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ABSTRACT 

Insulin resistance refers to reduced insulin action in peripheral tissues and impaired suppression 

of endogenous glucose production, a state which is critical for maintaining normal glucose 

homeostasis. Insulin resistance is partly explained by genetic factors and is strongly influenced 

by the individual's habitual lifestyle. Investigating factors that may influence the development of 

insulin resistance and their mechanisms of action is highly significant; one of these factors 

include dietary fat. Both quantitative and qualitative terms of dietary fat have been known to play 

an important role in the development of insulin resistance, although the mechanism underlying 

this effect is not fully understood. In this regard, the classical view has been that dietary fat 

quality mainly affects cell membrane fatty acid composition and consequently the membrane 

function. Recently, the relationship between dietary fat and insulin resistance has entered an 

advanced level due to the discovery that different fatty acids can regulate gene expression, 

transcriptional activity and adipocytokines secretion. In essence, this provides new mechanisms 

by which fatty acids exert their cellular effects. The present review critically assesses the effect 

of dietary fat quality on the development of insulin resistance in relation to the adipocytokine, 

leptin and the activation of the transcription factor, peroxisome proliferator-activated receptor 

gamma (PPARγ). It is evident that fat quality influences the development of insulin resistance 

and has a more important role than quantity. Leptin and PPARγ prove to be potential candidates 

linking dietary fat with insulin resistance. However, the exact role or mechanism of action of 

various types of dietary fat in the development of insulin resistance is still uncertain. Further 

well-controlled studies in humans are necessary to establish better evidence-based dietary fat 

recommendations for diabetes prevention and its clinical management. 
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BACKGROUND 

Diabetes type 2 is recognized as one of the fastest growing epidemics worldwide. It has been 

estimated that between 2010 and 2030, there will be a 69% increase in numbers of adults with 

diabetes in developing countries and a 20% increase in developed countries [1]. Individuals with 

insulin resistance, glucose intolerance and hyperinsulinemia are at higher risk for developing 

diabetes type 2. It has been estimated that individuals with impaired fasting glucose (IFG) have a 

20–30% chance of developing diabetes over the next 5–10 years [2]. Therefore, preventing the 

development of such disorders may help in diabetes prevention, thereby reducing public burden. 

       Recent evidence has shown success for lifestyle intervention, including increasing physical 

activity and dietary modification in preventing or delaying the development of diabetes [2-5]. 

There are several aspects of the diet that can help in diabetes prevention as well as treatment. The 

role of dietary fat type in the development of insulin resistance, which usually precedes the onset 

of diabetes type 2, has been of considerable interest. Many studies have been undertaken to 

examine the underlying mechanisms linking dietary fat type to insulin resistance [6-8]. Recently, 

more attention has been give to the ability of dietary fat to directly affect gene expression, 

transcriptional activity and adipocytokines secretion. 

       Peroxisome proliferator-activated receptor gamma (PPARγ), a member of the nuclear 

receptor superfamily, is suggested to play a role in insulin resistance and diabetes. The activation 

of this receptor can either increase or decrease the transcription of target genes. PPARγ 

activation represses the gene expression of tumor necrosis factor alpha (TNF), resistin and 

leptin, all of which have been implicated in insulin resistance [9]. On the other hand, activation 

of PPARγ induces gene expression of insulin-sensitizing proteins such as adiponectin and fatty 

acid transport protein [9]. The high affinity of thiazolidinediones (TZDs), a class of insulin-

sensitizing agents, for PPARγ confirms the important role of PPARγ in controlling glucose 

homeostasis and partially explains TZDs mode of action in enhancing insulin sensitivity [10]. 

Knowing that fatty acids and their derivatives are natural ligands of PPARγ [11] may provide a 

link between dietary fat and insulin resistance, in addition to diabetes.  

       Activation of PPARγ represses the gene expression of leptin, a product of the ob gene that is 

mainly released by the adipose tissue [9]. This may indicate that leptin plays a role in the 

development of insulin resistance. Data concerning the role of leptin in glucose metabolism, 

insulin resistance and diabetes are not clear, with some suggesting a biphasic impact that seems 

to be concentration dependent [12]. Dietary fat may affect leptin gene expression and function 

differently [13]; these possible differential effects remain to be clarified. 

 

Insulin resistance, diabetes type 2 and obesity  

Insulin resistance is defined as a state of reduced responsiveness to the normal concentrations of 

circulating insulin [14]. It is associated with aging, sedentary lifestyle, as well as genetic 

predisposition [15]. Additionally, insulin resistance is usually present with atherosclerosis, 

central obesity, dyslipidemia and hypertension [9]. Insulin resistance can progress to diabetes 

type 2, which is characterized by variable degrees of insulin resistance, impaired insulin 

secretion and increased glucose production [14]. 

Insulin resistance usually precedes the onset of diabetes type 2. There is increasing evidence 

supporting the fact that by the time glucose tolerance or fasting glucose levels become impaired, 



-328                                                            Page 308 of 328          Functional Foods in Health and Disease 2016; 6(6): 306 

 

appreciable pancreatic β-cell destruction may have already occurred [16]. Moreover, despite the 

fact that treatment may prevent some of the diabetes devastating complications, it does not 

usually restore normoglycemia or eliminate all the adverse consequences of diabetes [17]. 

Therefore, it appears that attempts to prevent diabetes type 2 will be more successful if 

intervention is initiated when blood glucose levels are still in the normal range. Hence, a simple 

test for identifying insulin-resistant individuals is essential to start an early lifestyle intervention 

that may help in preventing or delaying the onset of diabetes. Indeed, for prediabetic individuals, 

lifestyle modification can be considered as the cornerstone of diabetes prevention with evidence 

of a 40%–70% relative risk reduction [18]. 

There is now substantive evidence implying that diabetes type 2 is associated with obesity, 

especially the accumulation of fat in the visceral abdominal part of the body [19]. Visceral 

abdominal fat leads to labile fatty acid release, inflammatory cell accumulation, disruption in 

adipokines secretion, including reduction in adiponectin levels, and decreased PPARγ activity, 

[20] all of which can affect glucose and lipid metabolism contributing to obesity-related insulin 

resistance and diabetes. Additionally, obesity is characterized by a failure of adipose tissues to 

store excess energy appropriately leading to ectopic lipid deposition [21]. Ectopic lipid 

accumulation can contribute to organ injury and dysfunction which impair insulin signaling 

leading to insulin resistance [22, 23]. 

When fatty acid beta-oxidation in the mitochondria of nonadipose tissues such as the liver, 

skeletal muscle, pancreas, and heart cannot keep up with the increased supply of redirected free 

fatty acids (FFAs) from adipose tissue due to increase in its lipolytic activity, together with the 

impaired ability of taking up FFAs, accumulation of lipid intermediates like diacylglycerols 

(DAGs) and ceramides occurs in these organs leading to activation of serine/threonine kinases 

that phosphorylate insulin-receptor substrates (IRSs) molecules on serine residues [22]. Serine 

phosphorylated IRSs do not function properly, hence insulin signaling is impaired, and normal 

metabolic processes are disrupted [22]. 

Likewise, it has been found that insulin resistance is significantly and positively associated 

with body mass index (BMI), body fat percentage and waist circumference [24]. In a study by 

Grundy et al. [25], both body fat content and distribution correlated positively with insulin 

resistance in both men and women. Additionally, the risk of diabetes is reportedly increased by 

7.3% upon each kilogram of weight gain [26]. Data from a prospective study indicated that as 

little as 4% weight loss is associated with a reduction in the risk of diabetes type 2 [27]. In fact, it 

has been shown that substantial weight loss mobilizes ectopic fat stores which are associated 

with an improvement in organs function such as the liver and skeletal muscles [22]. 

Consequently, a reduction in hepatic triglyceride (TG) and intramyocellular lipid contents was 

accompanied by a decline in fasting endogenous glucose production and an improved insulin-

stimulated glucose disposal, respectively [22]. Thus, increasing evidence supports the view that 

body weight control improves insulin sensitivity and reduces the risk of diabetes type 2. 

Altogether, it appears that insulin resistance is displayed before and during diabetes type 2, and 

the development of diabetes type 2 is closely associated with obesity. 

Despite the strong association between obesity and several metabolic abnormalities 

including insulin resistance and diabetes type 2, recent research is exploring a novel and 

interesting area revealing the concept of "metabolically healthy obesity". Individuals who are 
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described as "metabolically healthy obese" are protected from the metabolic abnormalities 

associated with obesity, such as diabetes and cardiovascular diseases [28]. These "metabolically 

healthy obese" show some unique features that set them apart. A hypothesis that some 

"metabolically healthy obese" will show increase in adipogenesis producing smaller insulin-

sensitive adipocytes based on functional allelic variants of PPARγ or other components of the 

adipogenic transcriptional program has been proposed. Additionally, other features that may 

explain the absence of the metabolic abnormalities associated with obesity in these individuals 

are reviewed by Denis and Obin [28]. 

 

Genetic determinants of insulin resistance  

Both genes and the environment play a role in insulin resistance. In skeletal muscle, insulin 

resistance leads to lower rates of glucose uptake [29], whereas in the liver, it leads to higher rates 

of hepatic glucose production mainly as a result of increased gluconeogenesis [29]. Insulin 

resistance in adipose tissue leads to increased release of FFAs, which are used by the liver for 

triglyceride (TG) synthesis, and the resulting glycerol for gluconeogenesis [29]. High 

concentrations of FFAs and their metabolites (fatty acyl-CoA, DAGs and ceramides) can disrupt 

insulin signaling, block glucose oxidation, impair glucose transport and lead to impaired glucose 

metabolism; this cascade of events is probably influenced by variants in genes regulating insulin 

action in different tissues [23,30]. 

Recent studies in patients with insulin resistance and diabetes have demonstrated that the 

risk of diabetes type 2 and insulin resistance can be influenced by polymorphisms in a number of 

genes [30]. These include the genes for PPARγ, a nuclear receptor involved in insulin action, the 

hepatocyte nuclear factor 4α, a transcription factor that regulates pancreatic β-cell function, and 

others [30]. For example, a number of genetic variants in the PPARγ gene have been found, 

ranging from very rare to highly prevalent gain-of-function or loss-of-function of the receptor 

[31]. Individuals with these genetic variants show decreased or increased lipid accumulation in 

adipose tissue, enhanced insulin sensitivity or insulin resistance, dyslipidemia, diabetes, and 

hypertension [32]. The most widely studied variant is the Pro12Ala polymorphism. This 

polymorphism is generally associated with reduced risk of diabetes type 2, increased insulin 

sensitivity and lower BMI [32]. These associations seem to be highly influenced by various 

gene-gene and gene-environment interactions which may explain the conflict results found in the 

literature.  

Additionally, candidate gene association studies in diabetes type 2 and insulin resistance 

indicate a role for a number of genes involved in insulin action as well as pancreatic β-cell 

function, including insulin receptor, phosphatidyl inositol (PI) 3-kinases, and glucose transporter 

(GLUT)-2 [9]. Furthermore, several genes involved in adipocyte metabolism are involved in 

insulin resistance; these include leptin, leptin receptor, adiponectin, adiponectin receptor, 

resistin, and uncoupling protein 2 [30]. 

 

Dietary fat determinants of insulin resistance  

Many aspects of diet composition have been considered to be important in the modulation of 

insulin resistance. During the past few years, more attention has been paid to the ability of the 

type of dietary fat, independent of the total amount, to influence insulin sensitivity and thus, the 
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risk of diabetes type 2. It is acceptable that saturated fatty acids (SFA) are associated with 

increased risk of insulin resistance. The ω-3 polyunsaturated fatty acids (PUFA) may be 

beneficial in animals but not in humans [33, 34]. The effect of ω-6 fatty acids on insulin 

resistance is more controversial. In addition, the association between monounsaturated fatty 

acids (MUFA) intake and the risk of insulin resistance and diabetes type 2 is less well 

understood.  

Through reading the literature, it is observed that many studies failed to produce consistent 

results concerning the role of each type of dietary fat in insulin resistance and the development of 

diabetes type 2 [35-38]. These discrepancies may be due to differences and/or insufficient 

sample size, divers' clinical characteristics of the sample, the nature of the dietary modification, 

measures of insulin sensitivity and the study design.  

 

Role of monounsaturated fatty acids 

Several studies which have been made using a wide difference in total fat content (15–25% of 

energy) generally found a beneficial effect of MUFA diets on glycemic control and serum lipids 

[39]. Energy-controlled high MUFA diets do not promote weight gain and are more acceptable 

than low fat diets for weight loss in obese subjects [39]. Therefore, MUFA diets can be a good 

alternative to low fat diets for people with diabetes.  

In the KANWU study, 162 healthy subjects received a controlled isoenergetic diets for 3 

months containing high proportion of either SFA or MUFA. SFA-based diet significantly 

impaired insulin sensitivity while the MUFA-based diet did not show this effect. It is worth 

noting that both diets had no influence on body weight and the supplementation with ω-3 fatty 

acids did not influence insulin sensitivity [36]. In another study involving patients with diabetes 

type 2, changing from a PUFA-based diet to a MUFA-based diet resulted in a reduction in 

insulin resistance with an increase in the insulin-stimulated glucose transport [40]. 

In a population-based study that has examined the relationship of dietary fatty acids, 

especially MUFA, with insulin secretion and insulin resistance, suggested a favorable 

relationship of MUFA with pancreatic β-cell insulin secretion [41]. Additionally, an 

improvement in insulin sensitivity in patients with diabetes type 2 and in insulin-resistant 

subjects when diet is changed from high carbohydrate to an isocaloric high MUFA diet has been 

demonstrated [40]. In another study, an isocaloric MUFA-rich diet prevented central fat 

redistribution, the decrease in adiponectin gene expression and insulin resistance induced by a 

carbohydrate-rich diet in insulin-resistant subjects [8]. 

However not all studies show a positive effect of MUFA on insulin sensitivity. Some 

epidemiological studies have generally found no association between MUFA intake and the risk 

of diabetes type 2 [35, 38]. Furthermore, some studies have even found an inverse association 

between oleic acid, which makes up 92% of MUFA present in food, and insulin sensitivity [42]. 

 

Role of polyunsaturated fatty acids 

In a randomized trial by Summers et al [43], a diet rich in ω-6 PUFA improved insulin sensitivity 

with a reduction in the abdominal subcutaneous fat area when compared with a SFA-rich diet 

after only 5 weeks. The results of another study [7], comparing the effect of SFA and ω-6 PUFA 

on insulin resistance indicated that dietary SFA induced insulin resistance while the diet rich in 
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ω-6 PUFA prevented this effect in rats fed those diets for 8 weeks. Moreover, ω-6 PUFA 

demonstrated a higher membrane fluidity when compared to SFA in rats fed diets rich in beef 

tallow or safflower oil for 8 weeks which suggests a positive impact on glucose transport, thus 

insulin sensitivity [44]. In a study by Ide et al [45], the insulin-dependent increase in glucose 

oxidation in response to insulin stimuli in isolated rat adipocytes was higher in rats fed γ-

linolenic acid and linoleic acid compared to palmitic acid. However, the extent of insulin-

dependent increase in glucose oxidation was much greater in rats fed γ-linolenic acid than in 

those fed linoleic acid. 

With regard to ω-3 PUFA, some studies have found a protective effect against insulin 

resistant and diabetes type 2. In one study [46], the intake of -linolenic acid alone and/or with 

its higher metabolites, eicosapentaenoic acid and docosahexaenoic acid was evaluated in a 

nonobese, hypertriglyceridemic and insulin-resistant rat model. The ω-3 experimental diets 

prevented changes in the fatty acid patterns in insulin-sensitive tissues, insulin resistance, and 

vascular dysfunction. This beneficial effect was large with an intake of long chain ω-3 PUFA (-

linolenic acid + eicosapentaenoic acid + docosahexaenoic acid) and to a lesser extent with 

dietary -linolenic acid alone. In another study by Guelzim et al [47], ω-3 fatty acids improved 

body composition and insulin sensitivity during energy restriction in rats. In this study, rats were 

fed diets rich in lipids and sucrose for 10 weeks then rats were energy restricted and fed diets 

rich in 18:1 ω-9 (oleic acid), 18:3 ω-3 (-linolenic acid) or ω-3 (long chain, >18carbons) PUFA 

for 4 weeks. The long chain-PUFA diet resulted in a higher weight loss, without negative impact 

on the muscle weight. Additionally, hepatic phosphorylation of insulin receptor and insulin 

receptor substrate (IRS)-1 was the highest in the long chain-PUFA group. The authors concluded 

that during energy restriction, a diet rich in ω-3 long chain-PUFA reinforces the effect of weight 

loss on insulin sensitivity and enhances the activation of the early steps of insulin signaling in the 

liver. This enhancement in insulin sensitivity is perhaps associated with the enrichment of cell 

membranes in ω-3 long chain-PUFA. In a recent study by Liu et al [48], 32 rats were randomly 

divided into four groups receiving either normal chow, high SFA, high ω-3/ω-6 PUFA ratio 

(1∶1, PUFA
1:1

), or low ω-3/ω-6 PUFA ratio (1∶4, PUFA
1:4

) for 16 weeks. Compared to SFA 

diet-fed rats, PUFA
1:1 

diet-fed rats exhibited decreased body and visceral fat weight, lowered 

blood lipids, and improved glucose tolerance and insulin sensitivity with decreased expression 

levels of circulating pro-inflammatory cytokines. However, PUFA
1:4 

diet-fed rats failed to 

exhibit these changes. Therefore, the authors concluded that a high ratio of dietary ω-3/ω-6 

PUFA improves obesity-linked inflammation and insulin resistance. In this regard, reviewing the 

literature implies that this positive effect of ω-3 PUFA regarding insulin sensitivity and glucose 

homeostasis seems to be pronounced in animals but not in humans [49-52]. However, in 

uncontrolled hyperglycemia in diabetic rats, the type of dietary fat, whether ω-6 PUFA, ω-3 

PUFA, ω-9 MUFA or SFA has been shown to exert little or no influence on plasma glucose and 

lipids and lipoproteins, and body weight [53]. Fructose-induced diabetic rats consuming MUFA-

rich olive oil have been reported to show significantly higher HOMA-IR and insulin 

concentration compared to normal maize starch-fed rats; and the latter exhibited altered insulin 

resistance as a result of feeding SFA-rich sheep tallow, MUFA-rich olive oil or PUFA-rich 

maize oil [54].  
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Role of saturated fatty acids 

The bulk of data suggest potential health benefits of substituting SFA with unsaturated fatty 

acids [37, 43, 55], as several studies discovered impairment of insulin sensitivity with diets rich 

in SAF relative to MUFA and PUFA. In a study [6] designed to assess the possible effects of ω-3 

PUFA as fish oil, MUFA as olive oil and SFA as butter oil on glucose tolerance and insulin 

sensitivity, a significant impairment in glucose tolerance and insulin insensitivity were observed 

in rats supplemented with SFA diet as compared to all other dietary groups. 

In another study by Kim et al. [56], the effects of dietary fatty acid composition on the 

insulin signaling pathway was examined by measuring the gene expression of the earliest steps in 

the insulin action pathway in skeletal muscle of rats fed a safflower oil diet or a beef tallow diet. 

Feeding of a high-fat diet with SFA induced a decrease in IRS1 and PI 3-kinase mRNA and 

protein levels, causing insulin resistance in skeletal muscle. Moreover, in overweight and obese, 

non-diabetic humans, an oral ingestion of fats with different degrees of saturation resulted in 

different effects on insulin secretion and action with induction of insulin resistance observed by 

SFA ingestion [57]. 

In contrast, other studies failed to link SFA intake with the risk of insulin resistance and 

diabetes type 2. A study by Salmeron et al [35], suggested that total fat, SFA and MUFA intake 

are not associated with the risk of diabetes type 2 in women. Furthermore, a recent study [38] has 

found that substitution of unsaturated fats for SFA had no acute benefits on postprandial 

glycemia, insulin demand or short-term satiety in young men. 

 

Insulin resistance: mechanism of action of dietary fat  

The mechanisms linking dietary fat quality to insulin resistance are not fully understood. 

However, the effects of dietary fatty acids are believed to be mediated, at least partially, through 

the fatty acid composition of cell membranes. A specific cell membrane fatty acids profile might 

influence insulin action via several potential mechanisms, including altering insulin receptor 

binding affinity and influencing cell signaling [30]. More experimental data also point towards 

other mechanisms which involve direct regulatory effects on gene expression, transcriptional 

activity and adipocytokines secretion [58, 59]. Here the ligand-activated transcription factor, 

PPARγ, and the adipocytokine, leptin, will be discussed as they show a direct regulatory effect of 

fatty acids. 

 

PPARγ, insulin resistance and diabetes type 2 

Peroxisome proliferator-activated receptors (PPARs) are ligand-activated transcription factors 

that belong to the nuclear hormone receptor superfamily. So far, three major types have been 

identified, namely; peroxisome proliferator-activated receptor alpha (PPAR), peroxisome 

proliferator-activated receptor beta (PPARβ) and PPARγ. The PPARs are differentially 

expressed in a wide range of tissues and thus participate in a variety of cellular functions in a 

number of tissues and organs [9]. The PPARγ is predominantly detected in the adipose tissue and 

the large intestine, intermediately in the kidney, liver and small intestine and with very limited 

extent in the muscles [9]. 

While PPARγ participates in a variety of normal physiological functions such as adipocyte 

differentiation and insulin sensitization, it is also associated with several pathological conditions 
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[9]. The role of PPARγ in insulin sensitivity and diabetes type 2 have been the focus of several 

studies since the discovery that TZDs, one of the most extensively employed insulin-sensitizing 

drugs, possess a high affinity for PPARγ [10]. Many studies have found that TZDs can 

ameliorate insulin resistance [49-52, 55-62] and the activation of PPARγ by these chemicals 

mediates the anti-diabetic effects in the insulin resistance state mainly by altering the 

transcription of several genes involved in glucose and lipid metabolism. A study with PPARγ 

deficient mice has confirmed the important role of PPARγ, given that PPARγ deficient mice 

have shown impairment in insulin sensitivity [63]. 

 

Insulin resistance: mechanism of action of PPARγ 

The PPARγ is the master regulator of adipogenesis, thereby stimulating the production of small 

insulin-sensitive adipocytes [64]. The induction of adipogenesis associated with capability for 

fatty acid trapping has been shown to be an important contributor to the maintenance of systemic 

insulin sensitivity. Adipose PPARγ protects nonadipose tissue against excessive lipid overload 

and maintains normal organ function (liver and skeletal muscle) [53]. Upon activation, PPARγ 

heterodimerizes with the retinoid X receptor and binds to specific peroxisome proliferator 

response element (PPRE) of DNA to promote transcription of numerous target genes which are 

involved in glucose and lipid metabolism [31], thereby improving insulin sensitivity. For 

example, PPARγ activation has been shown to upregulate the adipocyte fatty acid-binding 

protein, acyl-CoA synthase, and lipoprotein lipase [65]; all of these proteins are actively 

involved in lipid metabolism.  

Additionally, PPARγ represses the gene expression of TNF, leptin, resistin and interleukin 

(IL)-6; all of which have been implicated in insulin resistance [66]. On the other hand, activation 

of PPARγ induces gene expression of insulin-sensitizing proteins such as adiponectin, fatty acid 

transport protein and IRS-2 [66]. Collectively, the activation of PPARγ improves lipid 

metabolism and mitigates insulin resistance. Nonetheless, the role of PPARγ in mediating 

glucose and insulin homeostasis in other tissues is still debatable [63]. 

 

Dietary fatty acids: the natural ligands for PPARγ  

Fatty acids and fatty acid derivatives are natural ligands for PPARs including PPARγ [11]. 

Certain MUFA and PUFA can directly bind PPARs [11]. These fatty acids bind all three PPARs, 

with PPAR exhibiting the highest affinity at concentrations that are in agreement with their 

circulating blood levels [67]. In contrast, the very long chain fatty acid, erucic acid, which is a 

weak ligand, appears more selective for PPARβ than for PPAR and PPARγ [67]. Compared 

with the unsaturated fatty acids, SFA are poor PPARs ligands in general [67]. Furthermore, it is 

likely that the amount of intracellular fatty acid binding proteins within the cells and their 

binding of the FFAs are important for the actual PPARs activity [68]. 

One study [59] has examined the effect of fatty acids on PPARγ response element activity in 

human adipocytes. Of the SFA, the short chain lauric acid was without any effect, but the long 

chain palmitic and stearic acids increased PPARγ response element activity. The three long chain 

MUFA (palmitoleic, oleic and petroselinic acids) increased PPARγ response element activity. 

Whereas a range of PUFA, except for linoleic acid, had no effect, the ω-3 fatty acids, linolenic 

acid and eicosapentaenoic acid, but not docosahexaenoic acid also stimulated PPARγ response 
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element activity. In another study which used the rat pancreatic cell line INS-1 as a cell 

biological model [69], there was an increase in PPARγ response element binding with oleic acid 

treatment. Additionally, in 3T3-L1 cells, treatment with both oleic and linoleic acids-containing 

media evoked higher levels of PPARγ than observed in controls [70]; also, GLUT-4 protein has 

increased in response to treatment with both oleic and linoleic acids-containing media [70]. 

It is likely that most fatty acids are weak activators of PPARγ [57]. In fact, most reported 

“natural” PPARγ ligands are intermediates of lipid metabolism and oxidation that bind with low 

affinity at concentrations orders of magnitude greater than physiological conditions [71]. In 

contrast, nitro derivatives of unsaturated fatty acids (NO2- FA) are endogenous products of nitric 

oxide (
•
NO) and nitrite (NO2

−
)-mediated redox reactions that represent a class of lipid-derived, 

receptor-dependent signaling mediators that affect downstream gene expression and the 

metabolic and inflammatory responses under their regulation [72]. For example, NO2-FA inhibit 

pro-inflammatory cytokine, adhesion protein and enzyme expression by adduction of the nuclear 

factor-kappa B (NF-kB) p65 subunit and inhibition of DNA binding by p65 [72]. Additionally, 

NO2-FA are partial agonists of PPARγ, which NO2-FA activate via hydrogen bonding 

interactions and covalent adduction of the ligand binding domain Cys285 [71,72].  

The presence of nitroalkane derivatives of many unsaturated fatty acids has been reported in 

human blood and urine [71,73]. Nitrated palmitoleic, oleic, linoleic, linolenic, arachidonic and 

eicosapentaenoic acids were detected in concert with their nitrohydroxy derivatives [73]. In a 

study by Baker et al. [73], nitrated oleic acid (OA-NO2) has been found to be a potent ligand for 

different PPARs (PPARγ, PPARα and PPARδ) at physiological concentrations. PPARγ showed 

the greatest response, with significant activation at 100 nM in CV-1 cells. In addition, Nitrated 

oleic acid (OA-NO2) also induced PPARγ-dependent adipogenesis and deoxyglucose uptake in 

3T3-L1 preadipocytes at a potency exceeding nitrolinoleic acid and rivaling synthetic TZD 

rosiglitazone. In another study by Schopfer et al. [71], NO2-FA have been found to act as partial 

agonists of PPARγ and covalently bind PPARγ at Cys285 via Michael addition. NO2-FA have 

also showed selective PPARγ modulator characteristics by inducing coregulator protein 

interactions, PPARγ-dependent expression of key target genes and lipid accumulation is 

distinctively different from responses induced by the TZD rosiglitazone. In addition, the 

administration of this class of signaling mediators to ob/ob mice revealed that NO2-FA lower 

insulin and glucose levels without inducing adverse side effects such as the increased weight 

gain induced by TZDs [71]. 

Collectively and importantly, the nitration of some fatty acids in vivo yielding a wide 

spectrum of nitroalkane derivatives greatly increases the potency of these molecules as true 

PPARγ activators as they can exert their effects at physiologically nanomolar concentrations 

compared to their native fatty acids that are required in very high and non-physiological 

concentrations to produce a significant effect. Moreover, it has been suggested that NO2-FA 

might induce physiological responses that differ from TZDs which favorably modulate 

adipogenesis and circumvent the accelerated weight gain associated with TZDs administration 

[71]. This can be of huge importance since the adverse side effects of TZDs administration have 

limited the use of these drugs as will be discussed later. Thus, the potent and unique nature of 

PPARγ binding by NO2-FA encourages further clinical investigation. 
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PPARγ-directed therapeutics: current evidence and future perspectives 

It has been mentioned earlier that most fatty acids are probably weak PPARγ activators [59]. 

This relatively weak agonist activity had limited their importance from clinical point of view. 

Other PPARγ ligands such as TZDs are considered to be strong activators as they are full 

agonists of PPARγ [9,20,59]. Because the binding affinity of TZDs to PPARγ seems closely 

correlated with the potency of their insulin-sensitizing actions [9], TZDs have been widely used 

as a treatment option for people with type 2 diabetes. However, these strong synthetic ligands of 

PPARγ often induce adverse side effects including peripheral edema, dilutional anemia, weight 

gain, reduction in bone mineral density, bladder cancer and even overt heart failure [9,20,71]. 

Therefore, TZDs unique benefits as antidiabetic drugs are shadowed by these side effects which 

restricted their clinical use. This raises the question as to whether it is possible to develop new 

agents that are safer, evoking fewer side effects, while preserving or even improving insulin-

sensitivity potential.  

PPARγ signaling is not completely understood. A better understanding of PPARγ signaling 

is crucial to develop a safer and more effective PPARγ-directed therapeutics. Recent efforts have 

focused on PPARγ ligands that block extracellular signal-regulated kinase (ERK)/cyclin-

dependent kinase 5 (Cdk5)-mediated phosphorylation of PPARγ at S273 [20]. It is suggested that 

phosphorylation of PPARγ at S273 may not only correlate positively with the development of 

insulin resistance but may also be causal to this state [21]. One study [21] has discovered that the 

use of mitogen-activated protein/extracellular signal-regulated kinase kinase (MEK) inhibitors 

cause a decrease in PPARγ phosphorylation at S112 and S273 in ob/ob mice treated with MEK 

inhibitors compared to control animals. Mice receiving MEK inhibitors showed an improvement 

in glucose tolerance accompanied by decreased insulin levels and increased levels of the insulin-

sensitizing hormone adiponectin without affecting body weight. These data identify an insulin-

sensitizing role for MEK inhibitors as non-agonist PPARγ ligands that specifically block PPARγ 

phosphorylation at S273. In the latter study, the authors stated that the MEK inhibitory 

compounds that they have used are safe and are tolerated well enough to permit studies of 

metabolism in rodents and perhaps in humans suggesting a therapeutic window for improving 

insulin sensitivity via PPARγ, using a safe, low-dose treatment of a MEK inhibitor.  

G Protein-coupled Receptor 40 (GPR40) is a FFAs and TZDs cell membrane receptor 

associated with FFAs- and glucose- induced insulin secretion [74]. GPR40 has been also 

identified as another potential target for new type 2 diabetes therapeutics. Recently it has been 

demonstrated that GPR40 and PPARγ can function as an integrated two-receptor signal 

transduction pathway in human endothelium [74]. In human endothelium, rosiglitazone and 

pioglitazone (TZDs drugs) bind to and activate both GPR40 and PPARγ, which function together 

through p38 mitogen-activated protein kinase (MAPK) to optimally propagate PPARγ genetic 

response [74]. However, GPR40 activation by these drugs also turns on ERK1/2, stress kinases 

pathway that suppresses PPARγ signaling and promotes inflammation [20, 74].  

Many FFAs and their derivatives, including lauric acid, myristic acid, palmitic acid, oleic 

acid, linoleic acid, linolenic acid, arachidonic acid, eicosapentaenoic acid and 9-

hydroxyoctadecadienoic acid (9-HODE) have been shown to be endogenous ligands of both 

GPR40 and PPARγ [20]. TZDs, including ciglitazone, troglitazone, rosiglitazone and 

pioglitazone, all bind to and activate GPR40 with subsequent signal transduction that includes 
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stress kinase pathways [75]. PPARγ agonists that do not bind to or activate GPR40 have not yet 

been characterized in a systematic fashion. The natural PPARγ ligand 15-deoxy-D12, 14-

prostanglandin J2 (15d-PGJ2) has been reported to selectively activate PPARγ, but not GPR40 in 

human bronchial epithelial cells [76]. However, 15d-PGJ2 does appear to activate stress kinases 

in other cell types, which could be a signature for unrecognized GPR40 activation.  

Therefore, it is useful to design agents that activate PPARγ independently of GPR40 or 

selectively activate GPR40/p38 MAPK while circumventing GPR40/ERK activation.  Activating 

p38 MAPK would enhance downstream PPARγ signaling through effects on PPARγ co-

activator-1alpha (PGC-1) and E1A binding protein p300 (EP300), while bypassing ERK1/2 

would avoid the inactivation of PPARγ and the deleterious impact on insulin resistance and 

inflammation and thus have better risk/benefit profile in patients.  

These findings hold implications for rational next generation drugs development that would 

require further investigation. Although these mechanisms have been largely viewed in a 

pharmaceutical context, they may also have implications for dietary fatty acids and naturally 

occurring PPARγ ligands.   

 

Leptin, insulin resistance and diabetes type 2 

Leptin, a product of the ob gene is thought to regulate appetite and metabolic rate by reducing 

food intake and increasing energy expenditure [9, 77]. Leptin is produced by the adipose tissue 

and its serum levels are correlated with body fat in animals and humans [78,79]. In addition to its 

role in regulating appetite and metabolic rate, leptin might have a role in insulin resistance and 

diabetes. Resolving the exact role of leptin in the pathophysiology of insulin resistance and 

diabetes will be complex because of the paradoxical observations regarding the effects of leptin 

on glucose metabolism, insulin secretion and insulin sensitivity [25]. It has been found that both 

high and low levels of leptin are associated with insulin resistance [9], which emphasizes the 

importance of maintaining normal leptin levels. 

Some animal studies have suggested a protective role of leptin concerning diabetes [79, 80], 

thus the elevated leptin levels observed in obesity indicate a state of leptin resistance [80], hence 

providing a link between obesity, insulin resistance and diabetes. Furthermore, leptin deficiency 

is associated with insulin resistance and diabetes that are observed in lipoatrophic individuals or 

rodent models of lipoatrophy [12]. Some results suggest that leptin therapy is effective in 

ameliorating the metabolic abnormalities in lipodystrophy including insulin resistance [81, 82]. 

It has been suggested that leptin improves insulin sensitivity by diverting FFA into adipose 

tissue for storage [9], also leptin seems to induce depletion of the TG content in skeletal muscles 

[83] and liver [82] therefore causing an improvement in insulin sensitivity. Moreover, a close 

association between plasma leptin and insulin has been reported and the presence of leptin 

receptors on pancreatic β-cells suggests a role of leptin in regulating insulin secretion [12]. 

Leptin appears to play an important role in the maintenance of normal glucose-stimulated insulin 

secretion (GSIS) through the prevention of TG accumulation in pancreatic β-cells, which 

prevents lipotoxicity and pancreatic β-cells apoptosis [12]. A failure of leptin to inhibit insulin 

secretion in pancreatic β-cells of human overweight subjects may result in chronic 

hyperinsulinemia and contribute to the pathogenesis of diabetes type 2 [84].  
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However, leptin has also been found to desensitize the activity of insulin most notably in the 

white adipose tissue [12]. Higher concentrations of leptin have been demonstrated to impair the 

activities of insulin-stimulated MAPK as well as tyrosine phosphorylation of the insulin receptor 

[9]. Furthermore, some studies have shown that high leptin levels are associated with insulin 

resistance independently of obesity [85, 86]. A study among Japanese Americans showed that an 

increase in baseline leptin concentration is associated with increased risk of developing diabetes 

in men independent of total fat [87]. Another study by Welsh et al [88] has found that baseline 

leptin levels can predict diabetes but not cardiovascular diseases. Furthermore, it has been 

suggested that adiponectin/leptin ratio might be more useful than homeostasis model assessment 

of insulin resistance (HOMA-IR) to assess insulin resistance in subjects without hyperglycemia 

[89] and in type 2 diabetic patients [90]. The fact that PPARγ activation suppress the gene 

expression of leptin [9] may indicate that high leptin levels are associated with insulin resistance 

and type 2 diabetes; this can be supported by the results of some [91-93] but not all studies [94, 

95] that examined the effect of TZDs on insulin sensitivity in diabetic patients and found that an 

improvement in insulin sensitivity was associated with a reduction in leptin levels. 

Despite this, previous studies have reported various results regarding leptin levels in diabetic 

subjects. Levels were decreased [96], increased [97], or unchanged [98]. This can be explained 

by the fact that leptin levels are confounded by factors that affect insulin sensitivity and insulin 

secretion.  

 

Dietary fat and leptin regulation 

The regulation of plasma leptin levels is not completely understood. Plasma leptin levels and ob 

gene expression are correlated with adipose tissue mass in humans and animals [99, 100], 

suggesting that adipose tissue size is a major regulator of leptin production. However, because 

there are large variations in leptin concentrations among individuals with similar body 

compositions, it is likely that factors other than adipose tissue mass influence plasma leptin 

levels [101]. Potential modifiers of leptin levels are energy-yielding nutrients, such as fatty acids, 

carbohydrates and proteins and alcohol. Most studies published so far indicate that fasting and 

refeeding may change plasma leptin levels; under these conditions, leptin levels are down and 

up-regulated, respectively [102]. Physical activity is central for long-term regulation of body 

weight. Reseland et al [101] discovered that an increase in physical activity reduces plasma 

leptin levels in men with metabolic syndrome even after adjusting for BMI or fat mass. 

However, results of the effects of exercise on plasma leptin levels, independent of fat mass, are 

conflicting [103, 104]. 

The effect of increased dietary fat on circulating leptin has been assessed in several models. 

A high fat diet increased plasma leptin levels and body fat mass in male Sprague Dawley rats 

[54, 105]. However, the effects of different dietary fat types on leptin are unknown. A cross-

sectional study by Rojo-Martinez et al. [106] examined the relation between serum leptin and 

nutrient intake. The results suggest that in non-experimental conditions, the levels of serum 

leptin in men with type 1 diabetes mellitus and, to a lesser extent, those in women, may be 

influenced by the composition of the habitual diet, especially the type of dietary fat. In the men, 

serum leptin concentration correlated significantly with the intake of saturated fat. In these 

patients, leptin also correlated positively with stearic acid of the plasma phospholipids and 
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negatively with eicosapentaenoic acid. In women, serum leptin levels correlated positively with 

linoleic acid from the serum phospholipids and negatively with arachidonic acid. Separate 

regression analyses for the men and the women showed that the intake of palmitic acid 

accounted for 42% of the variance in serum leptin in the men, while, the waist to hip ratio and 

the intake of docosahexaenoic acid accounted for 42% of the variance in leptin in the women.  

Another study [101] examined the effect of long-term changes in diet and exercise on leptin 

levels in 186 men with metabolic syndrome. The results demonstrated that long-term changes in 

lifestyle, consisting of decreased intake of dietary fat and increased physical activity reduced 

plasma leptin concentration beyond the reduction expected as a result of changes in fat mass. 

Furthermore, in healthy nonobese men and women, the impact of dietary fat composition on 

serum leptin concentration was examined by giving three dietary treatments which contained 

refined olive oil, rapeseed oil or sunflower oil as the principle source of fat for 4 weeks [107]. 

Both of olive oil and sunflower oil did not affect leptin levels whereas leptin levels were 

differently affected in men and women on the rapeseed oil diet. 

In animals, conflicting results concerning the effect of different types of dietary fat on leptin 

levels are reported. In a study by Rodriguez et al. [58], leptin levels were not affected by dietary 

fat type (olive oil, sunflower oil or beef tallow) whereas ob mRNA was higher in olive oil and 

sunflower oil than in beef tallow. Neither PPARγ activation nor leptin concentration has been 

reported to be affected by the dietary fat type including MUFA-rich olive oil, PUFA-rich maize 

oil and SFA-rich sheep tallow [54]. On the other hand, a study by Cha and Jones [77] indicated 

that dietary fatty acid composition independent of adipose tissue mass, is an important 

determinant of circulating leptin levels in diet-induced obesity given that plasma leptin levels 

were 60% higher in the rats fed fish oil and safflower oil compared with rats fed beef tallow. In 

contrast to the previous study, it has been found that 3 weeks of ω-3 PUFA-enriched diet, as 

compared with 3 weeks of lard-enriched diet, induced lower leptin levels and reduced leptin 

mRNA expression in rats' epididymal adipose tissue [108]. 

 

CONCLUSIONS 

There is no optimal mix of macronutrients for people who are trying to lose weight or for people 

with diabetes. Moreover, evidence is lacking for an ideal amount of fat. Therefore, personal diets 

should be individualized. In regards to fat, the American Diabetes Association [109] in its 

position statement stated that "fat quality appears to be far more important than quantity". 

Indeed, there is evidence in both humans and animals that dietary fat type independent of its 

quantity can influence several metabolic processes inside the body, either leading to or 

preventing the development of insulin resistance and thus influence the risk of diabetes. In 

general, it is recommended to substitute SFA with PUFA and MUFA. The ideal ratio between ω 

-3 and ω-6 PUFA has not been determined. Taken together, the role of dietary fat quality in 

insulin resistance should be further studied, using well controlled experimental designs, in an 

attempt to avoid multiple flaws that limited the validity of several studies. Furthermore, 

functionality of dietary fat is primarily based on its being whole, conventional, natural or 

processed and not pills, capsules, extracts or supplements [110], a matter that has not been the 

focus of most studies. 
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The evidence that different fatty acids have different regulatory actions inside our bodies in 

terms of gene expression, transcriptional activity and adipocytokines secretion is crucial from 

preventive and treatmental point of view. Additional investigation is needed to further 

understand the specific role of PPARγ and its fatty acid-mediated activation, which will open a 

therapeutic window for improving insulin sensitivity via PPARγ. Moreover, the potential 

influence of dietary fatty acids on ob gene expression and leptin secretion remains to be 

elucidated given the fact that leptin is complexly regulated by multiple factors. All of this 

increases the need for more properly designed studies to help us fully understand the exact role 

of fat, thus, establishing better evidence-based recommendations for prevention and clinical 

management. 
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