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Introduction
Type 2 diabetes has become increasingly more prevalent among 

the general population, leading to significant morbidity and 
mortality for those diagnosed, not to mention the undue financial 
burden it puts on both patients and the healthcare system. We 
set out to identify the role of dietary saturated fatty acids in the 
pathogenesis of type 2 diabetes. Reduction of excess dietary 
saturated fatty acids may be an underutilized treatment for type 2 
diabetes mellitus.

Excess dietary saturated fatty acids increase insulin resistance, 
raise blood sugar levels, and decrease cellular energy production 
via multiple mechanisms. Excess saturated fatty acids interfere 
with the transport of glucose molecules into skeletal muscle cells 
by reducing the total number of insulin receptors available on the 
cellular membrane by up to one-half. Excess saturated fatty acids 
can also disrupt the cellular signaling cascade responsible for 
glucose transport into the cell at the following junctions: insulin 
receptor substrate phosphorylation, phosphatidylinositol-3-kinase 
phosphorylation, protein kinase-B phosphorylation, and transport 
of the glucose transporter-4 to the cellular membrane. This can 
result in insulin resistance, increased blood glucose levels, and 
decreased glycogen synthesis. Palmitic acid has been shown 
to have the strongest effect in reducing insulin sensitivity and 
decreasing glycogen synthesis.

Excess circulating levels of free saturated fatty acids lead to 
glucolipotoxicity-induced beta cell insulin resistance and beta cell 
apoptosis and subsequent drops in pancreatic insulin production. 
Excessive intake of animal fats can increase circulating free 
saturated fatty acids, decreasing insulin production by up to 

30-60%. Also, increased abdominal fat can be released as free 
saturated fatty acids into the portal bloodstream, reducing insulin 
production due to beta cell apoptosis.

Saturated fatty acids interfere with glucose transport 
into cells by insulin 

Insulin promotes glucose uptake in insulin-responsive tissues 
including liver cells, muscle cells, and adipose tissue. Insulin 
stimulates a cascade of signaling processes initiated by the binding 
of insulin to the protruding α-subunit of the insulin receptor on the 
outer leaf (the plasma side) of the cellular membrane. 

1.	 Insulin binding to the insulin receptor, a transmembrane 
protein, elicits activation of the β-subunit of the insulin 
receptor inside the cell.

2.	 Once activated, the β-subunit of the insulin receptor attracts 
the insulin receptor substrate, which docks onto the insulin 
receptor. Saturated fatty acids inhibit activation (tyrosine 
phosphorylation) of the insulin receptor substrate.

3.	 The insulin receptor substrate then activates 
phosphatidylinositol-3-kinase. Phosphatidylinositol-3-
kinase is associated with almost all of the metabolic actions 
of insulin [1]. Excess saturated fatty acids can inhibit 
phosphatidylinositol-3-kinase phosphorylation [2].

4.	 Phosphatidylinositol-3-kinase then phosphorylates protein 
kinase B. Excess saturated fatty acids can decrease protein 
kinase-B activation [3]. 

5.	 Phosphorylated protein kinase B moves glucose transporter-4 
vesicles from the cytoplasm to the cell membrane surface, 
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allowing cellular glucose uptake. The mineral chromium is 
involved with movement of the glucose transporter-4 to the 
cell surface [4]. 

6.	 Protein kinase B also activates glycogen synthase to 
stimulate glycogen synthesis from glucose inside the cell. 
Glycogen synthesis is inhibited by excess saturated fatty 
acids [3] (Figures 1,2).

Once an insulin molecule has docked onto the cellular receptor and 
effected its action, it may be released back into the extracellular 
environment, or it may be degraded by the cell. Degradation 
normally involves endocytosis of the insulin-receptor complex 
followed by the action of insulin degrading enzyme. Interestingly, 
this same insulin-degrading enzyme clears amyloid-beta from 
the brain—unless it is depleted because of hyperinsulinemia [5]. 
Most insulin molecules are degraded by liver cells. It has been 
estimated that a typical insulin molecule is fully degraded about 
71 minutes after its initial release into circulation [1].

Saturated fatty acids increase insulin resistance and 
increase glucose in blood

Saturated fatty acids are associated with insulin resistance and 
glucose intolerance, which are significant risk factors for type 2 
diabetes. Myristic and palmitic acids were positively associated 
with fasting insulin and increased glucose in blood. Stearic acid 
was associated with increased glucose, but not increased insulin 
[6]. 

The KANWU study included 162 healthy subjects chosen at 
random to receive a controlled, isoenergetic diet for 3 months 
containing either a high proportion of saturated or monounsaturated 
fatty acids. Insulin sensitivity was 12.5 % lower on the saturated 
fatty acid diet and 8.8 % higher on the monounsaturated fatty acid 
diet (p = 0.03). Insulin secretion was not affected. These effects 
were only seen at a total fat intake below 37% of total energy 
intake. Above that level, insulin insensitivity was seen in both 
groups [7].

Excesses of total fatty acids lead to insulin resistance. Excesses 
of myristic, palmitic, stearic, and oleic acids have been implicated 
in interfering with the signaling between the insulin receptor and 
the glucose transporter GLUT-4. Palmitic acid has been found to 
be the most powerful in decreasing insulin sensitivity. Interference 
has been found with the insulin receptor substrate, protein 
kinase-B, and phosphatidylinositol-3-kinase [8].

Excess dietary saturated fatty acids reduce the number 
of insulin receptors

Excess dietary saturated fatty acids can lead to a sustained 
downregulation of the expression of the insulin receptor [2]. 
Excess dietary saturated fatty acids lead to a lack of the HMGA1 
gene, which transcribes a high-mobility group protein. Lack of 
HMGA1 can suppresses biosynthesis of the insulin receptor [8].

Palmitic acid was shown to decrease insulin receptor expression 
and activity. A two-fold decrease in the number of insulin receptors 
in the cellular membrane was found with excess palmitate [2]. 
Palmitate inhibition of insulin receptor gene expression effectively 
reduced the amount of insulin receptors in skeletal muscle cells. 
This is in addition to the well-known interference shown by 
saturated fatty acids in the signaling between the insulin receptor 
and glucose transporter-4 [9].

The toll-like receptor-4 may be implicated in some, but 
not all, routes to insulin resistance

Saturated fatty acids are thought to induce insulin resistance 
partially through activation of the toll-like receptor-4, which 
in turn transcriptionally activates hepatic ceramide synthesis 
leading to inhibition of insulin signaling. However, toll-like 
receptor-4 signaling is not directly required for impairment of 
insulin-stimulated insulin receptor substrate signaling. Saturated 
fat-induced insulin resistance may sometimes be independent of 
TLR-4 activation and ceramides [10]. Toll-like receptor-4 may not 

Figure 1: Removal of glucose from the bloodstream without excess 
saturated fatty acids.

Figure 2: Impaired removal of glucose from the bloodstream with excess 
saturated fatty acids.
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always be involved in saturated fat-induced insulin resistance [11].
Saturated fatty acids stimulated adipose tissue inflammation by 

a process that involved toll-like receptor-4. Toll-like receptor-4 
binds bacterial lipopolysaccharides, also known as endotoxins. 
Lipopolysaccharides come from cooked bacteria and may be found 
in meat, dairy products, and fish. It has been seen that toll-like 
receptor-4 deficiency protected against insulin resistance in obesity 
induced by a diet high in saturated fatty acids. This suggests that 
toll-like receptor-4 is one link between excess dietary saturated 
fatty acids and insulin resistance. Less diet-induced insulin 
resistance and adipose tissue inflammation have been observed in 
mice with low function of their toll-like receptor-4 [12]. 

Excess dietary saturated fatty acids decreased the amount of 
insulin-stimulated glucose uptake. Inflammation may play a role, 
since saturated fats activated the nuclear transcription factor-κB 
pathway and induced interleukin-6, tumor necrosis factor-α , and 
monocyte chemoattractant protein-1 mRNA expressions. The 
insulin-activated glucose uptake was reduced even though the mice 
were deficient in Toll-like receptor-4, indicating another mechanism 
may be involved [11]. However, in another study, saturated fatty 
acids served as a naturally occurring ligand for toll-like receptor-4, 
thereby inducing inflammatory changes in both adipocytes and 
macrophages through nuclear transcription factor-κB activation 
[13]. 

Saturated fatty acids can suppress insulin production
By the time diabetes is diagnosed, half of the insulin-producing 

cells may have suffered apoptosis [14]. The remaining beta cells 
can be inhibited by excess free saturated fatty acids. This can lower 
their production of insulin. During rapid weight loss (or bariatric 
surgery), over 8 weeks, these beta cells can start responding again 
and producing insulin in response to need—relieving high blood 
sugar [14]. 

Animal fats can increase circulating levels of free saturated fatty 
acids. The beta cells that produce insulin in the pancreas can die 
off from these free fatty acids from animal fats (30-60% decrease) 
[15]. The beta cells die off principally as a result of damage to 
the endoplasmic reticulum. There are then less beta cells to make 
insulin. Oleic acid has been found to be protective, reducing beta 
cell apoptosis from glucolipotoxicity induced by free saturated 
fatty acids, diacylglycerols, and ceramides. 

Saturated fatty acids released from adipose tissue can also reduce 
insulin secretion by beta cells in the pancreas. Circulating levels 
of free saturated fatty acids in the portal system can be increased 
when there is increased abdominal fat. This abdominal fat can 
create more free saturated fatty acids in the bloodstream, killing 
off beta cells that produce insulin [16].

Blood sugar is burned for energy or stored as glycogen in muscle 
cells. If there is an excess of glucose, liver cells can convert this 
excess glucose into palmitic acid, a 16-carbon saturated fatty acid. 
A constant excess of calories can lead to non-alcoholic fatty liver 
disease. This excess fat in liver cells can later be turned into blood 
sugar—thus raising fasting blood sugar levels [14].

Saturated fatty acids may impair energy production in 
the mitochondria

In muscle cells, saturated free fatty acids induced mitochondrial 
dysfunction. This mitochondrial dysfunction may be associated 
with impaired glucose metabolism. These saturated fatty acids 
reduced glucose oxidation and lactate production. Palmitic and 
stearic acids impaired mitochondrial function as demonstrated by 

a decrease in ATP generation [3].
Another way that excess free fatty acids may reduce energy 

production is through a reduction in the number of mitochondria 
in muscle cells. Exercise can ameliorate this effect of excess free 
fatty acids in muscle cells by stimulating mitochondrial biogenesis 
[17]—and burning free fatty acids. Another way to increase the 
biogenesis of mitochondria is to reduce the amount of excess fatty 
acids in muscle cells. Reduced excess fatty acids increase the 
amount of peroxisome proliferator activated receptor-gamma co-
activator 1-alpha (PGC-1α). Higher amounts of PGC-1α stimulate 
more mitochondrial biogenesis. Modest over-expression of PGC-
1α in muscle increases the glucose transporter GLUT4 expression 
and increases insulin-stimulated glucose uptake [18].

Palmitic acid may inhibit the biosynthesis of glycogen
Saturated palmitic and stearic acids decreased insulin-induced 

glycogen synthesis, thus reducing substrates for energy production 
[3]. Glycogen is produced in the cell by the enzyme glycogen 
synthase. Palmitate was found to impart a dose-dependent 
inhibition of glycogen synthase activity in cultured muscle cells. 
Inactivation of glycogen synthase could be the mechanism for 
saturated long-chain fatty acid inhibition of insulin-mediated 
carbohydrate storage. The presence of palmitate resulted in a 
glycogen synthase activity that was 73% of the normal glycogen 
synthase activity [19].

Chromium assists transport of glucose into the cell
Chromium improves insulin sensitivity in a variety of cellular and 

animal models of insulin resistance. When sufficient chromium is 
present, there were enhanced levels of tyrosine phosphorylation 
of insulin receptor substrate-1. Phosphorylation of protein 
kinase-B was also increased. Presence of chromium also improved 
phosphatidlinositol-3-kinase activity. Higher chromium levels 
also increased levels of the glucose transporter-4 in the plasma 
membrane [4].

Chromium has been observed to increase the fluidity of the cell 
membrane by decreasing membrane cholesterol. Chromium has 
also been shown to cause an up-regulation of sterol regulatory 
element-binding protein, a membrane-bound transcription factor 
responsible for controlling cellular cholesterol balance [4].

Summary
Dietary saturated fatty acids play a central role in the development 

and progression of type 2 diabetes. Reducing excessive dietary 
saturated fats provides a safe and effective treatment strategy for 
patients and clinicians wanting to target the root cause of insulin 
resistance and type 2 diabetes. Without addressing this, it is 
unlikely that disease reversal is possible. Diet and exercise remain 
first-line treatment options for type 2 diabetes, and are among the 
most effective approaches to combatting this disease. The data 
contained herein underscore the importance of dietary saturated fat 
intake in the development of insulin resistance, and set the stage 
for future dietary human interventional studies analyzing the direct 
effects of saturated fat intake on the development, progression, and 
potential reversal of type 2 diabetes.
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