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 Body mass index (BMI) is a complex trait with high heritability. In population studies, it 
is considered a surrogate for obesity  [1] . In large genome-wide association studies, the 
strongest genetic signal for BMI has been the fat mass and obesity-associated (FTO) locus  [2] . 
Eighty-nine genetic variants within introns 1 and 2 of the FTO have been associated with BMI. 
Browning of adipose tissue has physiological relevance, and disorders of mitochondrial 
function and brown fat may play a role in pathophysiological aspects of obesity  [3] . Browning 
adipocytes are a key site of energy expenditure; therefore, shifting adipocyte differentiation 
towards a brown adipocyte-like phenotype may increase energetic efficiency in mammals. 
Mammals have two types of adipose tissue: white adipose tissue (WAT), which is the most 
abundant, stores extra calories, and brown adipose tissue, which dissipates energy through 
mitochondrial uncoupling and the production of heat. Recently, a number of investigators 
have shown that there is a third type of fat cell, the ‘beige’ adipocyte. This beige cell transi-
tions between states of energy storage and dissipation. It can be induced and is found in adult 
humans  [4] .

  The potential importance of the fatty acid composition of dietary fats as a factor that plays 
a role in adipose tissue development and function has been actively investigated. Over the 
years, Ailhaud et al.  [5] , Massiera et al.  [6]  and Pisani et al.  [8]  have contributed enormously 
to understanding the role of arachidonic acid (AA) and its metabolites derived from the cyclo-
oxygenase pathway in increasing WAT proliferation and decreasing browning of WAT. Under 
isoenergetic isolipidic conditions, inclusion of AA in the diet impaired brite adipocyte 
recruitment in the subcutaneous WAT compared to mice fed a standard diet  [7] . The data of 
Massiera et al.  [6]  regarding the fat mass show that perinatal exposure of mice to a high 
omega-6 [linoleic acid (LA)] fatty acid diet, as it is today in Western diets, results in a 
progressive accumulation of body fat across generations. This is consistent with the data 
showing that in humans, overweight and obesity have steadily increased over the last 30–40 
years, in addition to occurring earlier in life. Today, there is more obesity in children worldwide 
than ever before. The inhibitory role of the omega-6 fatty acids (LA + AA) in the browning 
process of white fat cells has been precisely investigated. Prostaglandin E 2  (PGE2), a metab-
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olite of AA derived from the cyclooxygenase pathway, favors the formation of energy-storing 
white adipocytes, and prostaglandin F 2α  (PGF2a) prevents the formation of energy-dissi-
pating brown-like adipocytes within WAT  [8] . AA is highly metabolized in WAT obtained from 
various sources, diet, or from LA metabolism in the liver or from phospholipids of preadipo-
cytes and adipocytes via phospholipase A2 and from endocannabinoids via fatty acid amide 
hydrolase and monoacylglycerol lipase activities. High-fat diets rich in omega-6 fatty acids 
have been shown to increase the risk of leptin resistance, diabetes and obesity in humans and 
rodents  [9, 10] , to lower mitochondrial activity and oxygen consumption, and to inhibit 
PPARγ target gene expression and mitochondrial uncoupling protein-1 (UCP1) gene 
expression  [8] .

  Recent studies have focused on the identification and manipulation of brown adipose 
tissue in humans and the role played by the gut microbiome in energy balance  [11] . It appears 
that there is a close relationship between gut flora and the ability to switch from calorie 
storage to energy dissipation of brown fat depots. Increases in thermogenesis and browning 
of WAT results from exposure to colds or diet. Omega-3 fatty acids increase thermogenesis 
through the expression of UCP1 as well as increase fatty acid oxidation, whereas omega-6 
fatty acids LA + AA lead to white fat deposits and obesity  [8] . Omega-6 fatty acids inhibit 
browning of white adipose cells and increase their size and number  [8] . Caesar et al.  [11]  
showed that the type of dietary fat (lard or fish oil in rodents) is a major driver of the 
community structure of the microbiome, affecting both the composition and diversity of the 
gut microbiome. Their data show that interaction between the gut, microbiota and dietary 
lipids induces WAT inflammation and establish the gut microbiota as an independent factor 
aggravating inflammation during diet-induced obesity, and possibly a target to treat meta-
bolic perturbations. Diet affects the composition of the microbiota, which not only reflects 
dietary changes, but also directly modulates the metabolic function of the host. Alterations in 
microbiome occur following antibiotic therapy. Transfer of specific bacteria genera can affect 
body weight, insulin sensitivity, and other metabolic measures. Chevalier et al.  [12]  showed 
that cold exposure, like dietary change, leads to changes in the composition of gut microbiota 
in mice, and when cold-adapted flora are transferred to a germ-free animal, the recipient 
mouse loses fat mass and has improved insulin sensitivity, which is brought about by a 
process that involves enhanced browning. These results also suggest that the effect of cold on 
beige fat recruitment may be relayed, in part through intestinal flora. The increased browning 
of white fat happens first, followed by an increased absorptive surface in the gut. 

  Whereas animal studies indicate a protection against obesity  [5]  by omega-3 fatty acids, 
human studies have produced conflicting results due to many factors such as not taking into 
consideration the background diet relative to omega-6 fatty acid content and relying on 
dietary histories instead of actual determination of omega-6 and omega-3 fatty acids in red 
blood cell membrane phospholipids  [13, 14] . Recently, Wang et al.  [15]  showed that the risk 
of being overweight or obese during a mean of 10.4 years of follow-up in the NIH Women’s 
Health Initiative study is inversely associated with the omega-3 fatty acids in red blood cell 
membrane phospholipids, while the omega-6 fatty acid and the omega-6/omega-3 ratio were 
positively associated with longitudinal weight gain. 

  Genome-wide association studies  [2, 3]  have identified more than 90 loci that contain 
genetic variants associated with obesity. Many of these variants are in intronic regions. The 
strongest genetic association with risk to polygenic obesity are single nucleotide variants 
(SNVs) in introns 1 and 2 of the FTO gene. There are 89 SNVs in FTO introns 1 and 2. Deci-
phering how these variants regulate gene expression has been difficult. Recently, Clauss-
nitzer et al.  [16]  reported a strategy and defined the causal SNV and the mechanisms of 
function in preadipocytes. The authors provide evidence for the rs1421085 T to C SNV to 
result in a cellular phenotype consistent with obesity in primary human adipocytes, including 
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decreased mitochondrial energy generation and increased triglyceride accumulation. The 
data of Claussnitzer et al.  [16]  show that polymorphic differences in noncoding nucleotide 
sequences change the basic function of human adipocytes from substrate storage to fuel 
utilization through enhanced thermogenesis. They established a process by which it is now 
feasible to test the functionality of noncoding SNVs and their interactions with enhancers 
and repressors, as well as to test how polymorphisms in SNVs relate to chronic diseases, 
provide support that browning of white adipose tissue has physiological relevance, and that 
disorders of mitochondrial function and brown fat may play a role in the pathophysiological 
aspects of obesity. Their study  [16]  provided evidence that the risk allele rs1411085 T to C 
SNV resulted in an increased expression of IRX3 and IRX5 genes in preadipocytes, which 
shifted the development of these cells toward the ‘white program’ and increased lipid 
storage, whereas knockdown of IRX3 and IRX5 genes restored thermogenesis in adipocytes 
from persons at high risk for obesity. Thus, the risk allele functioned similarly to AA metab-
olites, PGE2 and PGF2a, increasing proliferation of white adipose tissue and decreasing its 
browning, respectively, whereas the knockdown of IRX3 and IRX5 genes functioned simi-
larly to omega-3 fatty acid metabolites, increasing the browning of the adipose tissue, mito-
chondrial biogenesis and thermogenesis. The AA metabolites PGE2 and PGF2a lead to 
increases in white adipose tissue and decreases in the browning process, respectively. 
Human studies have shown a direct relationship between plasma AA levels and infant body 
weight, as well as between AA levels in adipose tissue lipids and BMI in children in Cyprus 
and Crete  [17, 18] . In another study, a higher omega-6/omega-3 fatty acid ratio of cord blood 
plasma was associated with higher subscapular and triceps skinfold thickness and risk of 
obesity at 3 years of age (BMI  ≥ 95th percentile for age and sex)  [19] . Considering the high 
omega-6/omega-3 fatty acid ratio of Western diets and the role of AA in adipose cell differ-
entiation, proliferation, and decreasing browning of white adipose tissue, further research 
should include studies on the effects of omega-3 fatty acids in blocking the effects of the risk 
allele (rs1421085), which appears to be responsible for the association between the first 
intron of the FTO gene and obesity in humans.
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