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Abstract

Objective—Polyunsaturated fatty acids (PUFAs) regulate fatty acid desaturase (FADS1, FADS2) 

expression in the liver; however, it is unknown whether PUFAs regulate FADS in adipocytes. This 

is important to study considering reports that link altered desaturase activity with adipose tissue 

PUFA profiles, body weight, and whole-body glucose homeostasis. Therefore, the present study 

aimed to determine the direct effects of PUFAs on FADS expression in differentiated 3T3-L1 

adipocytes.

Methods—Differentiated 3T3-L1 adipocytes were treated with either α-linolenic (ALA), linoleic 

(LA), eicosapentaenoic (EPA), or arachidonic acid (AA). Gene expression, protein abundance, and 

cellular PUFA content were analyzed by real-time RT-PCR, Western blotting, and gas 

chromatography, respectively.

Results—Fads1 and Fads2 gene expression was reduced by EPA and AA, but not ALA or LA. 

Reductions in gene expression were reflected in FADS2 protein levels, but not FADS1. Treating 

cells with ALA and LA led to significant increases in the cellular content of downstream PUFAs. 

Neither ALA nor EPA changed docosahexaenoic acid content.

Conclusions—Differentiated 3T3-L1 adipocytes have a functional FADS pathway that can be 

regulated by PUFA. Therefore, this common adipocyte model is suitable to study dietary 

regulation of the FADS pathway.

Introduction

The Fads1 and Fads2 genes code for fatty acid desaturases, which are enzymes responsible 

for the introduction of cis double bonds at the Δ-5 and Δ-6 positions in polyunsaturated fatty 

acids (PUFAs), respectively (1,2). These enzymes have important roles in fatty acid (FA) 

biosynthesis by converting the essential dietary FAs, α-linolenic acid (ALA; 18:3n-3) and 

linoleic acid (LA; 18:2n-6), into their corresponding long-chain counterparts, 

eicosapentaenoic acid (EPA; 20:5n-3), docosahexaenoic acid (DHA; 22:6n-3), and 

arachidonic acid (AA; 20:4n-6) (1). Changes in desaturase activity alter cellular FA content, 
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which consequently influences numerous biological processes including membrane 

transport, ion channel modulation, eicosanoid signaling, and gene expression (2).

Dietary FAs have been shown to regulate desaturase activity (2,3). Currently, most research 

has examined FA regulation of desaturase expression and/or activity in the liver. Both Fads1 
and Fads2 gene expression are reduced by PUFAs in several hepatic models, ranging from 

human HepG2 cells treated with distinct PUFAs (4), to mice (5,6) and baboons (4) fed 

PUFA-enriched diets. Moreover, PUFA-mediated reductions in Fads expression are reflected 

in liver FA content (4). While PUFAs are known to regulate global lipogenic gene 

expression during adipogenesis (7), their regulation of Fads expression and activity in 

differentiated adipocytes remains poorly studied. This is critical to investigate given that 

PUFAs affect a number of adipocyte processes, including gene expression, adipokine 

secretion, macrophage recruitment, and insulin signaling (8–11). Examining whether PUFAs 

can regulate adipocyte desaturases will generate novel insights regarding the role of these 

enzymes as determinants of adipocyte FA content and, ultimately, reveal whether these 

enzymes act as mediators of PUFA bioactivity. This is particularly relevant considering 

recent reports have linked altered desaturase activity with adipose tissue FA profiles, body 

weight, and whole-body glucose homeostasis (12–14).

The current study aimed to examine whether PUFAs regulate the expression of Fads1 and 

Fads2 genes and the abundance of their respective desaturase proteins, as well as FA content, 

in differentiated 3T3-L1 adipocytes. We found that the FADS pathway is both functional in 

adipocytes and regulated by PUFAs, thus supporting the need for future investigations 

regarding the role of desaturase enzymes as mediators of PUFA bioactivity in adipose tissue.

Methods

Chemicals and cell culture reagents

Cell culture reagents including fetal bovine serum, 3-isobutyl-1-methylxanthine, 

dexamethasone, bovine serum albumin (BSA), and human insulin were purchased from 

Sigma Aldrich (St. Louis, MO, USA). Dulbecco’s modified Eagle’s medium, penicillin 

streptomycin, and trypsin-ethylenediamine tetra-acetic acid were purchased from Hyclone 

laboratories (Logan, UT, USA). FAs were purchased from Cayman Chemical (Ann Arbor, 

MI, USA). Murine 3T3-L1 pre-adipocytes were purchased from ATCC (Rockville, MD, 

USA).

Cell culture methods

Pre-adipocytes were cultured and differentiated using established protocols, as previously 

described (15). Once pre-adipocytes were differentiated, cells were switched to serum-free 

media conditions for FA treatments. FA stock solutions were made by solubilizing FAs in 

100% EtOH. 2% BSA was prepared directly in serum-free media. FA stock solutions were 

diluted in the 2% BSA serum-free media to give a FA:BSA molar ratio of 1:3, as previously 

described (7). Cells were treated with a final concentration of 100 μM FAs for 48 hours, 

starting on day 8 of our differentiation protocol. An equivalent volume of 100% EtOH 

diluted in 2% BSA serum-free media was used as the control. FA treatments did not cause 
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cell toxicity, as confirmed using the Promega Cytotoxicity Assay (Madison, WI, USA). 

After the treatment period, total RNA, protein, and lipids were extracted. All experiments 

were replicated (n = 3) using different passage numbers.

RNA and protein extraction

Total RNA and protein were extracted using a dual-extraction protocol, as described 

previously (15).

Real-time RT-PCR analysis

Total RNA (1 μg) was used for real-time RT-PCR, as previously described (15). The online 

Roche Universal Probe Library and Assay Design Center was used to design all primer 

sequences. Rplp0 was used as the housekeeping gene and data were analyzed using the 

ΔΔCt method.

Western blot analysis

Protein samples were analyzed for the abundance of FADS1, FADS2, and GAPDH (Abcam, 

Cambridge, MA, USA), as previously described (16). Specific primary antibody dilutions 

were as follows: FADS1 - 1:2000; FADS2 - 1:300; and GAPDH - 1:3000.

Lipid extraction and quantification

A modified Bligh and Dyer lipid extraction protocol was used for the analysis of total FA 

content, as described previously (15). Peaks were identified by comparison to FA methyl 

ester standard peaks. FA peaks were quantified by comparison to a C19:0 internal standard. 

All FA data are reported as fold-changes relative to control.

Statistical analysis

All data sets were analyzed using a nonparametric Mann-Whitney U test. Data are reported 

as mean ± SEM, and statistical significance was considered at a P < 0.05.

Results

We first examined whether FAs could regulate Fads1 and Fads2 gene expression in 

differentiated 3T3-L1 adipocytes. Differentiation was confirmed by strong increases in the 

expression of Ppar-γ (~2000-fold), Srebp-1c (~1500-fold), and Fabp4 (~4500-fold). Both 

EPA and AA significantly down-regulated Fads1 and Fads2 gene expression, while neither 

ALA nor LA had an effect (Figure 1).

We next determined whether the changes seen in gene expression were reflected in protein 

content. As illustrated in Figure 2, we found that only EPA and AA significantly reduced 

FADS2 protein levels by 25–50% in differentiated adipocytes. Interestingly, ALA, EPA, and 

AA had no effect on FADS1 protein levels, while LA caused a significant 25% increase in 

FADS1 protein.

We next measured FA content in differentiated adipocytes treated with the various FAs using 

gas chromatography (Figure 3A, B). Treating cells with ALA led to a ~26-fold increase in 
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cellular ALA content (P = 3.3 × 10−6). However, we also observed significant increases in 

cellular levels of several downstream omega-3 FAs. Both stearidonic acid (SDA; 18:4n-3) 

and EPA levels were increased by ~3-fold (P = 0.06) and ~6-fold (P = 1.0 × 10−4), 

respectively. ALA treatment did not alter docosapentaenoic acid (DPA; 22:5n-3) or DHA 

content (Figure 3A). EPA treatment caused significant increases in EPA (~36-fold; P = 4.0 × 

10−4) and DPA (~4.5-fold; P = 2.0 × 10−3) levels, but did not alter ALA or SDA. No changes 

in DHA content were seen following EPA treatment. Neither ALA nor EPA treatments 

changed omega-6 FA content (data not shown).

Treating cells with LA caused a ~38-fold increase (P = 7.5 × 10−6) in cellular LA levels 

(Figure 3B). We also observed significant increases in the cellular levels of several 

downstream omega-6 FAs. Both γ-linoleic acid (GLA; 18:3n-6) and di-homo-γ -linoleic 

acid (DGLA; 20:3n-6) were significantly increased by ~6-fold (P = 1.0 × 10−4) and ~2.5-

fold (P = 7.0 × 10−4); however, LA treatment did not alter AA levels. Differentiated 

adipocytes treated with AA experienced a significant increase of ~10-fold (P = 1.5 × 10−6) 

in AA content, as well as a small ~1.5-fold increase in DGLA levels (P = 0.02). Neither LA 

nor AA treatments affected omega-3 FA content (data not shown).

Discussion

The current study has demonstrated that EPA and AA down-regulate gene expression and 

protein content of adipocyte FADS. Moreover, treating differentiated 3T3-L1 adipocytes 

with ALA and LA showed that the FADS pathway is functional in this commonly used cell 

culture model, as evidenced by increases in downstream PUFAs. We also report that DHA 

levels in adipocytes are held steady following omega-3 FA treatments. Given that previous 

studies suggest that desaturase enzymes in adipose tissue are associated with various 

metabolic disturbances, such as insulin resistance and dyslipidemia (14), our results 

highlight the relevance of studying this pathway in adipocytes and the role of these enzymes 

as mediators of PUFA bioactivity.

We found that EPA decreased the expression of both desaturases at the gene and protein 

level; thereby agreeing with previous reports from the liver (4,5). However, despite a 

reduction in FADS2 protein content, EPA treatment did not alter ALA or SDA levels. 

Further, EPA treatment caused a significant increase in cellular DPA content, but no change 

in DHA levels; thereby aligning with previous reports (17,18). Similarly, treating adipocytes 

with ALA did not alter DHA levels. The lack of changes in DHA content is not surprising 

given the low rate of conversion between ALA and EPA, and the extremely low rate of 

conversion between EPA and DHA (19). This suggests that the endogenous production of 

DHA in adipocytes is tightly regulated.

Treating differentiated adipocytes with AA caused a significant reduction in FADS2 gene 

and protein content. Despite these reductions, AA treatments did not alter cellular levels of 

LA or GLA. However, AA treatment caused a slight, but significant increase in DGLA 

content. These results lend themselves to an intriguing hypothesis. AA is a precursor for pro-

inflammatory eicosanoids, while DGLA is converted into eicosanoids with anti-

inflammatory properties (20). As such, it is plausible that adipocytes control cellular AA 
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content in order to limit its availability for the production of pro-inflammatory eicosanoids. 

However, when adipocyte AA content increases, then adipocytes may compensate by 

increasing DGLA levels to offset any potential changes in eicosanoid metabolism. This 

hypothesis is further supported by the fact that while LA treatment increased GLA and 

DGLA levels, no changes in AA content were observed.

The current study validated the use of 3T3-L1 adipocytes for studying diet regulation of the 

FADS enzymes and further showed that adipocyte FA content is influenced by the FADS 

pathway. Continuing this line of investigation is relevant given that the FADS enzymes are 

expressed in human adipose tissue (14) and recent research in a Fads2−/− mouse suggests a 

role for desaturases in the development of obesity-related complications (13). Future 

investigations whereby desaturase expression is altered (i.e., over-expressed or inhibited) in 

3T3-L1 cells will generate new insights regarding the role of these enzymes as mediators of 

PUFA content and bioactivity in adipocytes. Additional studies examining different FA 

doses, various time-points during differentiation, eicosanoid production, and the impact of 

regulating FADS activity on FA composition of specific lipid fractions (e.g., triglycerides, 

phospholipids, etc.) are also warranted. Together, the crucial role of desaturases in adipocyte 

PUFA metabolism positions these enzymes as attractive candidates for future nutrigenomics 

research.
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Figure 1. 
Polyunsaturated fatty acid regulation of Fads1 and Fads2 gene expression. Data are 

expressed as fold-changes relative to the control condition (which is depicted as a dotted line 

at 1.00). An n = 3 was used for each treatment. * indicates statistical significance compared 

to control condition (P < 0.05).
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Figure 2. 
Polyunsaturated fatty acid regulation of FADS1 and FADS2 protein content. Data are 

expressed as fold-changes relative to control condition (which is depicted as a dotted line at 

100%). Representative blots shown for FADS1, FADS2, and GAPDH, where GAPDH was 

used to control for loading. Transfer efficiency was confirmed by Ponceau staining 

membranes. An n = 3 was used for each treatment. * indicates statistical significance 

compared to control condition (P < 0.05).
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Figure 3. 
Cellular fatty acid levels following polyunsaturated fatty acid treatment. Adipocytes were 

treated for 48 hours with either (A) omega-3 fatty acids (ALA or EPA) or (B) omega-6 fatty 

acids (LA or AA). Subsequently, cellular fatty acid content was measured by gas 

chromatography. Fatty acid data are expressed as fold-changes relative to control condition 

(which is depicted as a dotted line at 1). An n = 3 was used for each treatment. * indicates 

statistical significance compared to control condition (P < 0.05).
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