.9 Arachidonic Acid (C20:4n-6) 2.09 
Palmitoleic Acid (C16:1) 9.74 Eicosapentaenoic Acid (C20:5n-3) 14.2 
Oleic Acid (C18:1) 9.58 Heneicosapentaenoic Acid (C21:5n- 

3) 
0.76 

Gadoleic Acid (C20:1) 1.48 Adrenic Acid (C22:4n-6) 0.24 
Erucic Acid (C22:1) 0.33 Docosapentaenoic Acid (C22:5n-3) 2.82 
Selacholeic Acid (C24:1) 0.22 Docosahexaenoic Acid (C22:6n-3) 12.2 
Total MUFA 21.4 Total n-3 PUFA 36.3   

Total n-6 PUFA 6.14   
Total PUFA 44.0  
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at days 11, 16 and 18, or saline (vehicle control), as previously described 
[31,32]. These animals were also immunised at day 14 (section 2.2). At 
the end of the 21-day treatment period, all animals were sacrificed using 
CO2 (Schedule 1 procedure). 

2.2. In vivo T cell activation 

In order to elicit an immune response and generate memory CD4+ T 
cells, mice were subjected to allogenic immunisation as previously 
described [23]. In brief: at day 14 of the study the animals were given i. 
p. a mixture (1:1 ratio) of splenocytes from WT Balb/c and CBA male 
mice. After 7 days, the animals were sacrificed and mesenteric lymph 
nodes (mLN), spleen, adipose tissue from lower peritoneum (peri
gonadal fat) and subcutaneous fat, were harvested. Tissues used to 
isolate lymphocytes for flow cytometry analysis were processed fresh; 
tissues used for lipidomic analysis and RNA isolation were aliquoted, 
snap frozen and stored at − 80 ◦C. 

2.3. Murine in vitro CD4+ T cell polarisation and treatment 

Spleen and lymph nodes (mesenteric, inguinal and popliteal lymph 
nodes) were collected from naïve WT C57BL/6J female mice (n = 6 
animals). Lymphocytes were harvested from tissue digests following 
treatment with 5% bovine serum albumin (BSA) containing collagenase 
Type II (Merck, UK) and washed with phosphate buffered saline (PBS) 
containing 2% foetal calf serum (FCS, Sera Laboratories International, 
London, UK), as described before [23]. CD4+ T cells were isolated using 
the EasySepTM mouse CD4+ T cell isolation kit (Stemcell Technologies, 
UK) according to the manufacturer’s instructions. Cells were cultured in 
media consisting of RPMI-1640 (RO883, Merck, UK), 10% FCS, 1% non- 
essential amino acids, 1% penicillin and streptomycin, 1% L-glutamine 
and 0.1% beta-mercaptoethanol (β-ME). Murine CD4+ T cells were 
activated with plate bound anti-CD3 (1 μg/mL, eBioscience, Thermo
Fisher Scientific, Horsham, UK), anti-CD28 (1 μg/mL, eBioscience, 
ThermoFisher Scientific, UK) and cultured for 3 days. Simultaneously 
with the activation, cells were also treated with ceramide C24 (d18:1/ 
24:0, N(24)S(18)) (0.1 μM and 0.01 μM) (Avanti Polar Lipids, USA). 
Ceramide C24 was solubilised in a solution of methanol (VWR, Poole, 
UK) and fatty acid free BSA solution (4 mg BSA/ml of water, Merck, UK) 
(1:4, w/v), according to the supplier’s instructions. The volume of C24 
ceramide solutions used to treat the lymphocytes did not exceed 0.05% 
of the culture medium. Murine CD4+ T cells were then polarised in vitro. 
For Th0, cells were treated with IL-2 (50 IU/ml); for Treg, cells were 
treated with IL-2 (50 IU/ml) (Peprotech, London, UK) and transforming 
growth factor beta (TGFβ) (10 ng/ml) (Biolegend, London, UK) [33]. 
Cells were then cultured for a further 3 days before being analysed by 
flow cytometry. 

2.4. Human in vitro CD4+ T cell polarisation and treatment 

Human blood mononuclear cells (PBMC) were obtained from the 
Birmingham blood donor and transfusion centre (REC 20/WA/0092). 
CD4+ T cells were isolated from PBMC using the Stemcell EasySepTM 
human naïve CD4+T cell isolation Kit (Stemcell Technologies, Cam
bridge, UK) according to the manufacturer’s instructions. The cells were 
then activated using human T cell activator beads (Dynabeads; Ther
moFisher Scientific, UK) and treated with ceramide C24 (0.1 and 0.01 
μM) as described in section 2.3. Human CD4+ T cells were then polarised 
in vitro. For Th0, cells were treated with IL-2 (100 IU/ml); for Treg, cells 
were treated with IL-2 (100 IU/ml) (Peprotech, UK) and TGFβ (10 ng/ 
ml) (Biolegend, UK) [33]. Cells were then cultured for a further 5 days 
before analysis by flow cytometry, while secreted cytokines were 
assessed by ELISA. 

2.5. Flow cytometry 

Lymphocytes were collected from animal lymphoid organs and fat 
tissues following digestion with 5% BSA containing collagenase Type II 
(Merck, UK) as described before [23]. Red blood cells present in the 
spleen samples were lysed before staining (Hybri-Max red blood cell 
lysis buffer, Merck, UK). Murine and human ex vivo polarised CD4+ T 
cell subtypes were analysed after in vitro activation (described in sec
tions 2.3 and 2.4 respectively). Dead cells were excluded from the 
analysis by staining with a live/dead stain (fixable Near IR Live and 
Dead; Invitrogen, UK). Surface staining of cell suspensions was per
formed using conjugated primary antibodies for the following markers: 
CD4 (RM4-5), CD44 (IM7), LFA1(M17/4), CXCR3 (CXCR3-173), BCL-2 
(100) and CD25(PC61) (1:200, eBioscience, BioLegend, San Diego, 
USA). Antibodies were incubated at 4 ◦C for 30 min and washed in FACS 
buffer (2% FCS PBS). For intracellular staining, isolated cells were 
treated with a permeabilization buffer (eBioscience/Invitrogen), fixed 
and stained for Foxp3 (1:200, eBioscience, BioLegend, San Diego USA) 
at 4 ◦C for 30 min, as previously described [23]. Cell preparations were 
assessed by flow cytometry using an LSRFortessa (BD Biosciences, 
Berkshire, UK) and FlowJo software (version 10.7, BD Life Sciences, 
UK). 

2.6. Cytokine analysis 

The concentration of target cytokines (IL-10, IL-17A) in murine 
CD4+ T cell culture supernatants was assessed using commercially 
available uncoated ELISA kits (Thermo Fisher Scientific, UK) according 
to the manufacturer’s instructions. Briefly, 96-well flat-bottom high- 
affinity ELISA plates were coated overnight at 4 ◦C with the capture 
antibody and then treated with the blocking buffer before adding the 
test samples and standards. This was followed by successive incubation/ 
wash steps with the detection antibody, (streptavidin-horseradish 
peroxidase) and assay substrate (tetramethylbenzidine) before incu
bating the final solutions in the dark. Optical density was measured 
using a microplate reader (Spectrostar omega; BMG Labtech, Aylesbury, 
UK) at 450–570 nm. 

2.7. Western blotting 

Human naïve CD4+ T cells isolated from PBMC (described in section 
2.4.) were treated with ceramide C24 (0.1 μM) overnight (12 h, 37 ◦C) 
and then activated using human T-cell activator beads (Dynabeads; 
ThermoFisher Scientific, UK) for 5, 10 and 15 min, or not activated. 
Then, cells were lysed in RIPA lysis buffer (Merck, UK) containing 
protease inhibitors (Merck, UK). The protein content of each sample was 
estimated using the Bradford assay (Bio-Rad, Watford, UK); equal 
amounts were separated by SDS PAGE (Mini-PROTEAN TGX Gels; Bio- 
Rad, Watford, UK) and transferred onto nitrocellulose membranes 
(Trans-Blot Turbo Transfer System and membranes; Bio-Rad, Watford, 
UK). Membranes were blocked at room temperature (1 h, using 5% 
Milk/TBS-T, Marvel, Merck, UK), incubated overnight at 4 ◦C with pri
mary antibodies for phospho-Erk1/2 (Thr202/Tyr204), p44/42 MAPK 
(Erk1/2), phospho-Akt (Ser473) (D9E), Akt and β-actin (1:1000), fol
lowed by an anti-rabbit IgG, HRP-linked secondary antibody (1:2000) 
(all antibodies from Cell Signaling Technology, Danvers, Massachusetts, 
USA). Band densities were measured with ChemiDoc MP imaging system 
(Bio-Rad, UK) and processed using ImageJ software [34]. Protein band 
densities were normalised against the β-actin loading control, using the 
total of the two Erk or pErk bands according to the manufacturer’s in
structions; data shown as relative fold change (pAkt/Akt and pErk/Erk). 

2.8. RNA isolation and quantitative real-time PCR 

Total RNA was isolated from subcutaneous and perigonadal fat (≈20 
mg tissue) using TRIzol reagent (Merck, UK) and purified using a 
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mirVana kit (Fisher Scientific, Loughborough, UK), according to the 
manufacturer’s instructions. RNA quality and concentration was 
measured on a NanoDrop 2000 (Fisher Scientific, UK) before 1 µg was 
transcribed into cDNA using a QuantiTect Reverse Transcription kit 
(Qiagen, Manchester, UK). Quantitative real-time (qRT) cDNA amplifi
cation was performed in triplicate using SYBR Green Supermix (Qiagen, 
UK) and QuantiTect primer sets (GADPH (GeneGlobe ID QT01658692), 
Actb (GeneGlobe ID QT00095242), CerS2 (GeneGlobe ID QT00144025), 
CerS5 (GeneGlobe ID QT00101605) and CerS6 (GeneGlobe ID 
QT00137291)); Qiagen, UK) in a Quantstudio 12 K Flex RT-PCR system 
(Applied Biosystems, Waltham, Massachusetts, USA). Reactions condi
tions were: 50 ◦C for 2 min, 95 ◦C for 15 min and then 45 cycles of 94 ◦C 
for 15 s, 55 ◦C for 30 s, 72 ◦C for 30 s and cycle threshold (Ct) values 
were calculated. mRNA expression of CerS2, CerS5, CerS6 was 
normalized against the mean signal of β-actin and GAPDH housekeeping 
genes. Data were expressed as mean ± SEM relative to CD. 

2.9. Ceramide UPLC/ESI-MS/MS analysis 

Extraction and analysis of ceramides, phosphorylated ceramides, 
phosphorylated bases and free sphingoid bases was performed as 
described previously [23,28,35]. In brief, plasma (100–200 μl), peri
gonadal and subcutaneous fat tissue (30–40 mg) were homogenized in 
ice-cold chloroform/methanol (2:1, v/v, Fisher Scientific, UK), spiked 
with deuterated internal standards: 20 ng each of ceramide N(16)DS 
(18)-d9, ceramide N(18)S(18)-d3 and ceramide A(16)S(18)-d9 and 50 
pmol of Cer/Sph Mixture I (Avanti Polar Lipids, USA). Following addi
tion of ice-cold water (Fisher Scientific, UK), the organic layer was 
separated by centrifugation, evaporated to dryness and reconstituted in 
ethanol (Fisher Scientific, UK). Lipid extracts were analysed by ultrahigh 
performance liquid chromatography tandem mass spectrometry with an 
electrospray source (UPLC/ESI-MS/MS) using a Xevo-TQS mass spec
trometer (Waters, Milford, Massachusetts, USA). Adipose tissue lipid 
extracts were cleaned-up by solid-phase extraction using a 100 mg 
Silica-Si cartridge (Strata SI-1-Silica; Phenomenex, UK) before analysed 
by UPLC/ESI-MS/MS. Ceramides were separated on a C8 column 
(Acquity UPLC BEH C8; 100 × 2.1 mm; 1.7 μm; Waters, USA) using a 
gradient elution with water and methanol, both modified with 0.1% 
formic acid (Fisher Scientific, UK). Detection was performed by multiple 
reaction monitoring (MRM) in the positive ionization mode; MRM 
transitions, indicative retention times and other experimental settings 
are provided in [35]. For instrument control and data acquisition Mas
sLynx and TargetLynx software (Waters, USA) were used. Relative 
quantification of ceramides was carried out using the concentrations of 
deuterated and class specific internal standards. Proteins precipitated 
during lipid extractions were quantified using protein assay kit (Bio- 
Rad, Hemel Hempstead, UK), as described [36]. 

The notation used to describe ceramide species follows the system 
used by Masukawa et al [37,38]. For example, CER[NS] indicates a 
ceramide with a non-hydroxy fatty acid [N] and a sphingosine [S] base, 
whilst CER[NDS] is a ceramide with a non-hydroxy fatty acid [N] and a 
dihydro-sphingosine base [NS]. The acyl chain and sphingoid base 
carbon numbers for each ceramide species are shown in brackets (e.g., N 
(24)S(18)) (Fig. 1A). 

2.10. Statistical analysis 

Statistical details of each experiment can be found in the figure 
legends. Statistical tests were selected based on appropriate assumptions 
with respect to data distribution and variance characteristics. Data dis
tribution was assessed for normality using the Shapiro-Wilk and 
Kolmogorov-Smirnov tests. For the animal study, one-way ANOVA 
(uncorrected Fisher’s LSD) was used to assess for differences in tissue 
ceramide concentrations between three groups and one-way ANOVA 
followed by Tukey’s multiple comparisons post-hoc test was used to 
compare mRNA expression between three groups. For the cell studies, 

data were analysed by Mann-Whitney or one-tailed Student’s t-test. 
Statistical analyses were performed using GraphPad Prism v.9 (Graph
Pad Software, San Diego, California, USA); a p-value of < 0.05 was 
considered to be statistically significant. 

3. Results 

3.1. N-3PUFA enrichment reverses WD-mediated increases in plasma and 
adipose tissue ceramides 

Ceramide profiles of plasma, visceral (perigonadal) and peripheral 
(subcutaneous) fat tissues were analysed by UPLC/ESI-MS/MS to assess 
the impact of a diet high in saturated fatty acids, omega-6 (n-6) PUFA 
and refined sugar (WD), and the effect of enriching the WD with n- 
3PUFA (WD + ω3). We found a total of 50 ceramide species in the mouse 
tissues examined (Fig. 1A). CER[NS] and CER[NDS] were the main 
classes detected in both plasma and adipose tissues; the majority of these 
ceramides were derivatives of two 18 carbon (C18) sphingoid bases, 
namely sphingosine (S18) and dihydro-sphingosine (DS18) [37,38]. The 
most abundant ceramide species in all tissues examined were N(23)S 
(18) and N(24)S(18) (Fig. 1A). Lower concentrations of CER[NP], CER 
[AS] and CER[ADS] species were found in both adipose tissues and 
plasma, whereas some CER[AP] ceramides were detected in low abun
dance in perigonadal fat. 

We observed that, in response to WD, the overall mean concentration 
of ceramides was increased in plasma, perigonadal fat and subcutaneous 
fat, compared to animals fed a CD diet (Fig. 1B) The impact of WD was 
greater on plasma ceramides, increasing the concentration of the most 
prevalent CER[NS] and CER[NDS] species, as well as the phosphory
lated ceramide N(16)S(18) C1P (Fig. 1A). In the adipose tissues, WD 
significantly increased the most abundant CER[NS] species, notably N 
(23)S(18) and N(24)S(18) (Fig. 1A), as well as the sum of CER[NS] 
species (Fig. 1B), whereas CER[NDS] species were found either reduced 
(perigonadal fat) or not affected (subcutaneous fat). WD increased the 
fat tissue concentration of the phosphorylated ceramide N(16)S(18) C1P 
(p < 0.0001), similar to what was observed in plasma (Fig. 1A). 

Interestingly, enrichment of the WD with n-3PUFA reduced both 
blood and fat tissue ceramides to basal (CD) levels (Fig. 1A,B). In 
plasma, n-3PUFA attenuated the effect of WD by reducing the concen
tration of almost all ceramides, while in the adipose tissues, n-3PUFA 
reduced CER[NS] but did not alter the levels of CER[NDS] species. 
Finally, the n-3PUFA enrichment increased adipose tissue levels of some 
minor CER[ADS] and CER[NP] species that had not been affected by 
WD. 

3.2. N-3PUFA attenuate the WD-induced ceramide synthase gene 
expression in visceral fat 

To understand the molecular mechanism underpinning the effect of 
the n-3PUFA enrichment of WD (WD + ω3 diet) on ceramide concen
trations, we examined the molecular composition of ceramides found in 
plasma (systemic) and in adipose tissues (local). The majority of 
ceramides affected were CER[NS] derivatives of C18 sphingosine, with 
acyl chain lengths spanning from C14 to C28 (Fig. 2A-C). The WD diet 
significantly increased the concentration of ceramides with C23 and C24 
acyl chains in both plasma and adipose tissues (p < 0.0001 and 0.05, 
respectively), and C26 (p < 0.01) in plasma, while the WD + ω3 diet 
attenuated this effect, reducing plasma and perigonadal fat ceramide 
concentration to control levels (Fig. 2A,B); the WD + ω3 diet did not 
have a significant effect on subcutaneous fat (Fig. 2C). 

As the size of the sphingoid base was not affected, we examined the 
fat tissue expression of ceramide synthase (CerS), the enzyme deter
mining the ceramide acyl chain length [39]. We measured gene 
expression of CerS2, CerS5 and CerS6, the isoforms that have specificity 
for C22-26, C14 and C16 acyl chains, respectively [39]. CerS2, CerS5 
and CerS6 were found expressed in perigonadal and subcutaneous fat 
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Fig. 1. Effect of western diet (WD) and n-3PUFA enriched WD (WD þ ω3) on ceramides, sphingoid bases, phosphorylated ceramides found in fat tissues 
and plasma. As well as individual species (A), the WD and WD þ ω3 diets altered ceramide classes and total ceramides (B). Tissue was obtained from female 
C57BL/6J WT mice fed a chow (CD), western (WD) or western with 5% menhaden oil (WD + ω3) diet (n = 6 mice per diet group). Data is expressed as ng/mg protein 
in solid tissues and ng/ml in plasma. The values denote individual values (A) or mean ± SEM (B); *p < 0.05, **p < 0.01, ***p < 0.001, **** p < 0.0001 comparing CD 
vs WD; #p < 0.05, ## p < 0.01, ### p < 0.001, #### p < 0.0001 comparing CD vs WD + ω3; †p < 0.05, †† p < 0.01. ††† p < 0.001, †††† p < 0.0001 comparing WD vs WD 
+ ω3 (one-way ANOVA; uncorrected Fisher’s LSD). 
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(Fig. 2D, E). In perigonadal (visceral) fat, WD significantly increased 
CerS2, and S6 gene expression (p < 0.05 compared to CD); all changes 
were reversed following n-3PUFA enrichment of WD, and gene expres
sion was reduced to control levels (Fig. 2D,E). Changes in subcutaneous 
fat CerS gene expression were less profound, and CerS2 expression 
decreased following WD (p < 0.05 WD vs control). 

3.3. N-3PUFA enrichment increases anti-inflammatory CD4+Foxp3+

Treg subtypes in perigonadal fat-draining lymphoid tissues of WD-fed 
animals 

As n-3PUFA enrichment of WD was found to reduce ceramide levels 
systemically (plasma) and locally (adipose tissue), we examined 
whether this effect was accompanied by changes in T cell profiles in 
lymphoid organs and fat tissues. The numbers and subtypes of CD4+ T 
cells present in spleen, mLN and perigonadal fat were assessed by flow 
cytometry. Dietary enrichment with n-3PUFA led to a significant in
crease of CD4+Foxp3+ Tregs in the spleen and mLNs of the WD + ω3 
animals compared to WD (Fig. 3A); a similar trend was observed in 
perigonadal fat, although did not reach statistical significance. Increased 
prevalence of the anti-inflammatory CD4+Foxp3+CD25+ Tregs, typi
cally found in peripheral tissues [6], was also significantly increased in 
the spleen, but not mLN or perigonadal fat of WD + ω3-fed animals 
(Fig. 3B). The impact of WD + ω3 was restricted to Tregs as we did not 
observe any significant changes in the prevalence of the pro- 
inflammatory effector memory CD44+LFA1+ and CD44+CXCR3+ T 
cell subtypes, known to infiltrate inflammatory tissues (Fig. 3C and D, 
respectively) [40]. 

3.4. Inhibition of CerS increases prevalence of CD4+Foxp3+ Treg 
subtypes in lymphoid tissues of WD-fed animals 

To confirm whether the observed changes in Tregs were a conse
quence of n-3PUFA-induced inhibition of ceramides through reduced 
expression of CerS, mice fed a WD were systemically treated with 
FTY720, a widely used non-specific CerS inhibitor [31,32,41,42]. 
Analysis of plasma samples showed that FTY720 inhibited total plasma 
ceramides (p < 0.01), also reducing the concentration of species pro
duced by CerS2 (C22-26), including C24 (Fig. 4A). 

Flow cytometry analysis showed that the FTY720-treated animals 
had significantly higher numbers CD4+Foxp3+ Treg in both spleen and 
mLN, compared to untreated WD-fed animals; this change was accom
panied by concomitant lower proportion of CD4+Foxp3- Tregs (Fig. 4B). 
Additionally, inhibition of CerS led to a significant increase in the anti- 
inflammatory CD4+Foxp3+CD25+ Treg population with increased 
incidence of Foxp3+BCL2+ cells in both spleen and mLN (Fig. 4C and D, 
respectively) suggesting activation of anti-apoptotic pathways by 
FTY720 [43]. The effect of FTY720 was similar to that observed 
following the n-3PUFA intervention. 

3.5. Ceramides interfere with Treg differentiation and cytokine 
production 

To obtain mechanistic insights and elucidate the role of ceramides in 
Treg cell biology, isolated murine CD4+ T lymphocytes were differen
tiated to Treg ex vivo (Fig. 5A) in the presence of the long chain ceramide 
N(24)S(18) (C24). We studied the impact of C24 ceramide, as this was 

Fig. 2. Effect of western diet (WD) and n-3PUFA enriched WD (WD þ ω3) on the fatty acyl chain of ceramides found in plasma (A), perigonadal fat (B) and 
subcutaneous fat tissue (C), and gene expression of CERS2, 5 and 6 in fat tissue (D, E). Tissue was obtained from female C57BL/6J WT mice fed a chow (CD), 
western (WD) or western with 5% menhaden oil (WD + ω3) diet (n = 6 mice per diet group). The values denote mean ± SEM (A-C). Data is expressed as ng/mg 
protein in solid tissues and ng/ml in plasma; *p < 0.05, **p < 0.01, ***p < 0.001, **** p < 0.0001 (one-way ANOVA; uncorrected Fisher’s LSD). Ceramide synthase 
mRNA expression in perigonadal and subcutaneous fat in mice fed CD, WD or WD + ω3 (n = 6 animals per diet group). Total RNA was extracted using the TRIzol 
method, purified using a mirVana kit and quantified using qRT-PCR. Gene expression was normalized against β-actin and GAPDH and data were expressed as mean 
± SEM relative to CD; *p < 0.05, **p < 0.01 (one-way ANOVA with Tukey’s post-hoc adjustment). 
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the most abundant species identified in the animal study (Fig. 1A), it was 
reduced following n-3PUFA dietary intervention, and was also 
commercially available as synthetic standard. Ceramide C24 was 
assessed at concentrations found in the animal tissues (Fig. 1). 

Differentiation of murine CD4+ T lymphocytes in the presence of 
ceramide C24 (0.1 μM, 3 days) showed significant reduction of 
CD4+Foxp3+ Tregs compared to untreated control cells (p < 0.01) 
(Fig. 5B). A concomitant reduction in IL-10 production (p < 0.05), a 
cytokine produced by CD4+Foxp3+ Tregs, confirmed the effect of C24 in 

reducing the prevalence of this T cell subtype (Fig. 5C). Treatment with 
C24 (0.1 μM, 3 days) resulted in a significant increase in IL-17 produc
tion (p < 0.01) (Fig. 5D), suggesting a shift towards an inflammatory 
phenotype. The treatment had no effect on the prevalence of CD4+INFγ+

T cells (Fig. 5E). Ceramide C24 treatment did not induce murine T cell 
toxicity, and all groups had > 80% cell viability as assessed by flow 
cytometry (Fig. 5F). 

Fig. 3. N-3PUFA enrichment of WD alters the distribution of T cell subsets in lymphoid organs and fat tissue. Female C57BL/6J mice (n = 4–5) were fed 
western (WD) or western with 5% menhaden oil (WD + ω3) for 21 days and were subjected to an allogenic immunization via intraperitoneal injections at day 14. 
Data is expressed as mean of frequency of Foxp3+ (A) and Foxp3+ CD25 + (B), within the total live CD4 + T cell population, and LFA1+ (C) and CXCR3+ within the 
total live CD44+ T cell population, in the spleen, mesenteric lymph node (mLN) and perigonadal fat. Representative FACS plot showing the gating (A, B, C, D). Data is 
expressed as mean ± SEM; *p < 0.05; **p < 0.01 (Mann-Whitney test). 
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3.6. Ceramides reduce Treg differentiation via Akt and Erk downstream 
of TCR signalling 

As treatment with ceramide C24 appeared to divert the differentia
tion of Tregs towards an inflammatory Th17 phenotype, we explored its 
effect on Akt and Erk phosphorylation. These signalling pathways are 
downstream of the TCR and their activation can be used as proxy of the 
strength of the TCR signal [44]. The experimental design requires the 
overnight conditioning of T cells with ceramide C24 before triggering 

CD3/CD28 expression leading to TCR activation. However, naïve mu
rine T cells are not viable in culture unless their TCR is engaged 
immediately after purification [45], hence the Akt and Erk experiments 
were performed with human naïve CD4+ T cells isolated from PBMCs, 
which are in a state of pre-activation and can be cultured for a few hours 
without TCR triggering. 

Human naïve CD4+ T lymphocytes isolated from PBMCs, were 
treated with ceramide C24 (0.1 μM, 5 days) and polarised in vitro. The 
C24 treatment reduced CD4+Foxp3+ Treg differentiation (p < 0.01) 

Fig. 4. The ceramide synthase (CerS) inhibitor FTY720 reduces plasma ceramides (A), and increases Foxp3þ (B), Foxp3þ CD25þ (C) and Foxp3þ BCL2þ (D) 
Tregs in lymphoid tissues. Total plasma ceramide concentrations and distribution of fatty acyl chain of ceramides (A). Representative FACS plots showing the 
gating of Foxp3+ (B), Foxp3+ CD25+ (C) and Foxp3+ BCL2+ (D) regulatory T cells (Tregs). Female C57BL/6J mice (n = 6) were fed western diet (WD) for 21 days and 
were subjected to an allogenic immunization via intraperitoneal injections at day 14. Inhibition group mice were given intraperitoneal injections of FTY720 (1 mg/ 
kg) or vehicle control three times (days 11, 14 and 18) (WD + FTY720). Ceramide data expressed as ng/ml in plasma, mean ± SEM; **p < 0.01, *** p < 0.001, **** p 
< 0.0001 (one-way ANOVA; uncorrected Fisher’s LSD). T cell data expressed mean of frequency ± SEM of Foxp3+ and Foxp3- (B), Foxp3+ CD25+ (C) and Foxp3+

BCL2+ Tregs (D) within the total live CD4+ T cell population in the spleen and mesenteric lymph node (mLN); *p < 0.05; **p < 0.01 (Mann-Whitney test). 
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(Fig. 6A), without affecting cell viability (Fig. 6C). Following CD3/CD28 
activation of the ceramide C24-treated CD4+ T cells (0.1 µM), a reduc
tion in pAkt and pErk (Fig. 6B) expression was observed; the effect was 
noted as early as 10 min for pAkt (p < 0.05) and 5 min for pErk (p <
0.05). 

4. Discussion 

Our results show that, in an animal model, enrichment of WD with n- 
3PUFA-containing fish oil reduces the expression of CerS2 and the 
concentration of long-chain ceramides (C23-C26) in plasma and adipose 
tissues, and it increases the prevalence of the anti-inflammatory 
CD4+Foxp3+ and CD4+Foxp3+CD25+ Treg subtypes in lymphoid or
gans. Pharmacological use of the CerS inhibitor FTY720 in WD-fed an
imals, mirrored the effect of the n-3PUFA intervention, supporting the 
notion that ceramide-mediated pathways underpin the observed Treg 
differentiation. Ceramide C24, the most abundant species found in the 
animal tissues, reduced CD4+Foxp3+ Treg polarisation and IL-10 pro
duction ex vivo, and decreased Erk and Akt phosphorylation in ceramide 
C24-treated Tregs. These findings suggest that aspects of the molecular 
mechanism mediating the adverse effect of ceramides on CD4+ T cells, 
progress through reduced TCR signalling. 

Diets high in fat, such as the WD, stimulate ceramides with conse
quent promotion of inflammatory and pro-apoptotic pathways, while 
saturated fatty acids such as palmitate, typically high in WD, advance 
ceramide lipotoxicity [26,46–49]. Dysregulated sphingolipid meta
bolism is also implicated in several immune metabolic diseases, with 
increased level of blood ceramides now considered as a CVD biomarker 
[27,29]. Furthermore, pharmacological inhibition, genetic modifica
tions, and KO models of CerS have demonstrated that reducing liver, 
adipose tissue and plasma ceramides improves systemic health [50–53]. 

Reducing ceramides is also beneficial for T cells as it leads to higher TCR 
signal and increased prevalence of Tregs, potentially conferring pro
tection and reducing inflammation [54,55]. 

Reducing ceramides via WD enrichment with fish oil n-3PUFA or 
CerS inhibition, increased the anti-inflammatory CD4+Foxp3+ and 
CD4+Foxp3+CD25+ Treg subtypes. CD4+Foxp3+CD25+ Tregs found 
mainly in the blood, may promote disease resolution, and can protect 
against atherogenesis [56]. Furthermore, the CerS inhibitor significantly 
increased the expression of BCL2+, a marker of enhanced Treg differ
entiation and immunosuppression [43]. Interestingly, in our model, 
inhibition of ceramides did not reduce other proinflammatory cell types. 
This finding suggests a specificity towards Tregs that needs to be further 
explored and confirmed, as ceramides are important for the differenti
ation and effector function of CD4+ T lymphocytes, and their levels may 
impact upon the prevalence of other T cell subtypes [57]. 

In search of the molecular mechanism underpinning the activity of 
ceramides, we showed that C24 diverted Treg differentiation from an IL- 
10, immunosuppressive phenotype towards a pro-inflammatory Th17 
phenotype. Our data also suggests that C24 ceramide can reduce the 
strength of the TCR signal, as indicated by reduced downstream Akt and 
Erk phosphorylation [44,58,59]. The frequency of Tregs expressing IL- 
17 is increased in patients with immune mediated chronic disease 
such as psoriasis, inflammatory bowel disease and rheumatoid arthritis 
[44]. However, we did not notice an increase in IFN-γ-producing Tregs, 
typically associated with autoimmune disease [44]. 

In our study, the impact of inhibiting ceramides affected mainly the 
lymphoid organ Tregs. This could be attributed to the experimental 
design as the animals were fed the WD or WD + ω3 diets for only 3 
weeks, and they were not obese. Further work using higher n-3PUFA 
doses, longer supplementation periods, with obese or older animals, or 
models of immune metabolic disease are needed to explore the 

Fig. 5. C24 ceramide reduces Foxp3þ Treg differentiation (A) and production of IL-10 (B), increases production of IL-17A (C), but does not alter the 
prevalence of CD4þIFNγþ T cells (D) or cell viability (E) in an animal model. Pooled CD4+ T cells (n = 5–6 mice) were treated with C24 ceramide (0.01 and 0.1 
µM) or left untreated for 3 days, followed by CD3/CD28 (1 µg/mL) plate bound activation, in vitro. Data expressed as mean of frequency ± SEM of Foxp3+ (A), mean 
concentration ± SEM of IL-10 (B) and IL-17 (C), mean frequency ± SEM of INF+, and mean ± SEM of live cell numbers (E); *p < 0.05; **p < 0.01 (Mann-Whitney 
test). Representative flow cytometry gating strategy used in vitro CD4+ T cell differentiation assay. Lymphocytes were gated according to their typical location on 
forward and side scatter followed by live CD4+ singlets and Th0 (control group) and regulatory T cells gated according to Foxp3 marker (F). 
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efficiency of the supplement. Adipose tissue resident CD4+Foxp3+ Treg 
are important in establishing peripheral tolerance and may be protective 
[8,12]. It is therefore important to examine whether adipose-specific 
Treg lineages are responding similarly to T cells differentiated in the 
lymphoid organs prior to entering the circulation to reach peripheral 
inflamed tissues [6,12,13]. 

Our findings clearly show that when the WD is enriched with fish oil 
n-3PUFA, it can significantly reduce a range of ceramide species 
including the commonly examined CER[NS], but also the dihydro- 
sphingosine CER[NDS] species, an emerging target for metabolic dis
ease [60]. Our study demonstrates that the impact of n-3PUFA is more 
profound in plasma ceramides, suggesting a systemic effect with impact 
on multiple tissues including the liver, a major site for ceramide pro
duction. Ceramide synthases CerS2, CerS5 and CerS6 are highly 
expressed in the adipose tissue and liver, having been linked to glucose 
homeostasis and insulin resistance [39,49]. Our data show that visceral 
but not subcutaneous fat had a more profound response to WD and n- 
3PUFA enrichment of WD, both in terms of ceramide production and 
Treg differentiation. Inflamed visceral fat is involved in obesity and 
immune metabolic disease, therefore local ceramide production may be 
important for both resident and infiltrating T lymphocytes. As both CD 
and WD animal diets contained adequate amounts of the essential n- 
3PUFA α-linolenic acid (ALA; C18:3n-3) (Table 1), the beneficial effects 
reported here can be directly attributed to eicosapentaenoic (EPA; 
C20:5n-3), docosahexaenoic (DHA; C22:6n-3), docosapentaenoic (DPA; 
C22:5n-3), stearidonic acid (C18:4n-3) and other n-3PUFA species found 
in the fish oil used to enrich the WD diet. Whether the beneficial activity 
of fish oil is attributed to its individual n-3PUFA components or their 
mixtures remains to be explored. 

Compared to pharmacological interventions, nutritional 

supplementation with n-3PUFA can offer a simpler, more affordable 
intervention to alleviate and, potentially, reverse the detrimental effects 
of WD. As the effect of n-3PUFA occurs without the requirement to stop 
the WD, it has the additional advantage of being accommodated as a 
lifestyle change. Further work should explore the effectiveness of this 
approach in disease; in a recent study with non-alcoholic fatty liver 
disease (NAFLD) patients, n-3PUFA were less effective in reducing 
plasma ceramides compared to fenofibrate [35]. This may be an overall 
limitation of the nutritional supplementation approach as it may not be 
effective in reversing ceramide pathways after the onset of disease. 
However, it could be used to counteract the early stages of damage 
caused by high fat diets, controlling ceramide production, and acting as 
a prevention strategy. 

Overall, n-3-PUFA enrichment of WD appears to act as ceramide 
production inhibitor, attenuating the negative effects of a diet high in 
fat, and in doing so, improve the profile and population of immune cells, 
potentially ameliorating overall health. Fish oil n-3PUFA are safer than 
pharmacological agents and can be taken as supplements but also 
through foods, without the need for expensive interventions. 
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