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C Genes Related to Lipid Metabolism

The fatty acid-binding protein 2, intestinal (FABP2) gene plays an important role 
in several steps of unsaturated and saturated long-chain fatty acids transport. The 
Ala54Thr (rs179883) polymorphism in FABP2 has been associated with enhanced 
fat absorption in the intestine99 and with obesity. Three studies have examined the 
effects of this polymorphism in response to dietary intervention. First, in a study 
of 69 obese subjects submitted to a 3-month LCD and exercise program, changes 
in body weight were similar between carriers and noncarriers of the Thr54 allele, 
but changes in body fatness were significant only in subjects with the Ala54/Ala54 
genotype.56 In a second study, 204 obese subjects submitted to either a 2-month 
LF (n = 99) or LC (n = 105) diet combined with aerobic exercise; weight loss and 
loss of body fat were similar between carriers and noncarriers of the variant under 
both diets, but under the LF diet, reduced waist-to-hip ratio was observed only in 
noncarriers.55 Similar results were observed in a third study, which showed smaller 
reduction of waist circumference in Thr54-allele carriers, suggesting that the variant 
is associated with resistance to loss of abdominal fat.54

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/allele
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/insulin
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/genotyping
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/fatty-acid-binding-protein
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/nested-gene
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/diet
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/fat-intake
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/fat-intake
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/fat
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/play
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/role-playing
https://www.sciencedirect.com/topics/index
https://www.sciencedirect.com/science/article/pii/B9780123983978000149
https://www.sciencedirect.com/science/article/pii/B9780123983978000149
https://www.sciencedirect.com/science/bookseries/18771173
https://www.sciencedirect.com/science/bookseries/18771173


Several studies have examined the association between the perilipin 1 (PLIN1) gene, 
which encodes for a protein that coats lipid droplets in adipocytes and is involved 
in the regulation of triglyceride mobilization, and weight changes in response to 
an LCD. Corella and colleagues69 found that carriers of the A allele of the PLIN1 
11482G>A (rs894160) polymorphism were resistant to weight loss following a 1-year 
LCD. Seven PLIN1 polymorphisms were investigated for associations with changes 
in abdominal fat and free fatty acids following a 12-week calorie-restriction program 
in 177 overweight and obese subjects.99a The PLIN1 polymorphisms were associated 
with changes in free fatty acids, and greater reductions in waist circumference and 
total abdominal fat were observed for subjects with the nGA/nGA haplotype at SNPs 
11482G/A and 14995 A/T (rs1052700). The PLIN1 14995 A/T polymorphism was also 
found to be associated with weight loss and decreases in BMI in obese children 
and adolescents who underwent a 20-week behavioral and nutritional intervention.70 
Finally, women with the C allele of the PLIN1 6209T > C (rs228487) polymorphism 
and A allele of the PLIN1 11482G > A polymorphism exhibited greater weight loss 
and loss of abdominal fat in response to a 6-week VLCD consisting of 500 kcal/day 
given in three sachets per day.72
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4.3 Interaction between Dietary SFAs and T2D

Furthermore, there are SNPs that interact with plasma SFAs to determine insulin 
sensitivity112 and IR (FABP2 Ala54Thr polymorphism and PLIN1 11482G>A).113,114 
For example, the calpain-10 protein (intracellular Ca(2+)-dependent cysteine pro-
tease) may play a role in glucose metabolism, pancreatic �-cell function, and reg-
ulation of thermogenesis. Several CAPN10 polymorphic sites have been studied 
for their potential use as risk markers for T2D. The rs2953171 SNP interacted 
with plasma total SFA concentrations, which were significantly associated with 
insulin sensitivity, fasting insulin, HOMA-IR, and glucose effectiveness. The G/G 
genotype was associated with lower fasting insulin concentrations, lower HOMA-IR, 
and higher glucose effectiveness in subjects with low SFA concentrations than in 
subjects with the minor A allele. In contrast, subjects with the G/G allele with the 
highest SFA concentrations had higher fasting insulin and HOMA-IR values and 
lower glucose effectiveness than did subjects with the A allele.115 Recently, SNPs 
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of the transcription factor 7-like 2 (TCF7L2) gene have been reported to affect T2D 
susceptibility by indirectly altering expression of GLP-1, which, in addition to insulin, 
plays a critical role in blood glucose homeostasis.64,116 The carriers of the rare T allele 
of TCF7L2 rs7903146 with higher plasma SFA levels, and of three other SNPs TCF7L2 
(rs11196224, rs17685538, rs290481) in linkage disequilibrium with rs7903146, had 
lower blood pressure and insulin secretion.117
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60.1.1.6 Liver and Intestinal FABP

Once inside the enterocyte the FA is targeted to specific intracellular sites of me-
tabolism. Currently, it has been proposed that the two cytosolic FA binding proteins 
(FABP) expressed in the intestine, liver-FABP (FABP1), and intestinal-FABP (FABP2)97 
are involved in intracellular FA trafficking. Interestingly, although they are both from 
the same family and have approximately the same Mr (≈14 kDa), they display a 
number of differences. The two proteins deliver their cargo by different mechanisms. 
FABP1 delivers FA to membranes by diffusion and FABP2 by collision.98,99 Despite 
this generalization, there is some evidence that FABP1 does interact with mem-
branes. To be discussed in detail later, FABP1 can be shown to bind to intestinal 
ER, to increase its binding in response to incubation with cytosol, and to initiate 
transport vesicle generation (discussed in detail in Section 60.1.1.10.3).100 FABP2 
has positive charges and an amphipathic periportal area, suggesting a mechanism 
favoring membrane interaction,101 and a collision mechanism that has been directly 
demonstrated using the Caco2 cell model.102 Another major difference is that FABP2 
binds a single FA and essentially no other lipid, whereas FABP1 binds two FAs rather 
than one and is more promiscuous in its ligands, because it can also bind bile 
salts, lysophospholipids, cholesterol, and acyl-CoA.103,104 In FABP1, the first bound 
FA sits deep within the �-barrel-binding pocket, whereas the second FA is located 
closer to the surface so that its carboxyl head group can be titrated.103,105,106 This 
surface-oriented carboxyl group in FABP1 is aberrant, because in FABP2 and other 
FABPs the one FA ligand carboxyl group is deep in the binding pocket. Potentially 
the FABPs could play an important role in the traffic of FA from the apical membrane 
to the ER since they comprise 4–6% of the cytosolic proteins in toto.97
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One way to assess the physiological effects of FABP1 and 2 is to observe the 
phenotypes in genetically FABP-disrupted mice. In the case of FABP1, even on a 
Western diet, fat appears to be absorbed normally, although chylomicron output 
by the intestine is modestly reduced.107 This reduction can be explained on the 
basis of FABP1’s function in intracellular chylomicron trafficking as detailed in 
Section 60.1.1.10.3.100 In support of the lack of phenotype with respect to dietary fat 
absorption, female Fabp1−/− mice become obese.104,108 With respect to FABP2, the 
Fabp2−/− phenotype shows minimal changes from WT. Male Fabp2−/− mice gained 
more weight on a high-fat diet, and female mice had less weight gain than the WT 
mice.109 In sum, the results of the genetic data would suggest that FABP1 and 2 have 
only a small if any role to play in dietary fat absorption in the whole animal.
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C Effects of �3-PUFAs

As outlined previously, the hypotriglyceride benefits of fish oils are well established, 
and the American Heart Association recommends 2–4 g per day as a potential 
alternative to fibrates. Apolipoprotein E (APOE) plays a major role in fatty acid and 
lipoprotein metabolism, and variations in this gene are associated with the risk 
of CVD and Alzheimer's disease.42 For example, the APOE4 �4 (Arg 112, Arg 158) 
polymorphism is associated with a gene–diet interaction between �3-PUFAs and 
serum TAG.52

In a cohort of hypertriglyceridemic individuals prospectively recruited according 
to FABP2 Ala54Thr genotype, Thr carriers were found to be more responsive to 
supplementation with 1.8 g �3-PUFAs per day, with 52% and 34% decreases in 
plasma TAG and APOC3 concentrations relative to 19% and 32% reduction in Ala 
homozygotes.185

In an observational study in 595 young healthy adults, Fontaine-Bisson and El--
Sohemy186 reported that the positive association between total PUFA and HDL 
cholesterol was evident only in noncarriers of the minor “A” allele for the TNF 
− 238G > A and − 308G > A loci. The effect was evident for both �3- and �6-PUFAs, 
but a significant genotype × diet effect was evident only for �6-PUFAs. The same 

https://www.sciencedirect.com/science/article/pii/B9780123820266000609
https://www.sciencedirect.com/science/article/pii/B9780123820266000609
https://www.sciencedirect.com/science/article/pii/B9780123983978000046
https://www.sciencedirect.com/science/article/pii/B9780123983978000046
https://www.sciencedirect.com/science/bookseries/18771173


authors also reported significant PUFA × genotype × HDL interactions in a type 2 
diabetic population.187 Markovic et al.188 investigated the impact of SNPs in several 
inflammatory genes on the response to intervention with 1.8 g EPA + DHA per day 
for 12 weeks. Although no significant impact of the above-mentioned TNF − 308G-
 > A was evident, a difficult-to-interpret interaction between BMI × TNF-� (now k
nown as lymphotoxin alpha [LTA]) + 252A > G × EPA was reported to influence the h
ypotriglyceridemic response. In the fight against CVD, �3-PUFAs have beneficial effe-
cts in two main areas: decreasing circulating TAGs and ameliorating inflammation. A
n interaction between these �3-PUFAs’ beneficial effects and variation in several p
olymorphisms has been observed, notably in the APOE, FABP2, and TNF genes.
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5.2 Precision Medicine in Diabetes

With the recent success of precision medicine in cancer cure, it has become pressing 
to extend the same idea for diabetes management. Genome-wide association scans 
has identified genes with increased risk for both type 1 and type 2 diabetes. These 
scans have linked a number of robustly replicating T2D genes with increased risk for 
type 1 diabetes (Santin and Eizirik, 2013). Similarly, these scans have also identified 
the genes posing high-risk factors for pathogenesis of type 2 diabetes, such as fatty 
acid-binding protein-2 (FABP2), peroxisome proliferator-activated receptor gamma 
(PPAR�2), angiotensin-converting enzyme (ACE), and methylene tetrahydrofolate 
reductase (MTHR) (Abbas et al., 2013).

About 5% type 2 diabetes patients have been screened for association of genomic 
variations with disease, revealing the strong correlation of gene variants with dia-
betes (McCarthy, 2010). Thus, it suggests that maximum number of diabetic patients 
actually remain to be undiagnosed or misdiagnosed. Although there are various 
types of drugs available for diabetes, most patients do not achieve adequately 
regulated blood glucose levels (Stolar, 2010) and if it reaches the hyperglycemic state, 
the course of diabetes is progressive and difficult to treat. To avoid such circum-
stances, it could be highly beneficial to identify the probable high-risk individuals 
for diabetes, which can help to delay the onset of diabetes by taking early preventive 
measures (Cefalu et al., 2014). Hence, precision medicine promises to transform the 
traditional diagnostic to a more advanced setup, which includes advanced molecular 
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tools for proper diagnostic, therapeutic, and prognostic strategies to meet specific 
needs of patients. However, precision medicine requires proper stratification of 
diabetic patients based on reclassification of diabetes into various subsets with 
common pathological pathways. This new taxonomy of disease based on clinical and 
molecular parameters can enable the selection of drugs with better response for each 
subtype (Ahima, 2015).
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Candidate Gene Association Study

Before the genome-wide association approach was first introduced to the field, can-
didate gene association study was a predominant method to detect genetic variants 
for complex disorders including abdominal obesity. The design of the candidate 
gene association study is simple: it includes the identification of genes relevant to 
the outcome phenotype of interest; selection of polymorphic markers within the 
candidate genes; and analyses of associations between the genetic markers, with the 
outcomes in a suitable set of subjects. Identification of potential candidate genes 
is the main stumbling block. Two major types of candidate genes are generally 
considered: functional and positional [36]. Functional candidates are genes with 
products that are in some way involved in the pathogenesis of the disease. Clearly, 
this is highly dependent on the current state of knowledge about a disease. In 
the case of obesity or abdominal obesity, there is confirmed evidence that genes 
influencing energy homeostasis and thermogenesis, adipogenesis, leptin-insulin 
signaling transduction, and hormonal signaling peptides play critical roles [37]. 
Positional candidates are genes identified by linkage or association studies, or by 
the detection of chromosomal translocations that disrupt the gene. The number of 
studies reporting associations between DNA sequence variation in specific genes 
and obesity phenotypes has increased considerably, with 426 findings of positive 
associations in 127 candidate genes by October 2005. A promising observation is 
that 22 genes are each supported by at least five positive studies [24].

Most candidate genes are found to be associated with overall obesity. It is worth 
mentioning that several candidate genes have shown biological effects underly-
ing the genetically association. In addition to peroxisome proliferative activated 
receptor gamma (PPARG; encoding a nuclear receptor) [38–40], POMC [41] and 
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MC4R [42] were demonstrated to associate with common obesity. The beta 2 and 
beta 3 adrenoceptor (ADRB2 and ADRB3) [43,44], uncoupling protein 1 and 3 gene 
(UCP1 and UCP3) [45], adrenoceptor alpha 2A gene (ADRA2A) [46], angiotensin I 
converting enzyme gene (ACE) [47], apolipoprotein A-II gene (APOA2) [48], fatty acid 
binding protein 2 gene (FABP2) [49], lymphotoxin alpha gene (LTA) [50], microsomal 
triglyceride transfer protein gene (MTTP) [51], perlipin gene (PLIN) [52], PPARG [53] 
and acyl-CoA dehydrogenase gene (ACDC) [54] genes have been linked to WC, WHR, 
or abdominal fat. The ADRB3 gene is predominantly expressed in adipose tissue 
and regulates lipid metabolism and thermogenesis [55], and genetic variants at 
ADRB3 locus have been associated with body weight across diverse populations. A 
meta-analysis including 31 studies with more than 9000 individuals demonstrated 
a significant association of the Trp64Arg polymorphism of the ADRB3 gene with 
BMI [56]. The ADRB3 genotype has also been related to WC, a measure of abdominal 
obesity. The beta-2 adrenergic receptor is expressed in visceral fat in humans [57] and 
is responsible for increased lipolysis and the delivery of free fatty acid into the portal 
vein. In one study of 335 subjects from western Finland of 207 nondiabetic subjects 
and 128 patients affected by noninsulin-dependent diabetes mellitus (NIDDM), the 
Trp64Arg allele of ADRB3 gene was found to be associated with abdominal obesity 
[44].

Many studies have suggested relations between UCP family genes and both obesity 
and fat distribution. The major function of UCPs is to uncouple oxidative phospho-
rylation of adenosine diphosphate (ADP) to adenosine triphosphate (ATP), leading to 
the generation of heat [58]. The UCP family includes three different proteins: UCP 
1 expressed in brown adipose tissue, UCP 2 expressed in most tissues, including 
white adipose tissue), and UCP 3 expressed in skeletal muscle. UCP2 and UCP3 
genes are located adjacent to each another on chromosome 11q13 [59]. The G866A 
polymorphism of the UCP2 gene has been related in Chinese and Indian men [60] 
and Finnish overweight individuals [61] to increased risk of central obesity and 
overall obesity [62,63]. However, the association was not consistently observed [64].

The neuropeptide Y gene (NPY), containing four exons, is located on chromosome 
7p15.1 and encodes a 36-amino acid peptide that is secreted by neurons in the 
hypothalamus [65]. The neuropeptide has orexigenic effects, affecting appetite and 
food intake in animals. Injection of this peptide directly into the central nervous 
system of animals leads to obesity through increased feeding [66]. In addition, 
a maternal low-protein diet upregulates the neuropeptide system in visceral fat 
and leads to abdominal obesity and glucose intolerance in a sex- and time-specific 
manner [67].

Although candidate gene association studies have suggested that genetic variants in 
several biologically relevant genes might be related to abdominal obesity, it is also 
notable that most of the findings are not reproducible. In fact, no loci have been 



convincingly confirmed to be associated with abdominal obesity to date. Of note, 
most of the candidate gene association studies are relatively small in size and were 
performed without replications [68]. In addition, candidate gene association studies 
usually focus on limited variants in the studied regions, thus failing to capture 
the overall genetic variance [69]. Moreover, selection of candidate genes relies on 
current knowledge of their biological relevance, thus seriously limiting the power 
for detection of novel genetic variations affecting the outcomes of interest.
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4.2 Gene–Nutrient Interactions in the Modulation of T2D Risk: 
Macronutrients and Micronutrients

Unlike dietary patterns, other studies have considered the interaction of specific 
nutrients (macro and micronutrients) with the genotypic predisposition to T2D. 
We have previously described the effect of the interactions between variants in 
TCF7L2 and PPARG genes and lifestyle in T2D incidence. Specific dietary factors 
also have shown to interact with these genes to modulate T2D risk. The interaction 
between TCF7L2 rs12573128 and dietary fat intake was shown to influence insulin 
sensitivity and glucose tolerance.82 Using family-based association methods, Nelson 
et al. showed that the Pro12 allele in the PPARG gene was associated with T2D 
only when consumption of PUFA was high in a population of non-Hispanic white 
participants form the Gene Environment Interaction study in Colorado. However, 
this interaction was not significant when they conducted generalized estimation 
equation analyses.83 Similarly, results from the Data from an Epidemiological Study 
on the Insulin Resistance Syndrome study conducted in a French population have 
shown that high-fat consumption was associated with an increased T2D risk in 
homozygous for the Pro allele, but not in Ala carriers, even although Ala homozygous 
had a higher BMI than Pro carriers among high-fat consumers.84 The study of 
Luan et al.85 also showed that Ala carriers benefit more from a high intake of PUFA, 
because the BMI is higher in Ala carriers compared with those homozygous for the 
Pro allele when PUFA:saturated fatty acids (SAT) ratio is low, but when PUFA:SAT 
ratio is high, Ala carriers show a lower BMI. However, another study failed to find 
any interaction between the PUFA:SAT ratio and the Pro12Ala polymorphism in 
modulating BMI in an Asian population.86 Collectively, these studies suggest that 

https://www.sciencedirect.com/science/article/pii/B9780124078697000404
https://www.sciencedirect.com/science/article/pii/B9780124078697000404
https://www.sciencedirect.com/science/article/pii/B978012801585800004X
https://www.sciencedirect.com/science/article/pii/B978012801585800004X
https://www.sciencedirect.com/science/book/9780128015858


Ala12 carriers may be more responsive to the beneficial effects of unsaturated fat 
and less responsive to the harmful effect of saturated fats than Pro carriers on 
cardiometabolic traits and T2D risk.

Variants in genes involved in dietary fat metabolism and mobilization also modulate 
diabetes-related traits by interacting with nutrients. The Thr allele of the Ala54Thr 
polymorphism in the intestinal fatty acid–binding protein (FABP2) gene was asso-
ciated with a decrease in insulin sensitivity when saturated fatty acids (SFAs) were 
replaced by monounsaturated fatty acids and carbohydrates.87 The rs2270188G > T 
polymorphism in the caveolin 2 (CAV2) gene interacts with dietary fat, because 
homozygous individuals of the rare T allele doubled the risk of T2D if daily fat intake 
increased from 30% to 40% energy, the interaction was even more pronounced 
with an increase in dietary SFA from 10% to 20% energy.88 In addition, polymor-
phisms G11482A and A14995T in the perilipin1 gene (PLIN1) showed significant 
interactions with SFA and carbohydrate intake that modulate insulin resistance. 
Thus, homozygote carriers of the minor alleles had a higher HOMA-IR index if SFA 
intake was high, but HOMA-IR index decreased if carbohydrate intake increased. 
Interestingly, these associations were only found in women.89

Dysregulation of the circadian system has also been associated with diabetes. Thus, 
gene variants in circadian genes could increase T2D risk and interact with nutri-
ents.90 An interaction between the CLOCK rs1801260 polymorphism and dietary fat 
that modulates insulin sensitivity was observed in the Coronary Diet Intervention 
With Olive Oil and Cardiovascular Prevention study.91 After 12 months of low-fat 
intervention, those homozygous for the major allele (TT) displayed higher insulin 
sensitivity compared with carriers of the minor allele C. On the other hand, a high 
carbohydrate intake was associated with higher insulin resistance only in homozy-
gous carriers of the minor allele C of the CRY1 rs2287161 polymorphism.92

Other studies have established gene–nutrient interactions in relation with T2D risk 
in other susceptibility genes such as SLC30A8, IRS1, GCKR, or ADIPOQ.7 In the 
case of the SLC30A8 gene, a meta-analysis has associated high total zinc intake 
with lower fasting glucose levels. However, the SLC30A8 rs11558471 polymorphism 
modulated this effect so the inverse association between total zinc intake and fasting 
glucose was stronger in individuals carrying the glucose-raising A allele compared 
with individuals who do not carry it.93 Similar results were found by Shan et al. in 
relation to the SLC30A8 rs13266634 variant.94

Polymorphisms in the insulin receptor substrate 1 (IRS1) also interact with macro- 
and micronutrients to modulate insulin sensitivity. For instance, nonesterified fatty 
acid and steady-state plasma glucose levels were lower in G/R subjects of the G972R 
polymorphism at IRS1 (rs1801278) compared with G/G subjects only in a low-fat, 
high-carbohydrate diet, but not in an SFA or a monounsaturated fatty acid diet.95 



Another polymorphism in IRS1 (rs294364) showed significant interactions with 
25-hydroxyvitamin D to modulate insulin resistance. The minor T allele was associ-
ated with lower insulin resistance with higher circulating 25-hydroxyvitamin D levels 
in the Multi-Ethnic Study of Atherosclerosis.96 GCKR inhibits glucokinase in the 
liver and pancreatic islet cells and is considered a susceptibility gene candidate for a 
form of MODY. The variant rs781194 is associated with fasting glucose and insulin 
levels. Nettleton et al.97 reported an interaction between this variant and dietary 
whole grain intake by which in carriers of the insulin-raising allele, a greater whole 
grain intake was associated with a smaller reduction of fasting insulin. Other reports 
have shown interactions between the adiponectin gene (ADIPOQ) and carbohydrate 
intake. The G276T variant has been associated with T2D and related metabolic traits 
in Asians,98–101 but this association can be modulated by carbohydrate intake. Data 
from a prospective study including 673 patients with T2D in Korea showed that the G 
allele was associated with higher fasting blood glucose only in subjects consuming a 
low-carbohydrate diet (<55% of energy). When carbohydrate intake was intermediate 
(55–65%), carriers of the T allele had greater fasting blood glucose and hemoglobin 
A1C concentrations, and when carbohydrate intake was high (>65%), carriers of the 
T allele had greater high-density lipoprotein cholesterol concentrations.
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