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Abstract

Type 2 Diabetes prevalence has increased every year
due to a combination of environmental factors and genetics. There
has been a gradual realization of the role of fatty acid metabolism
in the development of type 2 diabetes. The goal of this review is to
summarize the current mechanisms found in research as to the
development of insulin resistance relative to disordered fatty acids
metabolism. First, we reviewed the definitions, sources, the use and
synthesis of fatty acids. Then, we summarized proposed mechanisms
by which fatty acid metabolism contributes to the development to
type 2 diabetes and insulin resistance. The relationship of fatty acid
metabolism and insulin resistance in the liver, adipose tissue, and
skeletal muscle was examined in conjunction with the proposed
mechanisms. Furthermore, the beneficial roles of polyunsaturated
fatty acids in the metabolic diseases and the relationship between
poly unsaturated fatty acids and inflammation via cytokines were
discussed. In conclusion, altered fatty acid metabolism should be a
major focus of research in the future for the prevention and treatment
of insulin resistance and type 2 diabetes.
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Abbreviations

TNF-a: Tumor Necrosis Factor Alpha; IL: Interleukin;
NF-xB: Nuclear Factor Kappa-Light-Chain-Enhancer of Activated
B Cells; SOCS: Suppressor of Cytokine Signaling Protein; TLR: Toll-
Like Receptor; JNK: C-Jun N-Terminal Kinases; IRF: Interferon
Regulatory Factor; IFN: Interferon; TAG: Triacylglycerol; TNF-R:
Tumor Necrosis Factor Receptor; FFA: Free Fatty Acid; ROS:
Reactive Oxygen Species; FATP: Fatty Acid Transport Protein; FAT,
Fatty Acid Translocase; FABP: Fatty Acid Binding Protein; LCFAC:
Long-Chain Fatty Acyl-CoA; DAG: Diacylglycerol; CD36: Cluster
of Differentiation 36; VLDL: Very Low Density Lipoprotein;
FOXO: Forkhead Box Subgroup O; PEPCK: Phosphoenolpyruvate
Carboxykinase; PC: Pyruvate Carboxylase; PKC: Protein Kinase
C; GLUT: Glucose Transporter; G6P: Glucose-6-Phosphate;
ATP: Adenosine Triphosphate; PK A/B: Protein Kinase A/B;
PUFA: Polyunsaturated Fatty Acids; RA: Retinoic Acid; FA: Fatty
Acid; MUFA: Monounsaturated Fatty Acid; CE: Cholesterol
Esters; PL: Phospholipids; EPA: Eicosapentaenoic Acid; DHA:

Docosahexaenoic Acid; AMPK: Adenosine Monophosphate-
Activated Protein Kinase; ACC: Acetyl-CoA Carboxylase; FAS:
Fatty Acid Synthase; CPT %2: Carnitine Palmitoyltransferase 1/2;
cyt C: Cytochrome C;

Introduction
Types and Sources of Fatty Acids

At its most basic level, a Fatty Acid (FA) is simply a
carboxyl group attached to an aliphatic chain of varying number
of carbons and bond types. Due to their characteristics, FAs are
classified differently. Based on the number of carbons, FAs are
classified as short-chain (C2 to C6), medium-chain (C8 to C14)
and long-chain (C16 to longer) FAs. According to the number
of double bonds between the aliphatic carbon, FAs are further
classified as saturated, monounsaturated (only one double bond)
and polyunsaturated (more than one double bond). “Saturated”
means that no more hydrogen could be added to the carbons of
an FA molecule. The introduction of a double bond creates two
configurations, cis (the two carbons on the same side of the
double bond) or trans (the two carbons on the opposite side of
the double bond). The natural occurring FAs are mainly in the
cis configuration whereas food processing introduces trans
configuration. The presence of a double between a pair of carbon
atoms limits the rotation around the central bond, which results
in bending of the FA in cis configuration. The existence of multiple
double bonds introduces more complex configurations [1].

Bothsaturated and unsaturated FAs existin human foods.
Depending on the type, source, and areas of food production, the
contents and types of FAs vary dramatically. Saturated fatty acids
can be found in many foods we eat such as red meat and dairy
products [2]. Cow milk, for example, includes saturated FAs such
as butyric acid (also found in butter), myristic acid, and palmitic
acid [3]. Common monounsaturated fatty acids, or MUFAs, include
palmitoleic acid and oleic acid and can be found in sources such
as olive oil and fish. Polyunsaturated fatty acids, or PUFAs, can
also be found in fish, dark green leaves like spinach & kale, nuts,
and avocados. Common PUFAs found in marine sources include
Eicosapentaenoic Acid (EPA) and Docosahexaenoic Acid (DHA).
PUFAs such as EPA and DHA are both omega-3 fatty acids that
have been suggested to help combat the risk of cardiovascular
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disease [4]. Saturated fatty acids, however, have been associated
with the increased risk of developing metabolic disorders and
cardiovascular disease [5].

FAs are not only found in the diet, but also in human and
animal cells [6]. They exist in a variety of lipid molecules in the
body. Examples include Triacylglycerol (TAG), Monoacylglycerol,
Diacylglycerol (DAG), acyl-CoA, Cholesterol Ester (CE), Retinyl
Esters, sphingomyelin, cardiolipin, waxes, phospholipids (PLs),
etc [7].

Dietary (Exogenous) Lipid Metabolism

A significant portion of the dietary lipids we ingest is in
the form of TAG, which 3 FAs are esterified to the three hydroxyl
groups of glycerol [1]. Other common dietary lipids include CE
and PLs. Lipid digestion starts in the stomach with the help of
gastric and lingual lipases that hydrolyze part of the lipids into
DAGs and FAs [8].The churning action of the stomach allows
large lipid droplets to be broken into smaller ones, a process
that allows further digestion of lipids to become easier. Once the
partially digested lipids are moved in the small intestine, they
aren’'t immediately able to be digested by water soluble lipases.
Thus, further emulsification in the small intestine occurs with the
help of bile acids and salts (e.g., taurocholic acid), which are made
from cholesterol in the liver and released from the gall bladder.
The bile salts and partially digested lipids form micelles, allowing
the binding of colipase (a protein needed for the association of
pancreatic lipase with the micelles). TAGs are hydrolyzed to
2-monoacylglycerol and free FAs [9]. After the digestions of
enzymes, CEs can be broken down to cholesterol and a FA, and
PLs can be broken down into a FA and a lysophospholipid.

The hydrolyzed products from TAGs along with those
from CEs and PLs in the micelle are then absorbed by enterocytes.
Once in enterocytes TAG, CE and LP are formed again in the
smooth endoplasmic reticulum and packed into chylomicrons for
transport. Lipoprotein chylomicrons are primarily composed of
the dietary lipids TAG and the protein called apolipoprotein B-48.
Chylomicrons are transported from the lymphatic system to the
blood, and then to adipose and muscle tissues, and eventually
taken into the liver in the form of chylomicron remnants [1].
Short- and medium-chain fatty acids can simply be absorbed
directly into the blood via the blood capillaries in the intestines
[1]. The TAGs are once again hydrolyzed into free FAs and
glycerol by lipoprotein lipases associated with the membrane of
endothelial cells in the lumen of blood circulation. FAs are then
absorbed by adipose tissue and muscle cells and converted back
into TAG in the cells for energy storage or use.

Endogenous Lipid Metabolism

oGram per gram, fatty acids provide more than twice
the energy (~38 kJ/g) than a carbohydrate or protein molecule
[10]. Most energy reserves in humans are stored as TAGs which
contain long chain FAs in adipocytes. During postprandial state,
glucose is mainly used for power generation and FA biosynthesis.
During times of mild activity, vigorous exercise, or fasting, our
body starts to use more FAs as an energy source and save glucose
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for the use in the central nerve system [11]. Normally, insulin
inhibits lipolysis in adipose tissues. On the other hand, glucagon
stimulates lipolysis, and in turn, increases blood free FA levels
[10]. When free FAs enter a cell, an enzyme called acyl-CoA
synthetase first converts them into a fatty acyl-CoA in the cytosol
[1]. To utilize the stored energy in FAs, they undergo -oxidation
in mitochondria to generate acetyl-CoA [1]. Short- and medium-
chain FAs can enter mitochondria through passive diffusion
without any assistance. However, long-chain FAs cannot just
enter the mitochondria freely. First, the long-chain fatty acyl-CoA
is conjugated to a carnitine molecule by the enzyme Carnitine
Palmitoyltransferase I (CPT1) to form a fatty acyl carnitine. This
allows for the transport of fatty acyl carnitine cross the outer
membrane of the mitochondria. After that, a translocase transfers
fatty acyl carnitine across the inner mitochondrial membrane
into the mitochondrial matrix. As the fatty acyl carnitine is
brought into the matrix, a free carnitine is transported out into
the cytosol. Once in the matrix, CPT2 regenerates fatty acyl-
CoA which can then undergo B-oxidation [1]. The acetyl-CoA
in mitochondria can be either completely oxidized into CO2 or
converted to ketone bodies (acetone, B-hydroxybutyrate, and
acetoacetate) in hepatocytes [9]. Due to the presence of double
bonds in unsaturated FAs additional enzymes such as 2,4 dienoyl-
CoA reductase and enoyl-CoA isomerase are needed to rearrange
the double bond positions for the FAs to get into the -oxidation
process. As the first step of 3-oxidation of a saturated FA is to
introduce a double bond and an FADH, the complete oxidation of
an unsaturated FA produces less ATP than a saturated one with
equal carbon numbers [10].

Fatty Acid Biosynthesis

Excessive glucose and o-keto acids of amino acids
in cells can be converted into FAs for storage. This is achieved
through de novo lipogenesis. The main precursor of FA formation
is acetyl-CoA, which can be generated from FA (-oxidation,
from the conversion of pyruvate to acetyl CoA, or from amino
acid metabolism. Pyruvate from glycolysis or other sources is
first converted into acetyl CoA in mitochondria by pyruvate
dehydrogenase complex. Acetyl CoA is transported out from
mitochondria into the cytosol in the form of citrate. Citrate is
hydrolyzed again into oxaloacetate and acetyl-CoA by the enzyme
ATP citrate lyase again. The cytosolic acetyl-CoA is condensed
with a CO2 to generate malonyl-CoA by Acetyl-CoA Carboxylase
(ACC). As ACC allows for the committed step to produce malonyl-
CoA, it is strongly regulated by levels of insulin, glucagon, and FA
levels in the cells [1]. The hormones glucagon and epinephrine
can activate a signal transduction pathway in the cell to activate
AMP-Activated Protein Kinase (AMPK) which can phosphorylate
ACC, deactivating it [1]. Additional deactivating factors include
long/short fatty acyl-CoA chains and Protein Kinase A (PKA)
[12]. On the other hand, insulin can activate protein phosphatase
2A to dephosphorylate ACC, reactivating it [13]. In addition,
insulin can activate phosphodiesterases that can convert cAMP
to 5’AMP, decreasing the activity of PKA and AMPK [1]. If ACC is
phosphorylated, it can be partially activated by the binding of
citrate molecules coming from the mitochondrial matrix to the
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cytosol.

Acetyl CoA and malonyl CoA are building blocks for de
novo FA biosynthesis and used by Fatty Acid Synthases (FAS).
Mammalian FAS is one long polypeptide chain with all the
domains required for FA synthesis. FA synthesis occurs in the
cytoplasm. Intermediates in FA synthesis link to the -SH group
of an Acyl Carrier Protein (ACP). The FA chain can grow longer
with the addition of two-carbon units from malonyl-ACP (Acetyl
CoA + ATP + HCO3-). As FA synthesis proceeds, NADPH will be
primarily used for reduction. The NADPH can come from two
sources: the pentose phosphate pathway or during the process
of bringing out carbon precursors to the cytosol when malate
undergoes decarboxylation to pyruvate and NADP+ is reduced
to NADPH. NADPH is primarily used in two reduction steps in
FA biosynthesis. (3-ketoacyl-ACP is reduced to D-3-hydroxyacyl-
ACP via -ketoacyl-ACP reductase; enoyl-ACP reductase reduces
trans-2-enoyl-ACP to butyryl-ACP; both enzymes can reduce their
respective substrates using NADPH [1]. After the synthesis of FAs,
they can be esterified into TAG and transported into adipose
tissue for storage.

From here, palmitate can be further elongated, or it
undergoes desaturation to form unsaturated FAs [1]. Elongation
of a FA will continue until the FAS produces the 16-carbon long
palmitate [10]. Elongation of palmitate to longer saturated fatty
acids occurs in the smooth endoplasmic reticulum via enzymes
called elongases. Malonyl-CoA provides two carbons to be added
on to the fatty acyl-CoA. Elongases are encoded from Evolv
(Elongation-of-Very-Long-Chain-Fatty Acids) genes and are
involved in the condensation step of the elongation process [14].
There have been about seven elongase enzymes identified (ELOVL
1-7) [15]. These elongase enzymes help to make very-long-chain
fatty acids that are essential components of sphingolipids or
wax esters [14]. Currently, it is thought that ELOVL 1,3, and 6
are involved in elongation of monounsaturated VLCFAs; ELOVL
2, 4, and 5 participate in elongating PUFAs [14]. Desaturation
to form unsaturated fatty acids is done by enzymes called fatty
acyl-CoA desaturases, which create double bonds at specific
locations of FAs. Stearate (18:0) is elongated from palmitate, and
its desaturation to oleate is done by stearoyl-CoA desaturase.
Similarly, palmitate can be desaturated to palmitoleate [10].
Unlike plants, mammals can’t form double bonds at carbon 10
and above counted from the carboxylic end due to the lack of the
desaturases that can catalyze the reactions. Hence, essential FAs
such as linoleate and linolenate must be acquired from external
sources [1]. Plants have these desaturases in the chloroplast and
the endoplasmic reticulum. Once these essential FAs are ingested,
humans can elongate or desaturate them to form things such as
eicosatrienoic, and arachidonate by using A5 and A6 desaturases
[16].

Currenttheories of effects of fatty acid metabolism
on the development of non-insulin dependent
diabetes mellitus

Types of diabetes
Diabetes is the inability of the body to either produce or
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respond to insulin and eventually lead to high blood glucose level
and a host of bodily disorders such as heart disease, renal fail-
ure, and retinopathy [17]. There are mainly two types of diabe-
tes. Type 1 diabetes (also known as insulin-dependent diabetes,
IDDM) and type 2 diabetes (also known as non-insulin dependent
diabetes mellitus, NIDDM). Both are characterized by an eventual
loss of pancreatic 3-cells [18]. Hyperglycemia has been consid-
ered the primary consequence of diabetes due to work done by
Oskar Minkowski [19]. Minkowski was hypothesized to have tast-
ed the urine of dogs that had undergone a pancreatectomy after
noticing many flies hovering around the urine; he thought that
a missing pancreatic enzyme might have caused glycosuria and
hyperglycemia. With later studies, it was found that insulin is a
major hormone produced by (-cells of the pancreas. They have
different pathogenic mechanisms.

IDDM is an autoimmune disorder that eventually leads
to the destruction of B-cells. Factors include viruses, genetic pre-
disposition, or elevated levels of glucose [20, 21]. One mechanism
behind IDDM is thought to arise from immune cells producing
cytokines (e.g., IL-1f3, tumor necrosis factor (TNF)-a, and inter-
feron (IFN)-y) that act on transcription factors such as NF-xB to
induce or impede (-cell genes involved in the cell functions and
survival. The IL-1B pathway, for example, can lead to increased
expression levels of genes Bid and Bak, which trigger mitochon-
dria to release cytochrome C (cyt C). In addition, this pathway can
increase expression levels of iNOS gene which increases nitric
oxide production in the cell, activating p53 and subsequent mito-
chondrial release of the “death signal” cyt C [18]. The IFN- y path-
way increases transcription of the Caspace-3 gene that makes a
caspace-3 protein that leads to apoptosis in part due to activation
help from cyt C [18]. Transcription factor activation can lead to
increased nitric oxide, greater chemokine production, and emp-
tying the ER of calcium, causing ER stress [18]. MAPK becomes
activated and causes mitochondria to release apoptosis signals,
resulting in B-cell destruction.

The mechanism behind the occurrence of NIDDM and
[-cell destruction is more complex and thought to be due to a
multitude of factors [18, 20, 21]. Studies have now shown that
several mechanisms can lead to insulin resistance [22].

Current theories on how fatty acid metabolism is in-
volved in insulin resistance

For a long time, research emphasis of diabetes was
placed on studying the glucose-insulin axis. In 1992, JD McGarry
emphasized again that disordered fatty acid metabolism could be
a primary cause or at least contributing to insulin resistance [19].
This occurs in both IDDM and NIDDM [19, 21-23].

To start off, we’ll examine one of the earliest observa-
tion that suggested a relationship between fatty acid metabolism
and glucose metabolism in the skeletal muscle observed by Philip
Randle, the Randle cycle. The Randle cycle, also known as the
glucose-fatty acid cycle in the muscle, is a phenomenon suggest-
ing that glucose and fatty acids compete with each to be used as a
source for energy production.
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Randle Cycle of Skeletal Muscle Cell

/ Skeletal Muscle Cell \

Glucose
Transporters

FFAs ——1— FFAs \/ Pyruvate

Citric Acid Cycle
Figure 1: Randle Cycle of Skeletal Muscle Cell

Mitochandria

Normally, glucose enters the skeletal muscle through glucose transport-
ers, goes through glycolysis to be made into pyruvate. Pyruvate is con-
verted to acetyl-CoA via PDH for the entry in the citric acid cycle. Dur-
ing the fasting state, the plasma FFA concentration rises. The FFAs can
enter the citric acid cycle in the mitochondria to generate ATP for cell
processes. The utilization of FFAs in the muscle cells interferes with the
entry of glucose into the cells and the conversion of pyruvate into acetyl
CoA through the PDH complex. This leads to the reduction of glucose
usage in the skeletal muscle, a glucose “sparing’ effect, and more glu-
cose is available for neuronal cells. FFA: Free Fatty Acid; G6P: Glucose-
6-Phosphate; PDH: Pyruvate Dehydrogenase.

Glucose —

Figure 1 shows the interaction between glucose and
fatty acid usage in the Randle Cycle. This has been used to explain
the glucose sparing effect during the fasting state. In the fed state,
abundant supply of glucose leads to its use as the primary source
of energy. This is associated with a greater insulin to glucagon ra-
tio, which stimulates glucose uptake and fatty acid esterification.
During times of fasting or starvation, there would be increased
mobilization of FAs from adipocytes, increasing blood concentra-
tions of FFAs [1].

Figure 2 describes how FAs are used during the fed
and fasting states. Both liver and muscle cells oxidize FA through
B-oxidation. In the liver, excessive $-oxidation leads to accumula-
tion of acetyl-CoA and conversion of acetyl-CoA to ketone bod-
ies. These ketone bodies were soluble in blood and can cross the
blood-brain barrier, allowing them to be taken up by the brain,
heart, and kidney cells and converted back to acetyl-CoA for en-
ergy production [10]. During fasting, pyruvate dehydrogenase
complex activity would be reduced, glucose oxidation decreases,
intracellular citrate concentration increases, phosphofructoki-
nase is inhibited, Glucose-6-Phosphate (G6P) concentration is
increased, resulting in hexokinase inhibition, ultimately leading
to decreased glucose uptake by muscle. The elevation of gluco-
neogenesis in the liver and the reduction of glucose utilization in
the muscle result in the maintenance of blood glucose level in a
normal range.

This mechanism would allow glucose to be “spared”
(glucose is saved for use in other cells) per the Randle hypothesis
and lead FAs being oxidized for energy [24]. This hypothesis pro-
vided a plausible mechanism as fatty acid oxidation reduces
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Figure 2: Processing of FFAs in the Fed (A) and Fasting (B) States
A) From the small intestines, absorbed FFAs are esterified and packed
into chylomicrons for the transport to other parts of the body. Lipids in
chylomicron remnants are taken and converted to VLDL in the liver. The
FFAs in TAG of VLDL and chylomicrons will be taken into the adipose
tissue and stored as TAG. FFAs in skeletal muscle can also be oxidized
for the production of ATP. Cells’ energy needs are mostly fulfilled by
glucose oxidation in the fed state. B) During the fasting state, FFAs are
derived from TAG lipolysis in the adipocytes. The elevated oxidation of
FFAs caused the induction of ketone bodies. These ketone bodies from
the liver and FFAs from lipolysis can be utilized in the skeletal muscle
for the production of ATP. ATP: Adenosine Triphosphate; TAG: Triacylg-
lycerol; FFA: Free Fatty Acids; VLDL: Very Low Density Lipoprotein.

glucose utilization.

Based on the Randle Cycle, an increase of FA availability will
cause inhibition of the glycolytic pathway through the pyruvate
dehydrogenase complex and glucose uptake in the muscle cells
[15]. Other studies have suggested that the increase of FA levels
is responsible for insulin resistance, which leads to reductions in
glucose uptake, glucose usage, glycogen synthesis, and glucose-
6-phosphate levels without affecting pyruvate dehydrogenase
complex [25, 26]. One possible mechanism of lowered glucose-
6-phosphate could be inhibition of hexokinase II which is directly
regulated by insulin. This shows that there must be other plau-
sible mechanisms that are not accounted for in the Randle Cycle
that could elicit insulin resistance. Research showed that high
glucose and insulin concentrations found by Randle could inhibit
fatty acid oxidation via the inactivation of CPT-1 at the mitochon-
drial outer membrane [27].

Studies have also shown that insulin resistance is more
of a consequence of impaired insulin signal transduction, which
lead to the impairment of translocation of the insulin-regulated
glucose transporter 4 (GLUT4) [28-30]. In addition, the increased
TAG and DAG levels in skeletal muscle cells were found to impair
GLUT4 translocation [31]. The proposed mechanism is that the
increases in TAG metabolites such as DAG or fatty acyl-CoA acti-
vate a Ser/Thr protein kinase cascade initiated by protein kinase
C, leading to phosphorylation of the Ser/Thr binding sites on the
insulin receptor substrates (IRS) 1 & 2. This decreases the pos-
sibility of PI 3-kinase activation; therefore, glucose transport into
the cell is diminished even when insulin binds to its receptor [30,
32].
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Potential Insulin Resistance Mechanism in Skeletal Muscle Cells
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Figure 3: Potential Insulin Resistance Mechanism in Skeletal Mus-
cle Cells

Plasma FFAs and cytokines affect the functions of the skeletal muscle
cells. The excessive entry of FFAs into the muscle cells causes the eleva-
tion of their oxidation in mitochondria, which increases the production
of ROS. These ROS are thought to damage the mitochondria and result
in mitochondrial dysfunctions. The mitochondrial dysfunctions prevent
proper oxidation of FFA, resulting in increased intracellular levels of
DAG and ceramides. The DAG, ceramides, and ROS converge with path-
ways of TLR4 activated by FFAs and can lead to inhibition of activities of
IRS %2 and PKB. This results in inhibition of the insulin receptor signal-
ing pathway and decreased translocation of glucose transporter 4 to the
cell membrane, which leads to reduction of glucose uptake and longer
glucosemia. FATP: Fatty Acid Transport Protein; FAT: Fatty Acid Trans-
locase; FABP: Fatty Acid Binding Protein; LCFAC: Long-Chain Fatty acyl-
CoA; DAG: Diacylglycerol; TAG: Triacylglycerol; IRS %: Insulin Receptor
Substrate 1/2; PI3K: Phosphatidylinositide 3-Kinase; PKB: Protein Ki-
nase B; ROS: Reactive Oxygen Species; TLR4: Toll-Like Receptor 4; FFA:
Free Fatty Acid; CD36: Cluster of Differentiation 36.

insulin receptor substrates (IRS) 1 & 2. This decreases the pos-
sibility of PI 3-kinase activation; therefore, glucose transport into
the cell is diminished even when insulin binds to its receptor [30,
32].

This mechanism is demonstrated in Figure 3 for a skel-
etal muscle cell.

As shown in Figure 4, ]D McGarry postulated a mecha-
nism that would expand on the Randle hypothesis for the devel-
opment of NIDDM. He proposed that in response to overeating
or over-nutrition, the pancreas secretes more insulin to regulate
glucose homeostasis. Insulin is also needed for hepatic lipogen-
esis. Therefore, the elevated blood insulin stimulates the increas-
ing lipogenesis in the liver, resulting in excess secretion of Very
Low-Density Lipoprotein (VLDL). This leads to the storage of TAG
in the adipose tissue in the earlier and healthy state, and accu-
mulation of TAG in the muscle in the later and insulin-resistant
state. Increased TAG accumulation in cells other than the adipo-
cytes will interfere with glucose oxidation, which leads to mild
insulin resistance. The spilled over glucose (higher blood glucose
levels) stimulates more insulin secretion from {3 cells and results
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Figure 4: D McGarry Theory of Whole Body Insulin Resistance
During the early phases of insulin resistance, excess intake of nutrients
stimulates more insulin secretion. This extra insulin production results
in the liver producing more VLDL that can build up in skeletal muscle
and the adipocyte. The adipocyte experiences hypertrophy and results
in increased TAG lipolysis to increase plasma FFA levels that can then
go back to the pancreas to stimulate even more insulin secretion. In the
later phases of insulin resistance, the liver maximizes its production of
VLDL, and there is elevations of | lipolysis in skeletal muscle and adi-
pocytes. At the same time, there is an increase of hepatic gluconeogen-
esis. This in combination with the excessive plasma FFAs leads to over
stimulation of the pancreas. On the other hand, excessive plasma FFAs
will cause insulin resistance in tissues and organs, which establishes a
vicious cycle and will eventually lead to B-cell failure and development
of overt NIDDM. VLDL: Very Low Density Lipoprotein; TAG: Triacylg-
lycerol; FFA: Free Fatty Acids; NIDDM: Non-Insulin Dependent Diabetes
Mellitus.

in hyperinsulinemia. Hyperinsulinemia will further stimulate the
hepatic lipogenesis and cause the elevation of plasma free fatty
acid levels due to the limited places to store the excessive fat. This
creates a vicious cycle. With the development of hepatic insulin
resistance, insulin no longer suppresses the hepatic gluconeo-
genesis, but still stimulates lipogenesis. Eventually, the pancre-
atic B-cells could not produce more insulin to compensate for the
increased blood glucose levels, and overt diabetes occurs [19, 22].
This shows that glucose and fatty acid metabolism may be able to
impact each other.

Another possible mechanism is that increased FA levels
prevent insulin action of glycogenolysis, which results in glycogen
being broken down and increasing blood glucose levels [33]. This
disordered FA metabolism can cause the liver to overproduce
glucose. Another theory to this is that DAG made in the liver cell
activates PKCe, which phosphorylates the tyrosine kinase portion
of the insulin receptor, decreasing insulin activity [34]. This can
lead to less AKT2 activation, which then decreases the number
of phosphorylated glycogen synthase kinase 3 (GSK3), enhancing
its activity and decreasing glycogen synthesis by phosphorylat-
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ing glycogen synthase [35]. Reduced AKT2 activation results in
less transcriptional factors called forkhead box protein O (FOXO)
from being phosphorylated, in which leads to transcription of
genes that aid in gluconeogenesis such as phosphoenolpyruvate
carboxylase (PEPCK) and glucose-6-phosphatase [36]. This then
results in increased hepatic gluconeogenesis as shown in Figure
5.
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As shown in Figure 6, a similar feature in both liver and skeletal
muscle oxidation pathways is the use of Ser/Thr kinases that
phosphorylate the insulin receptor, conferring insulin resistance.
DAG activates the Ser/Thr kinase PKCg, which inactivates the in-
sulin receptor. DAG can be synthesized from FA re-esterification
or de novo lipogenesis [35].

Potential Insulin Resistance Mechanism in Hepatocyte

Hepatocyte
Mitochondrial
= ROS Mucleus
Dysfunction 4 PKB 4 FOXO
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Figure 5: Potential Insulin Resistance Mechanism in Hepatocytes
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In the liver, the entry of FFAs into the hepatocytes leads to their oxidation. The excessive oxidation in the mitochondria enhances the production
of ROS, which results in the elevation of intracellular DAG level. Glucose can be used to generate DAG and VLDL via de novo lipogenesis. With the
rise of DAG levels, there is an increase of activation of PKCs, which can inhibit activities of IRS 1 and 2. In addition, the binding of cytokines to their
cytokine receptor can activate several kinase pathways, such as JNK, IKK, and PKCs, which also inhibit the activities of IRS 1 and 2 proteins and will
in turn reduce the insulin receptor signaling pathway. This leads to less phosphorylated AKT2 and FOXO. FOXO not being phosphorylated results in
increased production of gluconeogenic enzymes that results in an exaggerated production and release of glucose into blood. FATP 2/5: Fatty Acid
Transport Protein 2/5; LCFAC: Long-Chain Fatty Acyl-CoA; FFA: Free Fatty Acids; DAG: Diacylglycerol; VLDL: Very Low Density Lipoprotein; FOXO:
Forkhead Box Subgroup O; PEPCK: Phosphoenolpyruvate Carboxykinase; PC: Pyruvate Carboxylase; PKC: Protein Kinase C; GLUT 2: Glucose Trans-
porter 2; SOCS: Suppressor of Cytokine Signaling Protein; IKK: Ikb Kinase; JNK: c-Jun N-Terminal Kinases; TNF-a: Tumor Necrosis Factor Alpha; IL 6:
Interleukin 6; IRS %: Insulin Receptor Substrate 1/2; PKB: Protein Kinase B; CD36: Cluster of Differentiation 36.

When the hepatocytes or skeletal muscle cells receive
an increase of FAs from the plasma, DAG synthesis from FA can
increase due to the capacity of mitochondria to oxidize fatty acyl
CoAs and impairment of mitochondrial functions [37]. Long-
chain Fatty Acids (LCFAs) normally enter the cell through trans-
port proteins. The skeletal muscle cells use fatty acid translocase
(FAT/CD36) or fatty acid transport protein (FATP) 1 & 4.

The liver can use transport proteins such as FATP2,3
and 5 and CD 36 [38]. When an excess of FAs are taken into the
cells and go to the mitochondria, FAs undergo (3-oxidation, result-

ing in the generation of an increased number of Reactive Oxygen
Species (ROS) when the acetyl-CoA from B-oxidation goes to the
citric acid cycle and when the NADH and FADH2 goes to the elec-
tron transport chain [34].

This will eventually result in impaired -oxidation, de-
creased insulin response, decreased mitochondrial gene expres-
sion (e.g, the genes needed to make cytochrome ¢ and Complex [
and III), and increased FFA derivatives (e.g., ceramides and DAG)
being present in the cell.
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The Effects of FFAs on Hepatocytes and Skeletal Muscle Cells
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Figure 6: The Effects of FFAs on Hepatocytes and Skeletal Muscle Cells

FFAs can have a dual impact on the liver and skeletal muscle. FFAs entering the skeletal muscle are converted to DAG due to mitochondria dysfunc-
tion. DAG and ROS from the mitochondria can activate PKCs. This results in inhibition of the insulin receptor signaling and glucose uptake in the
muscle cells. In hepatocytes, DAG from FFA utilization can activate PKCs, leading to impairment of the insulin receptor signaling pathway. In addition,
less inhibition of the FOXO protein increases the production of gluconeogenic enzymes such as PEPCK and PC, leading to gluconeogenesis and eleva-
tion of blood glucose level. FFA: Free Fatty Acids; DAG: Diacylglycerol; VLDL: Very Low Density Lipoprotein; FOXO: Forkhead Box Subgroup O; PKC:

Protein Kinase C; GLUT: Glucose Transporter; PKB: Protein Kinase B.

Several of these derivatives and ROS (oxidative stress) can in turn
activate several stress-induced, Ser/Thr kinases such as JNK, NF-
kB, and multiple forms of PKC that can phosphorylate IRS1 at the
serine residue and decrease phosphorylation at the tyrosine resi-
due, reduce the signal from the insulin receptor to IRS-1 [37].

Role of adipose tissue in insulin resistance

Insulin resistance is a common feature of human obe-
sity. Obesity results in fat accumulation in various parts of the
body. Many studies have shown strong correlations between
obesity (fat accumulation) and NIDDM as nearly 90% people
with NIDDM are obese [39]. The location of the fat depots has
also been suggested to act differently in insulin resistance [23].
In the human body, the majority of fat (~80%) is stored in sub-
cutaneous adipose tissue, and ~10% is stored in visceral adipose
tissue [40]. FA mobilization occurs the fastest at visceral adipo-
cytes and relatively slower in subcutaneous adipocytes [23]. The
effects of FA flux from visceral fat on insulin action in the liver
have been proposed. It has been thought that an increased FA
concentrations in the hepatic portal vein, resulting in increased
gluconeogenesis, increased TAG synthesis, and decreased insulin
clearance or removal from the body. FFA mobilized from subcuta-
neous fat results in increased FA concentrations for the pancreas
and skeletal muscle, resulting in less insulin release by the pan-
creas and decreased glucose utilization by muscle [40]. Increased
visceral and subcutaneous fat in the abdominal regions has been
associated with increased risk of metabolic disorders like NIDDM
and cardiovascular problems [41].

As one increases caloric intake, subcutaneous adipo-
cytes hypertrophy from excess fat deposition, resulting in activa-
tion of pathways such as the nuclear factor-KB pathway. Hyper-
trophy of the adipocyte causes the cell to release a protein called
Monocyte Chemoattractant Protein-1 (MCP-1) that attracts mac-
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Figure 7: Potential Insulin Resistance Mechanism in Adipocytes
Increases of fat from absorption and de novo lipogenesis result in the
adipocyte hypertrophy and the elevation of plasma levels of FFAs. Next
to the adipocyte, cytokines and FFAs lead to more production of pro-in-
flammatory cytokines from immune cells such as a macrophage through
the activations of pathways such as NF-kB, JNK and IRF3 after interact-
ing with receptors such as TLR2/4 and TNFR. In the adipocyte, cyto-
kines activate several kinase pathways that directly and indirectly such
as increasing the amount of SOCS3 inhibit the insulin receptor activity,
increase lipolysis of TAG, and cytokine secretion. Eventually, insulin re-
sistance occurs in adipose tissue. TNF-a, tumor necrosis factor alpha;
IL 6/1B: Interleukin 6/1B; NF-kB: Nuclear Factor Kappa-Light-Chain-
Enhancer of Activated B Cells; SOCS3: Suppressor Of Cytokine Signaling
Protein 3; TLR2/4: Toll-Like Receptor 2/4; JNK: c-Jun N-Terminal Ki-
nases; IRF3: Interferon Regulatory factor 3; TAG: Triacylglycerol; TNF-R:
Tumor Necrosis Factor Receptor; FFA: Free Fatty Acid.
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rophage molecules to enter the adipocyte. Macrophages at the
site will increase the release of cytokines, causing the adipocyte
to increase TAG lipolysis, increasing insulin resistance, and gener-
ate even more pro-inflammatory cytokines that act in a positive
feedback loop [42]. Figure 7 illustrates this interplay between im-
mune cells, adipocytes, and cytokines.

Benefits of PUFAs in insulin sensitivity

What is the role of unsaturated fatty acids on develop-
ment of insulin resistance? Research data have shown that treat-
ment of FA to cells and feeding animals with high-fat diets will
cause the development of insulin resistance. Interestingly, plenty
of data indicated that diets containing a high content of PUFA
could increase insulin sensitivity. There are two main types of
PUFAs: omega-3 (n-3) and omega-6 (n-6). N-3 include FAs such
as DHA and EPA (in fish) and a-Linolenic acid (ALA) (in avocados
and flaxseed oil); N-6 includes compounds such as linoleic acid
(in safflower oil and avocados) [43]. In general, unsaturated fats
have been found to improve insulin resistance [44]. In a meta-
analysis that looked at 102 trials and 4,660 human participants, it
was found that unsaturated fatty acids, such as PUFAs and MUFAs
can significantly help control blood glucose levels. MUFAs such as
oleic acid can aid in improving blood glucose levels and insulin
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sensitivity. More profoundly, PUFAs, primarily linoleic acid, have
been found to help in the long-term regulation of blood glucose
levels, improve insulin sensitivity, and increase insulin secretion
ability to a stronger degree than MUFAS acids [32]. While MU-
FAs have been associated with improved insulin sensitivity [45],
other studies have found a positive relationship between MUFAs
consumption and development of NIDDM; however, this may be
due to the different sources of the MUFAs (e.g., avocado vs. red
meat) [46]. In addition to improving insulin sensitivity, PUFAs
have been found to decrease the incidence of cardiovascular dis-
ease among people such as the Eskimos with their rich marine
diet [47].

Studies in rats have shown that saturated fatty acids aid
in developing insulin resistance whereas PUFAs aid in improving
insulin sensitivity by converting fats into TAG to decrease circu-
lating levels of FAs [48]. Rats fed a rich n-3 PUFA diet resulted in
increasing lipid oxidation, decreasing the number of reactive oxi-
dative species generated in the mitochondria, and decreasing the
number of pro-inflammatory cytokines (e.g, TNFa andMCP-1)
[49]. Figure 8 illustrates how the interplay between PUFAs and
cytokines can mediate inflammation and developing insulin re-
sistance.

The Combined View of PUFA and Cytokines in the Alteration of Insulin Signaling
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Figure 8: The Combined View of PUFA and Cytokines in the Alteration of Insulin Signaling

The excessive intake of dietary lipids and de novo synthesis of FFAs will be stored in adipose tissue, which leads to adipocyte hypertrophy. Additional
intake of micronutrients such as vitamin A can also facilitate lipogenesis. For example, Retinoic Acid (RA), a metabolite of vitamin A, may increase
FA synthesis in the liver. FFAs binding to receptors on the immune cell can stimulate release of pro-inflammatory cytokines, which in turn stimulates
additional release of cytokines from both the adipocyte and other immune cells, creating a positive feedback loop. These cytokines can then activate
cytokine receptors on the skeletal muscle, liver, and adipose and lead to the inhibition of the insulin receptor signaling pathways via activation of
several kinase pathways. On the other hand, dietary PUFA, especially n-3 PUFAs, can possible counteract the impact of cytokines and FFAs on insulin
resistance. Dietary PUFAs can activate PPARs in the adipocyte and liver to decrease production of cytokine and inhibition of FA synthesis, respec-
tively. PUFA can also inhibit the activation of cytokine receptors in skeletal muscle cells, adipocytes, hepatocytes and immune cells via alteration of
FA composition in membrane phospholipids. This results in decreased inflammatory impact from the cytokines and decreased whole-body insulin
resistance. VLDL: Very Low Density Lipoprotein; FA: Fatty Acid; PPAR y:, Peroxisome Proliferator-Activated Receptors y; PUFA: Polyunsaturated Fatty

Acids; FFA: Free Fatty Acids; RA: Retinoic Acid.
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Several human and animal studies have shown that both
types of PUFAs don’t promote inflammation like that done by
saturated fatty acids; rather, PUFAs may play a role in inhibiting
inflammation and improving insulin sensitivity [47, 50, 51]. Re-
search has found that high, saturated fat diets increase the trans-
location of the endotoxin Lipopolysaccharide (LPS) to the blood
to elicit a strong inflammatory response from immune cells [52].
As shown in human studies, PUFAs, especially n-3 ones, could
possibly counteract this via decreasing immune cell chemotaxis
and production of inflammatory cytokines [50]. Another possible
mechanism is through binding of PUFAs to the peroxisome Pro-
liferator-Activated Receptor (PPAR)- alpha [53]. In studies done
with leptin-deficient ob/ob mice, PUFAs resulted in repressing
the sterol regulatory element binding protein-1, decreasing the
production of proteins such as fatty acid synthase, and binding to
PPAR-alpha receptor, increasing expression of acyl-CoA oxidase
and CPT-1, resulting in decreased hepatic steatosis and decreased
insulin resistance [53]. PUFAs can change the membrane compo-
sition of the cells involved the inflammatory process, resulting in
inactivation of the cytokine receptor, decreased production of cy-
tokines, and inhibiting production of inflammatory eicosanoids
from arachidonic acid [54].

While consuming both n-3 and n-6 PUFAs is necessary
for the body, consuming a proper ratio of PUFAs is important to
decrease inflammatory disease processes. n-6 PUFA consumption
normally greatly exceeds consumption of n-3 PUFAs in Western
diets [55]. The n-6 PUFA Arachidonic Acid (AA) can lead to the
formation of pro-inflammatory eicosanoids such as prostaglan-
dins, leading to increased production of cytokines from inflam-
matory cells [50]. The n-3 PUFAs act as anti-inflammatory agents
by acting as AA antagonists, decreasing the amount of AA in the
cells and the amount of prostaglandins produced. In turn, there
are less inflammatory cytokines such as IL-6 and TNF-a [50].
Low consumption of n-3 PUFAs and excessive consumption ofn-6
PUFAs can worsen the inflammatory disease. On the other hand,
human studies have found that the combination of increased con-
sumption of n-3 PUFAs along with n-6 PUFAs is associated with
the lowest levels of inflammation in the body [56]. In addition, it
was found that n-6 PUFAs do not inhibit the anti-inflammatory ef-
fects of n-3 PUFAs [56]. It has been thought that foods with higher
ratios of n-3 to n-6 PUFAs (e.g., flaxseed oil or fish oil) can help
decrease inflammatory disease processes [55].

Summary and perspectives

By 2025, the world is expected to have 300 million peo-
ple with diabetes from 135 million in 1995 [57]. In 2012 in the
United States alone, 30 million Americans had diabetes, 86 mil-
lion Americans had prediabetes, and the total cost to treat diag-
nosed diabetes was around $245 billion or about $7,900 just to
treat diabetes for one person [58]. It is also the 7th leading cause
of death in America.

As discussed here, FA metabolism affects insulin ac-
tions in several ways in different cells and tissues. Some of them
such as impairment of glucose usage and insulin action by FA in
the muscle. On the other hand, the increase of PUFAs in the diet
seems to attenuate insulin resistance at whole body level. With

Copyright:
© 2017 Chen.G, Jay Patel

the growth of our understanding of FA and glucose metabolism
and insulin signal transduction pathways in different cells and tis-
sues, it only shows how complicate the impact of FA metabolism
on insulin sensitivity could be. The observations that metabolism
of FAs as a macronutrient affects insulin sensitivity provides tar-
gets of vulnerable pathways involved in insulin actions. The re-
maining questions become whether those pathways can only be
influenced by FAs and how other factors such as micronutrients
impact those pathways and in turn modulate insulin sensitivity.
These are all significant questions that remain to be addressed.

From a public health point of view, we also need to con-
sider how we can use the current knowledge to combat the epi-
demic of metabolic diseases such as the rapid increase of diabetic
population globally. So, what can humans do to lower our chance
of getting NIDDM and/or control it? Decreasing consumption of
foods high in saturated fats (beef, pork, fried foods, etc.) and in-
creasing consumption of foods high in MUFAs and PUFAs can help
lower the prevalence of TAG in the blood stream and lower low
density lipoprotein levels, which could result in lower chances of
acquiring NIDDM [5]. In addition, having a low carb diet could
also help lower blood glucose levels and decrease insulin resist-
ance [2]. Dieting and exercise can help lower the chances of obe-
sity and NIDDM to occur [39]. It has been shown that visceral fat
can respond very well to diet and exercise, possibly resulting in
less adipocyte insulin resistance [59].

There have been many advances in drugs can help
treat and control NIDDM. Drugs such as thiazolidinedione can
contribute to improving muscle and liver sensitivity to the hor-
mone insulin [30]. Biguanides like metformin decrease hepatic
gluconeogenesis, and sulfonylureas like glimepiride stimulate the
pancreas to make more insulin over the course of a few hours
post-prandial [60]. Fish and krill oils pills, which contain n-3 fatty
acids, can also help decrease fatty acid impact by reducing TAG
levels [61].

Future studies should attempt to look more closely at
certain macronutrients such as different compositions of FAs or
micronutrients such as vitamin A, which may impact the relation-
ship between FA metabolism and insulin resistance [28]. Future
studies should address the mechanisms by which PUFAs prevent
the development of NIDDM.
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