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Type 2 diabetes mellitus (T2DM) is a disease of multi-complications
affecting more than 20 million US adults. Hyperglycemia is the classic clinical
feature of diabetes, and uncontrolled hyperglycemia leads to deadly health
complications. Thus, control of blood glucose represents a major goal for
diabetics. Human and rodent studies revealed another clinical feature;
diabetics have low tissue and plasma levels of polyunsaturated fatty acids
(PUFAs), an effect often attributed by impaired endogenous PUFA synthesis.
In this context, rodent studies have revealed a possible link between PUFA
synthesis and high fat diet induced obesity and diabetes. These studies have
shown that obese and diabetic mice have low hepatic expression and activity
of fatty acid elongase-5 (Elovl5), a key enzyme involved in the PUFA synthesis
pathway. Over-expression of Elovl5 in livers of chow fed C57BL/6J mice
decreased fasting blood glucose and increased hepatic glycogen contents.
Therefore, my hypothesis for the current work is that elevated hepatic Elovl5
activity or improved hepatic PUFA synthesis will improve systemic and hepatic

carbohydrate metabolism in a mouse model of diet induced obesity and
diabetes.
Using a recombinant adenovirus approach, we over-expressed Elovl5
in livers of high fat diets (60% calories derived from fat as lard, Research
Diets) induced obese-diabetic mice. Elevated hepatic Elovl5 activity increased
hepatic and plasma C20-22 PUFA contents, reduced homeostatic model
assessment for insulin resistance (HOMA-IR), improved glucose tolerance and
lowered fasting blood glucose to euglycemic levels in obese-diabetic mice.
The mechanism for insulin mimetic effect of Elovl5 on hepatic glucose
metabolism was correlated with increased phosphorylation of Akt-S473, FoxO1S256 and PP2Acat-Y307, decreased nuclear content of FoxO1, and decreased
expression

of

Pck1

and

G6Pase;

important

enzymes

involved

in

gluconeogenesis (GNG) and glucose production. Phospho-FoxO1 is excluded
from nuclei, ubiquitinated and degraded by the proteasome. Loss of nuclear
FoxO1, due to its increased phosphorylation, leads to the reduction in the
expression of key genes involved in gluconeogenesis, i.e., Pck1 and G6Pase.
Using obese-diabetic mice liver extracts and HepG2 cells, I established
that Elovl5 uses two mechanisms to control hepatic GNG. The first mechanism
involves Elovl5 mediated increased Akt2-S473 and FoxO1-S256 phosphorylation
via mTORC2-rictor pathway. The second mechanism involves Elovl5 mediated
attenuation of de-phosphorylation of FoxO1 via PP2A inhibition. Together,
these mechanisms increase FoxO1 phosphorylation status in livers of fasted

obese-diabetic mice, lower hepatic FoxO1 nuclear abundance and FoxO1
capacity to sustain transcription of GNG genes and inhibit GNG and restore
blood glucose levels in fasted obese-diabetic mice.
Results of these studies showed Elovl5 corrected high fat diet induced
hyperglycemia in C57BL/6J mice, identified the molecular mechanism of
Elovl5 control of GNG and explained how Elovl5 or PUFA synthesis controls
GNG. Therefore, these findings will be eventually helpful in developing a
therapeutic target to combat hyperglycemia.
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Introduction
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1.1.

Type 2 diabetes mellitus
Diabetes mellitus, a disorder of metabolism, has been recognized as a

disease for over two thousand years (source: www.who.int). Type 2 diabetes
mellitus (T2DM) makes up about 90% of all diabetic cases, whereas, the other
10% are due to type 1 and gestational diabetes mellitus (1). T2DM affects
more than 200 million people worldwide and is a major public health concern
in the US, affecting ~ 20 million adults and resulting in diabetes care cost of
~$200 billion annually (1). The prevalence of T2DM has increased at an
alarming rate over the past few decades both in the US and around the world.
It is known to be associated with obesity, and is often accompanied by nonalcoholic fatty liver disease (NAFLD) and metabolic syndrome (2-4).
Approximately 70% of individuals with type 2 diabetes have a fatty liver, in
which cases the disease follows a more aggressive course with necroinflammation and fibrosis (2-4). T2DM also increases the risk for
cardiovascular disease, stroke, hypertension and cognitive dysfunction (5).
The immediate symptom observed in T2DM is the impairment in insulin
signaling. Impairment in insulin signaling leads to persistent increase in
glucose production, glucose output from the liver, and decrease in glucose
uptake by muscle and adipose tissue, ultimately leading to excessive blood
glucose level, a condition known as hyperglycemia (2-4, 6). Uncontrolled
hyperglycemia further causes metabolic changes that can damage many body
organs and also lead to life threatening micro-vascular complications such as

3
retinopathy, nephropathy and neuropathy (7-9). Thus, T2DM is a deadly
disease of multi-complications, and control of blood glucose represents a
major goal for patients with T2DM.
The type and quantity of dietary fatty acids play significant roles in
onset and progression of T2DM and its associated complications (10-12).
Excessive dietary consumption of saturated fatty acids (SFA) or an imbalance
in SFA and polyunsaturated fatty acids (PUFA) intakes have been shown to
increase the risk of obesity, insulin resistance and fatty liver disease (10-12).
Population studies suggest that subjects with T2DM and fatty liver have low
plasma and tissue C20-22 polyunsaturated fatty acids, which could be attributed
to either impaired endogenous PUFA synthesis or less dietary PUFA intake
(13-16). Supplementation studies with dietary PUFAs in subjects with T2DM
showed no significant improvement on blood glucose control and insulin
resistance, indicating that the diabetics have impaired endogenous PUFA
synthesis pathway (17, 18). Despite significant advancement in T2DM
research, the role of endogenous PUFA synthesis in hyperglycemia and
progression of T2DM is still not clear. The current work examines the link
between endogenous PUFA synthesis and hyperglycemia.
1.2 .

Endogenous fatty acid synthesis
The liver acts as the central organ that controls whole body fatty acid

metabolism. Fatty acids have several important physiological functions such
as, source of energy, constituent of structural and bioactive lipids,
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maintenance of cell membrane fluidity, energy metabolism, and regulation of
gene expression and signaling pathways (19). Regulation of these
physiological functions is governed by many endogenous metabolic pathways
such as de novo lipogenesis (DNL), fatty acid elongation, desaturation and βperoxidation (20-22). DNL is a metabolic process used for synthesis of
saturated fatty acids from glucose, whereas elongation, desaturation and βperoxidation are used for modification of fatty acids to generate endogenous
unsaturated fatty acids (20-22).
Most cells have the capacity to synthesize saturated fatty acids from
glucose via DNL by using two enzymes; acetyl CoA carboxylase (ACC) and
fatty acid synthase (FASN) (20-23). DNL pathway (Fig. 1.1) is mediated by
key transcription factors, sterol regulatory element binding protein (SREBP)-1
and carbohydrate regulatory element binding protein (ChREBP) / max like
factor X (MLX) heterodimer (21, 22).
Fatty acid elongation is the enzymatic metabolic process of elongating
fatty acids by two carbon atoms (23, 24) with help of the elongase enzyme.
Elongases act as condensing enzymes interacting with 3-keto acyl-CoA
reductase, a dehydratase and trans-2,3-enoyl-CoA reductase to elongate fatty
acids (23, 25). There are seven fatty acid elongases (Elovl 1-7) described in
rodent and human genomes (22, 24, 25), four of which are expressed in liver
(Elovl1, 2, 5 and 6) (20, 21). Fatty acid elongation takes place in microsome,
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where malonyl-CoA is used as a substrate for adding two carbon atoms to
fatty acyl-CoA along with other substrate NADPH (23, 25).
Desaturation is a process of removing two hydrogen atoms from an
organic compound, creating a carbon-carbon double bond with the help of the
enzyme, desaturase. Desaturases are classified as delta, indicating that the
double bond is created at a fixed position from the carboxyl group of a fatty
acid (21, 22). There are three different desaturase enzymes; stearoyl CoA
desaturase-1 (SCD-1) or delta-9 desaturase (∆9D), fatty acid desaturase-1
(FADS1) or delta-5 desaturase (∆5D) and fatty acid desaturase-2 (FADS2) or
delta-6 desaturase (∆6D) (21, 22). Fatty acid elongases function together with
fatty acid desaturases to generate long chain MUFA (Fig. 1.1) and PUFAs
(Fig. 1.2) (20-22, 25).
Peroxisomal β-oxidation (pβ-Ox) is a process in which long chain fatty
acids break down to shorter length. It is a metabolic pathway in PUFA
synthesis, which takes place in the peroxisome (22).
1.2.1. Regulation of DNL, MUFA and PUFA synthesis
The liver regulates fatty acid metabolism by controlling endogenous
fatty acid synthesis and oxidation, as well as gene expression involved in
carbohydrate metabolism and the insulin signaling pathway (21, 22).
Regulation of these processes by liver is carried out by a variety of
transcription factors, which alter the genes involved in fatty acid metabolism.
Some of the key transcription factors involved in fatty acid metabolism are
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peroxisome proliferator activated receptor (PPAR)-α, liver X receptor (LXR),
sterol regulatory element binding protein (SREBP)-1 and carbohydrate
regulatory element binding protein (ChREBP)/max like factor X (MLX)
heterodimer. These transcription factors are involved in various steps of fatty
acid metabolism; PPAR-α induces fatty acid oxidation, whereas LXR, SREBP1 and ChREBP/MLX heterodimer induce DNL and MUFA synthesis (Fig. 1.3)
(12, 22, 26, 27). LXR, SREBP-1 and ChREBP/MLX heterodimer regulate this
regulation of DNL and MUFA synthesis by induction of key enzymes, ACC1,
ACC2, FASN, SCD-1 and Elovl6. These key enzymes are also coordinately
controlled by insulin, dietary carbohydrate, fasting and refeeding condition (20,
21). In addition to regulating the MUFA pathway, SREBP1 also regulates the
PUFA synthesis by modest induction of enzymes FADS1, FADS2, Elovl2 and
Elovl5 (21). PUFA synthesis is strongly controlled by the transcription factor
PPAR-α, which is responsible for the strong induction of enzyme Elovl5.
Enzymes involved in PUFA synthesis are less responsive to insulin, fasting or
refeeding conditions as compared to the ones involved in DNL and MUFA
synthesis (20, 21).
1.2.2. Impact of diabetes and obesity on enzymes involved in DNL, MUFA
and PUFA synthesis
Transcription factors controlling the enzymes involved in DNL, MUFA
and PUFA synthesis also play important role in obesity, metabolic syndrome
and diabetes (28-31). These three metabolic disorders have been examined in
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rodent models; streptozotocin-induced diabetic rat, high fat diet induced
obese-diabetic mice and obesity induced by leptin deficient mice (21). Studies
on streptozotocin-induced diabetes in male Sprague-Dawley rats have
revealed that these rats have a decline in the hepatic nuclear protein
abundance of SREBP-1 and MLX which is associated with the decline in
expression of ACC1 and 2, FASN, Elovl6 and SCD-1, enzymes involved in
DNL and MUFA synthesis pathways (21). Expression of Elovl5, Elovl2, FADS1
and FADS2, enzymes involved in PUFA synthesis are unaffected in
streptozotocin induced diabetic rodents (21).
Studies with leptin deficiency induced obese C57BL/6J mice (Lepob/ob
mice) showed that these mice are massively engorged with lipid,
predominantly neutral lipid in liver and have massive increase in hepatic
nuclear expression of SREBP-1 and MLX (21). The increase in SREBP-1 and
MLX correlates with strong induction of enzymes in DNL and MUFA synthesis
such as ACC1 and 2, FASN, SCD-1 and Elovl6. These mice also had a
modest induction of enzymes involved in PUFA synthesis; FADS1, FADS2
and Elovl2 and strong induction of Elovl5 (21).
High fat diet (60% calories derived from fat as lard) induced obesediabetic mice have a lower nuclear abundance of SREBP-1 and MLX in the
liver but no effect on hepatic nuclear abundance of PPAR-α (21). These
changes in hepatic transcription factor abundance is associated with
suppression of enzymes, ACC1 and 2, FASN, SCD-1 and Elovl6, involved in
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the DNL and MUFA synthesis and Elovl5, involved in PUFA synthesis (21).
Results from these three rodent models suggest that obesity and diabetes
modulate endogenous fatty acid synthesis pathways.
1.3. Role of endogenous fatty acid synthesis in T2DM and associated
complications
1.3.1. Role of DNL and MUFA synthesis
Rodent studies on manipulation of enzymes in DNL and MUFA
synthesis have defined the crucial role of DNL and MUFA synthesis in obesity,
diabetes and their associated complications. Knockout studies of ACC1 in
rodents have shown decreased DNL and triglyceride synthesis (32, 33),
whereas, studies with ACC2 knockout mice (34, 35) have shown decreased
bodyweight and increased fatty acid oxidation, glucose uptake and insulin
sensitivity. SCD-1 knockout rodents have severe impairments in the
biosynthesis of lipids rich in MUFA such as triacylglycerol, cholesterol ester
and wax ester etc. (36, 37). Liver specific SCD-1 knockout mice are lean and
are protected from diet-induced obesity, fatty liver and insulin resistance (36,
37). Transient suppression of SCD-1 by using an antisense oligonucleotide in
LDLR-/-, ApoB100/100 mice has protected them from diet induced obesity, fatty
liver and insulin resistance (38). Global knock down of Elovl6 in C57BL/6J
mice, an enzyme in MUFA synthesis, protected the mice from hyperglycemia,
hyperinsulinemia and hepatic insulin resistance (39). Studies in humans also
suggested a positive correlation between SCD-1 activity and risk of metabolic
syndrome and T2DM (40). All the above studies either confirmed or suggested
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that over-expression or increases in activity of ACC1, ACC2, SCD-1 and
Elovl6 have detrimental effects on metabolic syndrome, obesity, fatty liver and
T2DM.
1.3.2. Role of PUFA synthesis
Studies on obese humans or patients with T2DM and metabolic
syndrome have suggested that obese and diabetic subjects have low blood
and tissue levels of C20-22 PUFAs compared to healthy humans, an effect
attributed to impaired endogenous PUFA synthesis (13-16, 41, 42). These
studies showed that obese and type 2 diabetic subjects had increased serum
palmitic acid levels, decreased FADS1 (low 20:4,n-6/20:3,n-6 ratio) and
FADS2 (low 18:3,n-6/18:2,n-6 ratio) activity as compared to the healthy
subjects, suggesting that obesity and T2DM modulate endogenous PUFA
synthesis pathway (13-16, 41, 42). Although, these population studies
underline an association between endogenous PUFA synthesis and T2DM,
the metabolic basis and physiological consequences of low tissue and blood
levels of PUFAs on blood glucose control and insulin resistance still remain
unclear.
Studies on rodents give a clear picture for the link between PUFA
synthesis and obesity, T2DM and metabolic syndrome (21, 43, 44). By
knocking out FADS2, a gene involved in PUFA synthesis, researchers have
shown that PUFA synthesis is very essential for multiple physiological
functions such as cell membrane function, cell signaling, vision, brain
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development, inflammation and reproduction etc. (45-47). Mice fed with high
fat diets for 10 weeks to induce obesity and diabetes also had suppressed
PUFA synthesis, which corresponded with suppression of Elovl5, an enzyme
responsible for elongation of the PUFAs (21). Incidentally, high fat diets had
no impact on other enzymes such as Elovl2, FADS1 and FADS2 involved in
the PUFA synthesis pathway, suggesting that Elovl5 is the only enzyme that
controls PUFA synthesis during obesity and diabetes (21). In another study,
using A/J and C57BL/6J strains of mice, which are resistant and sensitive
respectively to high fat diet induced obesity, hepatosteatosis and T2DM
despite the same food intake, it was observed that the A/J mice had
decreased hepatic triglyceride content, decreased blood glucose, and
increased hepatic Elovl5 expression, as compared to high fat diet induced
obese-diabetic C57BL/6J mice (43). These findings suggest that the increased
expression of hepatic Elovl5 may have been responsible for the resistance to
obesity and T2DM observed in the A/J strain of mice. Mice with knocked out
Elovl5 develop fatty liver, have decreased hepatic arachidonic acid, and
increased hepatic nuclear protein abundance of SREBP-1 (44). These rodent
studies provide evidence for a possible link between endogenous PUFA
synthesis, Elovl5 and complications associated with obesity and T2DM.
1.4.

Elovl5, PUFA synthesis and blood glucose control
Elovl5 is a 28 KD microsomal enzyme involved in elongation process of

PUFA synthesis. Among the elongases, it is the most abundantly expressed
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enzyme in human and rodent livers (20-22). The transcription factor SREBP-1,
modestly induces Elovl5 expression in liver (21). Fish oil and high fat diets
suppress Elovl5 expression and PUFA synthesis, whereas, PPAR-α agonist,
and leptin deficiency induces its expression (20, 21).
Mice fed high fat diets are obese-diabetic, hyperglycemic, have
suppressed PUFA synthesis and suppressed expression and activity of the
enzyme Elovl5 (21). To understand the role of Elovl5 in hyperglycemia, chow
fed C57BL/6J mice were injected with a recombinant adenovirus expressing
Elovl5 or the control gene luciferase (22). Increased hepatic Elovl5 expression
resulted in reduced fasting blood glucose and increased fasting hepatic
glycogen content. These events are also shown to be independent of PPAR-α,
SREBP1, ChREBP/MLX heterodimer control. In addition, increased hepatic
Elovl5 activity improved insulin action in livers of fasted mice leading to
suppression in gluconeogenesis and glycogen breakdown and thereby,
decreased blood glucose levels and increased hepatic glycogen content (22).
1.5.

Mechanism of hepatic insulin action
Insulin plays a major role in controlling hepatic and whole body

carbohydrate, protein and lipid metabolism (5). Insulin binds to the insulin
receptor present on the cell membrane, and this binding event leads to several
phosphorylation events inside the cell (Fig. 1.4). Phosphorylation of insulin
receptor substrate (IRS), phosphatidylinositol 3-kinase (PI3-kinase) and Akt
promotes storage of nutrients in the form of glycogen, lipid and protein, and
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suppresses

gluconeogenesis

and

hepatic

glucose

production

(48).

Phosphorylation or dephosphorylation state of each component in insulin
signaling determines their activity (48-50). These events are tightly regulated
by kinases, phosphatases and other regulatory components (5, 51-59).
Fasting and refeeding conditions regulate hepatic insulin signaling. During
fasting,

there

is

suppression

in

the

insulin

mediated

inhibition

of

gluconeogenesis and glycogen breakdown, whereas during refeeding insulin
inhibits gluconeogenesis and promotes glycogen synthesis (5). Studies in my
dissertation will address the insulin signaling components leading towards the
control of gluconeogenesis.
1.5.1. Insulin regulation of hepatic gluconeogenesis
The liver produces glucose via gluconeogenesis (GNG) from noncarbohydrate substrates such as lactate, pyruvate, glycerol and alanine (60).
The rate of GNG is controlled by the expression of key regulatory enzymes
such as phosphoenolpyruvate carboxykinase (PepCk or Pck1), glucose-6
phosphatase (G6Pase or G6Pc) and the availability of gluconeogenic
precursors (e.g. lactate, pyruvate, glycerol and alanine) (5). GNG and hepatic
glucose production are mainly regulated by opposing effects of insulin and
glucagon. Insulin suppresses gluconeogenic gene expression while glucagon
induces them (5). Insulin controls gluconeogenic gene expressions via the
transcription factor forkhead box O1 (FoxO1) and its co-activator peroxisome
proliferator activated receptor γ co-activator 1α (PGC1α), whereas, glucagon
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regulates the gluconeogenic gene expressions via c-AMP response element
binding protein (CREB) and its co-activator CREB regulated transcription coactivator 2 (CRTC2) (61). FoxO1 controls hepatic gluconeogenesis via insulin
signaling pathway (62). Thus, focus of my dissertation is FoxO1 control of
gluconeogenesis and hepatic glucose production via insulin signaling
pathway.
1.5.2. FoxO1
FoxO1 is a key transcription factor controlling GNG genes expression
via insulin signaling pathway (62-65). Akt mediated phosphorylation of FoxO1
through the insulin signaling pathway excludes FoxO1 from nuclei, decreases
its nuclear abundance and decreases GNG gene expression. Thus, increased
phosphorylation of FoxO1 is associated with the suppression of hepatic GNG
(54, 60, 66). During fasting, the active dephosphorylated form of FoxO1 is
translocated from the cytoplasm to nucleus; where it binds promoters of its
target genes and increases the transcription of genes such as Pck1 and
G6Pase (54, 60, 66). Increased expression of these genes, coupled with
increased substrate availability, i.e., gluconeogenic precursors, increases
glucose production by the liver (5, 54, 55, 60, 66-68). In addition, many other
covalent modifications of FoxO1 such as acetylation (69), O-linked-β-N-acetyl
glucosamine (70) and ubiqutination (63) also play major roles in the control of
gluconeogenesis. My focus here will be FoxO1 phosphorylation control of
GNG and hepatic glucose production.
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1.5.3. Role of protein kinases in regulation of FoxO1 phosphorylation
Akt is the protein kinase that directly phosphorylates FoxO1 (25). Akt is
a serine/threonine protein kinase and has two phosphorylation sites; S473 and
T308 (71, 72). Phosphorylation of Akt at S473 precedes T308 phosphorylation
and is required for full activation of Akt (71, 72). Several kinases such as
mTOR, mammalian target of rapamycin; ILK, integrin-linked kinase; MK-2,
MAP kinase-activated protein kinase-2; p38MAP kinase; NEK6, the NIMArelated kinase-6 and DNK-PK, double stranded DNA-dependent protein
kinase, are reported to phosphorylate Akt at the S473 site. The T308 site gets
phosphorylated by phosphoinositide dependent kinase-1 (PDK1), which is a
component in PI3 kinase pathway, dependent on insulin receptor for its
regulation (73).
1.5.4 mTOR
Among the kinases phosphorylating the S473 site of Akt, mTOR has
been reported as the only kinase that phosphorylates the S473 site in both in
vitro and in vivo models (73-75). mTOR is a highly conserved serine/threonine
protein kinase that integrates nutrient availability with hormonal/growth factor
signaling to regulate cell growth, proliferation, viability and function (76, 77).
Thus, it is a central controller of growth and energy homeostasis and acts as a
switch between anabolic and catabolic pathways. mTOR plays a major role in
cancer, diabetes and aging (76, 77). Hyper-stimulated mTOR signaling fuels
cancer growth, whereas, the physiological activation of mTOR can be
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beneficial for diabetes (76). mTOR is a catalytic subunit of two multicomponent complexes: mammalian target of rapamycin complex 1 (mTORC1)
and mammalian target of rapamycin complex 2 (mTORC2). mTORC1 is
composed of mTOR, regulatory protein raptor and GβL (G-protein β-subunitlike), whereas, mTORC2 is composed of mTOR, rictor, mSIN1 (mammalian
stress-activated protein kinase-interacting protein 1) and GβL (6, 56, 76, 78).
Both complexes participate in different signaling pathways and recognize
distinct substrates depending on the interaction of mTOR with its regulatory
components, raptor or rictor (Fig. 1.5) (6, 76). Interaction of mTOR with rictor
or raptor determines mTOR dominance in a particular pathway (6, 76). Raptor
is the rapamycin sensitive component and rictor is the rapamycin insensitive
component (6, 76). Both complexes have multiple downstream targets and
thereby, they interact with many signaling pathways (Fig. 1.5) (6, 76). Insulin
signaling (Fig. 1.6) is one of the pathways mTOR interacts and controls
protein synthesis via mTORC1 and carbohydrate metabolism including both
glucose and glycogen metabolism via mTORC2 (6, 76). mTOR as a catalytic
subunit of mTORC2 phosphorylates Akt at S473 site and facilitates insulin
signaling (6, 76).
1.5.5. Role of phosphatases
phosphorylation

in

the

regulation

of

Akt

and

FoxO1

In addition to kinases, phosphatases also regulate Akt and FoxO1
phosphorylation. It has been reported that protein phosphatase 2A (PP2A), a
serine/threonine phosphatase consisting of a catalytic subunit C, controls Akt
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and FoxO1 phosphorylation status by mediating their dephosphorylation (25,
57, 79). A second protein phosphatase, MAP kinase phosphatase-3 (MKP-3),
has been found to regulate FoxO1 phosphorylation (58). MKP-3 belongs to the
family of dual specificity phosphatases, which dephosphorylates both
serine/threonine and tyrosine residues in target proteins (80). PP2A and MKP3 remove phosphate from FoxO1 and induce the accumulation of FoxO1 in the
nucleus, leading to increased GNG. Phosphorylation and dephosphorylation of
Akt and FoxO1 mediated by various kinases and phosphatases are important
in controlling their physiological functions (5).
Overall, my dissertation will address the Elovl5 mediated suppression of
GNG and fasting blood glucose via induction of FoxO1 phosphorylation and
will examine the molecular mechanisms through which Elovl5 increases
FoxO1 phosphorylation and suppresses GNG in diet induced obese-diabetic
C57BL/6J mouse model and HepG2 cells.
1.6.

Models for T2DM

1.6.1. C57BL/6J mice
Human T2DM is characterized by hyperglycemia and increased
secretion of insulin, and closely associated with obesity and fatty liver (81).
Multiple factors such as genetic, environmental and dietary factors in particular
dietary fat play role in onset and progression of human T2DM (81-84). Thus,
appropriate animal models are needed to resemble these phenotypes and
pathogenesis of human T2DM. In this regard, male C57BL/6J mice are the
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best choices to study the human T2DM compared to db/db mice or
pharmaceutical compounds induced diabetic rodents (81-84). Feeding high fat
diets for 10 weeks (45-60% calories derived from fat as lard) induces obesity,
hyperglycemia and fatty liver in C57BL/6J mice, and these phenotypes
resemble human T2DM phenotypes (21, 84). Therefore, I used C57BL/6J
mice to examine the effects of Elovl5 on blood glucose control in high fat
induced obesity, T2DM and fatty liver condition.
1.6.2

Human hepatoma cell lines (HepG2 cells)
Regulation of gluconeogenesis is important to control blood glucose (5,

85). Thus, it is required to examine the molecular basis of Elovl5 control of
gluconeogenesis. Primary hepatocytes are an excellent choice to study
hepatic gluconeogenesis and glucose production because those cells
resemble best the in vivo conditions (85, 86). But using hepatocytes on the
scale required for these studies was too expensive. Thus, HepG2 cells were
selected to perform our mechanism studies of Elovl5 regulation of hepatic
gluconeogenesis.
HepG2 cells are adherent epithelial-like cells growing as monolayer and
in small aggregates (source: www.hepg2.com). HepG2 cell line was derived
from the liver tissue of fifteen-year-old male with differentiated hepatocellular
carcinoma. These cells are mortalized and not tumorigenic (source:
www.hepg2.com). Also they respond well to stimulation with insulin and other
growth hormones (source: www.hepg2.com). Moreover, treatment with

18
palmitate makes HepG2 cells insulin resistant and thereby increases
expression of GNG genes Pck1 and G6Pase expression (85). More
importantly, HepG2 cells have the differentiated properties like primary
hepatocytes and thereby, these cells are often used as an alternative to
primary hepatocytes in many in vitro studies (85, 86). HepG2 cells, however,
express very low levels of G6Pase at basal state, and therefore, these cells
are not appropriate for the study of glucose production (86).
1.7.

Significance
Persistent high blood glucose or hyperglycemia is a classic metabolic

feature in diabetes posing a tremendous health and economic burden (1, 5).
Despite vast amounts of effort, maintaining a blood sugar level close to normal
remains a major challenge for diabetics. My preliminary study established that
elevated hepatic Elovl5 activity increased PUFA synthesis and decreased
blood glucose in chow-fed mice (22). The outcome of my dissertation is that it
has provided strong evidence that Elovl5 corrects hyperglycemia in high fat
diet induced obese-diabetic rodent models and provided novel insight into the
molecular and metabolic basis of Elovl5 and PUFA synthesis regulation of the
carbohydrate metabolism. It also established a connection between PUFA
synthesis and carbohydrate metabolism in T2DM. This information may be
helpful in developing new therapeutic strategies to combat hyperglycemia in
diet induced obesity and T2DM.
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1.8.

Summary
T2DM is a major metabolic disease affecting more than 200 million

people worldwide (1). It is closely linked to obesity epidemic, fatty liver
disease, and cardiovascular diseases (5). Hyperglycemia and insulin
resistance are the classic hallmarks of diabetes (87). In T2DM, impairment of
insulin signaling leads to gradual and persistent increase in glucose production
and output from the liver and decrease in glucose uptake by muscle and
adipose tissue, which are the major contributing factors for hyperglycemia
(55). Uncontrolled hyperglycemia further leads to deadly micro-vascular
complications and thereby blood glucose control remains a major goal for
every diabetic (7-9). Liver is the central organ in control of the whole body
metabolism, which tightly maintains blood glucose homeostasis (55). Previous
studies from our lab have shown that dietary n-3 PUFA regulates many factors
involved in hepatic carbohydrate metabolism, lipid metabolism, and insulin
signaling (22, 26, 27). Regulation of these physiological processes by PUFA
depends on the length of their chain and the degree of unsaturation, which are
mediated by metabolic pathways such as de novo lipogenesis, elongation,
desaturation, mono oxidation and β-peroxidation (22). Although the role of
dietary fatty acids in onset and progression of insulin resistance and type 2
diabetes has been widely investigated, the role played by endogenous fatty
acid synthesis has not been clearly elucidated. In one of our previous studies
we have observed that endogenous PUFA synthesis was negatively
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associated with hyperglycemia (21). C57BL/6J mice fed on a high fat diet
become obese, hyperglycemic, glucose intolerant and develop fatty liver. This
change is associated with a suppression of endogenous PUFA synthesis as
reflected by a decline in the expression of enzyme involved in PUFA
elongation (Elovl5) but not desaturation (21). Moreover, we observed a decline
in the abundance of end products of PUFA synthesis (arachidonic acid
[20:4,n-6] and docosahexaenoic acid [22:6,n-3]) in the liver (21). In another
study, over-expression of hepatic Elovl5 affected both hepatic & plasma PUFA
composition, decreased blood glucose level, and regulated phosphorylation
status of downstream targets of insulin signaling, suggesting a possible link
between PUFA synthesis, fatty acid elongation and carbohydrate metabolism
(22).
The overall goal of my dissertation is to establish the mechanisms by
which hepatic PUFA synthesis controls carbohydrate metabolism and blood
glucose levels. The central hypothesis for my dissertation is that fatty acid
elongation by Elovl5 regulates hepatic and systemic carbohydrate metabolism
by controlling hepatic insulin action. The focus on Elovl5 is based on
preliminary studies indicating that elevation of this enzyme in the liver lowers
blood glucose levels (22). The following aims will test this hypothesis.
Aim1: To determine the impact of elevated hepatic Elovl5 activity on glucose
metabolism in a mouse model of obesity and diabetes.
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Aim2: To determine how increased fatty acid elongation alters hepatic &
hepatocyte gluconeogenesis (focus on mechanism using HepG2, human
hepatoma cells).
The outcome of these studies will provide novel information on links
between PUFA synthesis, fatty acid elongation and carbohydrate metabolism.
This information may be helpful in developing new strategies to combat
dysregulation of carbohydrate metabolism in diabetes and obesity.
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Fig.1.1. Scheme for DNL and MUFA synthesis. Glucose is converted
to palmitate via DNL. Palmitate generated via DNL or obtained from
dietary sources elongated (Elovl5 & Elovl6) and desaturated (stearoyl
CoA desaturase) to form mono-unsaturated fatty acids. Palmitate
(16:0), stearate (18;0), palmitoleate (16:1,n-7) and oleate (18:1,n-9).
Enzymes involved in DNL and MUFA synthesis are acetyl CoA
carboxylase (ACC); fatty acid synthase (FAS), elongases (Elovl5 &
Elovl6), stearoyl CoA desaturase (SCD-1).
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Fig. 1.2. Scheme for the synthesis of long chain PUFA from dietary
essential fatty acids. Essential dietary fatty acids (18:2,n-6 and 18:3,n3) are converted to arachidonic acid (20:4,n-6) and docosahexaenoic
acid (22:6,n-3) by a series of desaturation (∆5D[FADS1] &
∆6D[FADS2]), elongation (Elovl2 & Elovl5) and peroxisomal β-oxidation
(pβ-Ox) steps. The boxed fatty acids, 18:2,n-6, 20:4,n-6 and 22:6,n-3,
are the predominant PUFA appearing in hepatic membrane lipids. The
elongation product of 18:2,n-6, i.e., 20:2,n-6, is an alternative route for
generating 20:3,n-6 and 20:4,n-6. The elongation product of 18:3,n-3,
i.e., 20:3,n-3, is an alternative route for generating 20:4,n-3 and 20:5,n3. The enzymes involved in PUFA synthesis pathway are FADS1,
FADS2, Elovl5, Elovl2.
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Fig. 1.3. Transcription factors regulation of hepatic fatty acid
metabolism. Liver is the central organ regulating fatty acid metabolism
both fatty acid oxidation and synthesis. SREBP-1, ChREBP/MLX
heterodimer and LXR are the key transcription factors regulate fatty
acid synthesis, whereas PPARα induces fatty acid oxidation genes.
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Fig. 1.4. Hepatic insulin signaling pathway. Insulin through PI3
kinase-Akt pathway controls the carbohydrate, lipid and protein
metabolism. Insulin signaling leading to the control of carbohydrate
metabolism is regulated by many kinases and phosphatases.
Phosphatases such as PP2A and MKP-3 decrease Akt and FoxO1
activity by dephosphorylation. In the presence of insulin,
gluconeogenesis is inhibited and glycogen synthesis is activated in
liver. FoxO1 controls hepatic gluconeogenesis by regulating the
expression of PepCk and G6Pase. GSK-3β controls glycogen
synthesis. (PI3-kinase, phosphoinositidyl 3-kinase; GSK-3β, glycogen
synthase kinase-3β; FoxO1, forkhead box O family transcription factor
1; PepCk, phosphoenolpyruvate carboxykinase; G6Pase, glucose-6phosphatase, PP2A, protein phosphate 2A; MKP-3, MAP kinase
phosphatase-3).
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Fig. 1.5. mTOR signaling. mTOR is a conserved serine/threonine
kinase. It is a catalytic subunit of two complexes: mTORC1 (consists of
mTOR, regulatory protein raptor and GβL) and mTORC2 (consists of
mTOR, regulatory protein rictor, GβL and mSIN1). Both complexes
have their distinctive substrates. As such mTOR is a central controller
of many pathways and regulates many biological functions such as
insulin signaling, mitochondrial metabolism, protein, carbohydrate and
lipid metabolism, cell growth, autophagy etc. in our body. Association of
mTOR with rictor or raptor determines mTOR kinase dominance in a
particular pathway. This figure is adapted from Xie & Herbert, 2012 (6).

27

Fig. 1.6. mTOR signaling interaction with hepatic insulin signaling
pathway. Insulin through PI3 kinase pathway phosphorylates Akt at
T308 site and mTORC2 phosphorylates Akt-S473 site. Phosphorylation of
Akt leads to increase phosphorylation of FoxO1 and glycogen synthase
kinase 3β (GSK3β). Akt mediated FoxO1 and GSK3β phosphorylation
leads to inhibition of GNG and augmentation of glycogen synthesis,
respectively. Akt phosphorylates mTORC1 and regulates protein
metabolism.
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2.1.

Abstract
Elevated hepatic fatty acid elongase-5 (Elovl5) activity lowers blood

glucose in fasted chow fed C57BL/6J mice. Since high fat diets induce
hyperglycemia and suppress hepatic Elovl5 activity, we tested the hypothesis
that elevated hepatic Elovl5 expression attenuates hyperglycemia in high fat
diet-induced obese mice. Increasing hepatic Elovl5 activity, by a recombinant
adenoviral approach, restored blood glucose & insulin, HOMA-IR and glucose
tolerance to normal values in obese mice. Elevated Elovl5 activity increased
hepatic content of Elovl5 products (20:3,n-6, 22:4,n-6) and suppressed levels
of enzymes (Pck1, G6Pc) and transcription factor FoxO1 & its co-activator
PGC1α, but not transcription factor CREB and its co-activator CRTC2,
involved in gluconeogenesis. Effects of Elovl5 on FoxO1 nuclear abundance
correlated with increased phosphorylation of FoxO1, Akt & the catalytic unit of
PP2A as well as a decline in cellular abundance of TRB3. Such changes are
mechanistically linked to the regulation of FoxO1 nuclear abundance and
gluconeogenesis. These results show that Elovl5 activity impacts the hepatic
abundance and phosphorylation status of multiple proteins involved in
gluconeogenesis. Our findings establish a link between fatty acid elongation
and hepatic glucose metabolism, and suggest a role for regulators of Elovl5
activity in the treatment of diet-induced hyperglycemia.
Keywords: Elovl5, FoxO1, PGC1α, gluconeogenesis, fatty liver, diabetes
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2.2.

Introduction
Microsomal fatty acid elongation plays an important role in SFA, MUFA

and PUFA synthesis. Microsomal fatty acid elongation utilizes specific
substrates (malonyl CoA, NADPH and fatty acyl CoAs) and enzymes (3-keto
acyl CoA synthase, 3-keto acyl CoA reductase, 3-hydroxy acyl CoA
dehydratase and trans 2,3-enoyl CoA reductase) to catalyze the 2-carbon
elongation of fatty acids (88-91). Specificity for fatty acyl CoA substrates and
the rate of fatty acid elongation is determined by the first step in the pathway,
i.e., the activity of the condensing enzyme, 3-keto acyl CoA synthase, and not
the reductases or dehydratase (88, 92). As such, 3-keto acyl CoA synthase
(also known as Elovl, elongation of long chain fatty acids) plays the key
regulatory role in determining type and amount of elongated fatty acids found
in cells.
Seven Elovl subtypes (Elovl 1-7) have been identified in the human,
mouse and rat genomes. While Elovl1, Elovl3 & Elovl6 elongate SFA and
MUFA, Elovl2, Elovl4 and Elovl5 elongate PUFA (20, 21, 89, 90, 93). Elovl5
also elongates some MUFA, like palmitoleic acid [16:1,n-7] (94) as well as
PUFA e.g., linoleic acid (18:2,n-6), γ-linolenoyl-CoA (18:3,n-6) and 20:4,n-6
(20-22). Elovl2 and Elovl5 elongate 20-carbon PUFA to form 22 carbon PUFA,
while Elovl2 exclusively elongates 22-carbon PUFA to form 24-carbon fatty
acids (21). The formation of 24-carbon PUFA is required for docosahexaenoic
acid (22:6,n-3) synthesis (95). Thus, Elovl2 and Elovl5 play an important role
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in n-3 and n-6 PUFA synthesis. Human and rodent liver express five Elovl
subtypes, Elovl5>Elovl1= Elovl2= Elovl6>Elovl3 (20, 21). Several of these
elongases are regulated by stage of development, tissue-specific factors,
hormones, dietary factors, pharmacologic compounds (20, 21, 89, 90, 93, 96).
Consequently, changes in the activity of fatty acid elongases (Elovl) affects
cellular fatty acid composition (89, 90). Changes in cellular fatty acid content
impacts cell function through transcriptional and post-transcriptional regulatory
mechanisms (12, 97, 98).
Recent studies suggest fatty acid elongases play a role in chronic
metabolic diseases. Global ablation of fatty acid elongase-6 (Elovl6) protects
mice from diet induced diabetes (39). Ablation of Elovl5 increases hepatic lipid
content, at least in part, by inducing SREBP-1, a key transcription factor
controlling de novo lipogenesis (44). Our studies established that induction of
hepatic Elovl5 activity altered both plasma and blood lipid composition, but
also affected glucose metabolism (22). Elevated hepatic Elovl5 activity
induced a modest, but significant decline in blood glucose levels and
significantly suppressed cytosolic phosphoenolpyruvate carboxykinase (Pck1)
mRNA; Pck1 is a key enzyme involved in gluconeogenesis (22). While effects
of fatty acid elongases on lipid metabolism can be predicted by the known
action of these enzymes on cellular fatty acid composition (12), elongase
effects on carbohydrate metabolism were not expected.
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High fat diets induce obesity, hyperglycemia, insulin resistance and
fatty liver in C57BL/6J mice. High fat diets also suppress hepatic Elovl5 activity
(21). This report test the hypothesis that restoration of Elovl5 activity in livers
of obese mice is sufficient to correct high fat diet-induced hyperglycemia. Our
second goal was to determine how elevated Elovl5 activity controls the
expression of Pck1 and other proteins involved in gluconeogenesis.
Transcriptional control of Pck1 is very complex and involves multiple
transcription factors [FoxO1, hepatic nuclear protein-4α (HNF4α), CREB,
PPARα and other regulatory proteins [PGC1α, CRTC2, tribbles-related protein
B3 (TRB3), sirtuin 1 (SIRT1)] (61, 99-101). PPARα controls the expression of
multiple proteins involved in gluconeogenesis including, Pck1 (102), TRB3
(59) and fibroblast growth factor 21 (FGF21) (103). TRB3 inhibits Akt activity,
while FGF21 regulates PGC1α (103). PGC1α interacts with FoxO1 and both
factors bind to promoters of target genes, like Pck1 (64, 65). Phosphorylation
of FoxO1 by Akt prevents phospho-FoxO1 (pFoxO1) from entering nuclei (62,
63). These mechanisms account for much of the insulin-mediated suppression
of gluconeogenesis. The outcome of my studies will establish that hepatic
Elovl5 activity regulates the expression of multiple enzymes and transcription
factors involved in gluconeogenesis. This regulation is achieved by effects on
PPARα-regulated gene expression and control of the phosphorylation status
of key proteins controlling gluconeogenesis.
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2.3.

Materials and methods

2.3.1. Animals
All procedures for the use and care of animals for laboratory research
were approved by the institution animal care and use committee (IACUC) at
Oregon State University. Male C57BL/6J mice (stock# 000664, Jackson
Laboratories, Bar Harbor, Maine), 2 months of age, were fed either a chow
maintenance diet (Purina 5001), a low fat diet [10% calories as fat, D12450B]
or high fat diet [60% calories as fat, D12492, Research Diets, Inc.] ad lib. Mice
were fed the low & high fat diets for 12 weeks. The fatty acid composition of
the Research Diets low and high fat diets is shown in Fig. 2.1.
2.3.2. Fasting and refeeding
Mice were fasted overnight (beginning 6 PM). The next morning (8 AM),
food was returned to ½ of the mice. Fasted and refed animals were
euthanized (isoflurane and exsanguination) at 8 AM (fasted) and noon (refed)
for blood and tissue collection.
2.3.3. Glucose tolerance test
Mice maintained on a low or high fat diet were used for a glucose
tolerance test. Five days prior to end of the study, mice were injected with
recombinant adenovirus (see below). Three days later, mice were subjected to
a glucose tolerance test. Mice were fasted overnight (beginning 6 PM). The
next morning (~10 AM) mice were injected with glucose (2 g/kg, IP). Blood
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was withdrawn from the tail vein prior to and after glucose treatment. Blood
glucose was measured using a hand-held glucose meter (Contour, Bayer).
2.3.4. Recombinant adenovirus
The

construction,

purification

and

titering

of

the

recombinant

adenoviruses (Ad-Luc, luciferase and Ad-Elovl5, Elovl5) was described
previously (21, 22). Mice were injected with adenovirus (2 x 1010 viral
particles/mouse in PBS) by a retro-orbital route while under mild isoflurane
anesthesia. Mice were maintained on food and water, ad lib, for the duration of
the study. Body weight, food and water intake was monitored daily. All animals
displayed no adverse effects from the adenovirus injection and gained weight
equally for the 5 days period after injection.
2.3.5. RNA extraction and quantitative real time-polymerase chain reaction
(qRT-PCR)
Total RNA was extracted from mouse liver and transcript levels were
measured by qRT-PCR (22). Gene specific primers are listed in Table 2.1.
Primers were designed using Primer Express software (Applied Biosystems,
Foster City, CA). First strand cDNA was synthesized using the SuperScript III
kit (Invitrogen Carlsbad, CA). Synthesized cDNA was mixed with SYBR green/
DyANmo (FL400), New England Biolabs. PCR quantification used a MJ
Research Peltier ThermoCycler-200 (DNA Engine). All reactions were
performed in triplicate. The relative amounts of mRNAs were calculated by
using the comparative CT method (User Bulletin #2, Applied Biosystems).
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Cyclophilin was used as a control and all results were normalized to the
abundance of cyclophilin mRNA.
2.3.6. Fatty acid elongation assay
Mouse liver microsomes were prepared and used for a fatty acid
elongation assay (20, 21). The fatty acyl-CoA substrate used for this assay
was 18:3,n-6-CoA, an Elovl5-specific substrate (Elovl5) (22).
2.3.7. Lipid extraction and fatty acid analysis
Total lipids were extracted from liver in chloroform:methanol (2:1) plus 1
mM butylated hydroxytoluene (22). 7-nonadecenoic acid (19:1) was added as
a recovery standard at the time of extraction. Protein (Bio-Rad, Hercules, CA)
was measured in extracts after the initial homogenization step in 40%
methanol. Total lipids were saponified, converted to fatty acid methyl esters
(FAME) in 1% H2SO4 in methanol and heating to 90oC for 1 hr. FAME were
extracted in hexane, dried and resuspended in hexane + 0.05% butylated
hydroxytoluene and quantified using an Aligent 7890 GC gas chromatograph
equipped with a flame ionization detector (FID) [conditions: column, 100 x 0.25
mm ID, 0.2 mm HP-88; inlet temperature = 250oC; vol. injected 1 ml; split ratio
varies from 1:5 to 1:50 depending on the concentration of FAME; carrier gas A
= hydrogen; B = helium; head pressure 2 ml/min constant flow; oven To:
120oC 1 min. 10oC/min to 175oC, 10 min 5oC/min to 210oC, 5 min 5oC/min to
230oC, 5 min; detector temperature, 280oC; detector gases: 40 ml/min
hydrogen; 450 ml/min air, Helium to make up gas 30 ml/min]. Fatty acid methyl
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ester standards (GLC-642, GLC-643 & GLC-682) were obtained from NuChek Prep.
2.3.8. Immunoblotting
Proteins were extracted from mouse liver as described previously (22)
in the presence of protease (Roche Diagnostics, Indianapolis, IN) and
phosphatase inhibitors (1mM -glycerolphosphate, 2.5 mM Na-pyrophosphate,
1 mM Na3VO4). Cytosolic (post-nuclear) & nuclear protein fractions were
separated electrophoretically by SDS-polyacrylamide gel electrophoresis
(NuPAGE 4-12% polyacrylamide Bis-Tris, Invitrogen) and transferred to
nitrocellulose (BA83) membranes.
Antibodies used for immunoblotting included: total FoxO1 & phosphoFoxO1, total PDK1 & phospho-PDK1, total PP2A catalytic unit & total CTMP
(Cell Signaling, (Danvers, MA). HNF-4α (H-171); Na,K-ATPase; total Akt1
(C20); phospho-AKT1/2/3 (Ser 473)-R, PPARα (H98), MLX (N-17) PGC1,
TRB3 and Pck1 (P14, Sc74825) were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). SREBP1 (2A4), TATA-binding protein (TBP)
were obtained from Abcam, Inc. (Cambridge, MA). Phospho-PP2A catalytic
unit (Tyr-307) was obtained from Epitomics (Burlingame, CA). ChREBP
(NB400135) was obtained from Novus Biologicals (Littleton, CO). The Elovl5
antibody was described previously (22). The IRDye 680 and IRDye 800
secondary antibodies (anti-mouse, anti-rabbit and anti-goat) were obtained
from LiCor, Inc. (Lincoln, NB) or Rockland Immunologicals (Gilbertsville, PA).
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Antigen-antibody reactions were detected and quantified using LiCor Odyssey
scanner and software. Phospho-IRS2 was measured in liver extracts using an
ELISA kit (Cell Signaling, Danvers, MA).
2.3.9. Measurement of plasma parameters
Plasma glucose, triglyceride, non-esterified fatty acids and cholesterol
were measured using kits from Wako (Richmond, VA). Plasma βhydroxybutyrate was measured using a kit from Stanbio (Boerne, TX). Plasma
insulin and adiponectin were assayed by ELISA (Millipore, Watham, MA).
2.3.10. Measurement of hepatic protein, DNA, triglyceride, cholesterol &
glycogen content
Liver (25-50 mg) was homogenized in 40% methanol + 0.1 mM HCl; a
sample was collected for protein (Quick Start Bradford Assay, Bio-Rad,
Hercules, CA) and DNA analysis (FluoReporter blue fluorometric dsDNA,
Invitrogen,

Carlsbad,

CA).

Total

hepatic

lipids

were

extracted

with

chloroform:methanol as described above. After centrifugation of the extract,
the aqueous phase was used to measure glycogen. The aqueous phase was
adjusted to 0.2 N NaOH, heated to 65oC for an hour, cooled and neutralized
with 5 N HCl. Glycogen was precipitated with ethanol, resuspended in water
and hydrolyzed with amyloglucosidase (Sigma-Aldrich). Glucose released by
amyloglucosidase was measured using the glucose assay kit (Wako,
Richmond) (22). The organic phase was dried under nitrogen and in vacuo
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and assayed for cholesterol and triglyceride using the total cholesterol and Ltype TG H triglyceride assay kits from Wako (Richmond, VA) (22).
2.3.11. Statistical analysis
The statistical analysis performed in this work included Students t-test
and ANOVA (two-way) plus post hoc Tukey honestly significant difference test
(http://faculty.vassar.edu/lowry/VassarStats.html). A p-value < 0.05 was
considered statistically different.
2.4.

Results

2.4.1. Elevated hepatic Elovl5 activity induces FoxO1 phosphorylation in
chow-fed mice
Previous studies with chow-fed C57BL/6J mice established that a 6-fold
elevation in hepatic Elovl5 activity increased fasting levels of glycogen and
suppressed hepatic Pck1 mRNA and plasma glucose (22). The effect on
hepatic glycogen was attributed to the increased phosphorylation of Akt and
GSK3β. The mechanism for Elovl5 control of Pck1and blood glucose was less
clear. In this study, we determined whether Elovl5 controls FoxO1 nuclear
abundance, a well established regulator of hepatic Pck1 expression and
gluconeogenesis (64).
Using liver extracts from the previous study (22), the nuclear and
cytoplasmic abundance of FoxO1, as well as phosphorylated FoxO1 (pFoxO1)
was measured (Fig. 2.2). Refeeding fasted mice suppressed hepatic nuclear
FoxO1 by 60% (Fig. 2.2, Panel A and B). A separate group of mice receiving
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a saline injection gave similar results for FoxO1 following the fasting and
refeeding study (not shown). Ad-Luc infection, alone, does not impact the
fasting-refeeding effect on FoxO1 nuclear abundance.
Fasted mice infected with Ad-Elovl5 have a level of nuclear FoxO1
comparable to that seen in refed mice (Fig. 2.2, Panel, A & B). Refeeding AdElovl5 infected mice had no additional effect on FoxO1 nuclear abundance.
The Elovl5-mediated decline in nuclear FoxO1 correlated with a 4-fold
increase

in

the

phosphorylation

status

of

cytoplasmic

FoxO1,

i.e.,

pFoxO1/cFoxO1 (Fig. 2.2, Panel A & C). FoxO1 is phosphorylated by Akt;
elevated hepatic Elovl5 increases hepatic Akt phosphorylation 3-fold in fasted
mice (22). By stimulating FoxO1 phosphorylation, increased hepatic Elovl5
suppresses FoxO1 nuclear abundance, presumably by inhibiting FoxO1 from
entering nuclei (62, 63).
2.4.2. Effect of diet and adenovirus infection on hepatic Elovl5 activity
To gain further support for the notion that changes in hepatic Elovl5
activity impact glucose metabolism we used a mouse model of high fat diet
induced obesity, hyperglycemia and insulin resistance. Previous studies
established that feeding mice a high fat (lard) diet suppressed hepatic Elovl5
activity (21). Herein, male C57BL/6J mice were fed a low fat (10% calories as
fat) or high fat (60% calories as fat) diet for 12 weeks as described (21). Five
days before the end of the feeding trial, mice were infected with Ad-Luc or Ad-
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Elovl5. High fat diets significantly increased body weight by 33-37% (Table
2.2). Infection of mice with Ad-Elovl5 did not significantly affect body weight.
The high fat diet suppressed hepatic Elovl5 mRNA, protein and enzyme
activity in Ad-Luc infected mice by ~50% (Fig. 2.3, Panel A-C). This effect on
Elovl5 is consistent with our previous study (21). Infection of high fat-fed mice
with Ad-Elovl5 increased Elovl5 mRNA, Elovl5 protein and enzyme activity
(Fig. 2.3, Panel A-C). The level of Elovl5 enzyme activity in Ad-Elovl5 infected
mice is ~40% above the level of Elovl5 activity in livers of low fat fed mice
(Fig. 2.3, Panel C) (21, 22).
2.4.3. Elevated hepatic Elovl5 activity corrects hyperglycemia in obese mice
The effect of high fat diets and elevated Elovl5 activity on blood glucose
and insulin levels in fasted mice was examined (Fig. 2.4). As expected, mice
fed the high fat diet are hyperglycemic (Fig. 2.4, Panel A) and have elevated
blood insulin levels (Fig. 2.4, Panel B). While the homeostatic model
assessment for insulin resistance (HOMA-IR) score of 9.4 + 6.3 reflects insulin
resistance (HOMA-IR > 3.0) (Fig. 2.4, Panel C), the lack of a significant effect
on fasting plasma adiponectin and NEFA suggests these mice are not
severely insulin resistant (Table 2.2).
Since high fat fed mice are glucose intolerant (21), we examined
glucose tolerance in fasted mice maintained on a high fat diet and infected
with either Ad-Luc or Ad-Elovl5 (Fig. 2.4, Panel D). Mice on the low fat diet for
12 weeks and not infected with Ad-Luc or Ad-Elovl5 served as a reference for
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a normal glucose tolerance test. When compared to low fat-fed mice, mice fed
the high fat diet were glucose intolerant. High fat fed mice infected with AdElovl5, however, displayed glucose tolerance comparable to that seen in low
fat-fed mice. Thus, elevated hepatic Elovl5 activity corrects high fat diet
induced hyperglycemia and glucose intolerance.
2.4.4. The effect of diet and Elovl5 activity on plasma and liver composition
Fasting plasma triglycerides, NEFA and cholesterol were not
significantly affected by diet (Table 2.2). Fasting β-hydroxybutyrate was
significantly decreased in high fat fed Ad-Luc infected mice; an effect that may
be in response to elevated fasting insulin (Fig. 2.4, Panel B). Ad-Elovl5
infection suppressed fasting triglycerides in low fat-fed mice (by 54%), but not
in high fat-fed mice.
While high fat diets increased liver weight, this effect was not different
when expressed as a percentage of body weight or mg protein/mg DNA.
Infection of mice with Ad-Elovl5, however, significantly increased the liver
weight (% body weight) by 44% and 33% in low and high fat-fed mice. This
effect was not due to increased protein/mg DNA, but may be due to changes
in hepatic lipid and glycogen. Hepatic triglyceride, but not cholesterol, was
significantly elevated in mice fed the high fat diet (Table 2.2). Hepatic
triglycerides in livers of obese mice with elevated Elovl5 activity were not
significantly different from mice fed the low fat diet. Changes in hepatic
triglyceride induced by diet or Ad-Elovl5 did not correlate with changes in the
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nuclear content of transcription factors controlling de novo lipogenesis e.g.,
SREBP1, ChREBP or MLX (Fig. 2.5). Thus, factors controlling hepatic
triglyceride content in this model likely involve triglyceride synthesis, VLDL
assembly and secretion and fatty acid oxidation.
Hepatic glycogen content in fasted mice was significantly affected by
diet and virus infection. In mice maintained on chow (22) or the low fat diet
(Table 2.2), elevated Elovl5 activity increased hepatic glycogen content. As
reported by others (104), the high fat diet significantly increased hepatic
glycogen content in fasted mice. Changes in hepatic glycogen content
correlated with increased phosphorylation of glycogen synthase kinase 3β
(GSK3β) (Fig. 2.6). These studies established that elevated Elovl5 activity
lowers hepatic triglyceride and glycogen in high fat diet-induced obese mice.
2.4.5. Effect of diet and Elovl5 activity on hepatic and plasma fatty acid
composition
We next examined the effect of diet and Elovl5 activity on hepatic and
plasma fatty acid composition. MUFA and PUFA fatty acyl CoAs are
substrates for Elovl5-mediated fatty acid elongation (Fig. 2.7, Panel A and B)
(20, 21). The dietary fatty acid profiles of the two diets are shown in Fig. 2.1.
When expressed as fatty acid mole%, hepatic and plasma content of 16:0,
18:0 or 18:1,n-9 was not significantly affected by diet or elevated hepatic
Elovl5 activity. The high fat diet significantly lowered hepatic 16:1,n-7 and
18:1,n-7 content. Elevated Elovl5 activity significantly increased the relative
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abundance of 18:1,n-7 in livers of mice fed the low diet (Ad-Luc, 3.9 + 0.73
mole% and Ad-Elovl5, 5.5 + 0.72 mole%, p<0.01, ANOVA), but not in mice fed
the high fat diet. Stearoyl CoA desaturase-1 (SCD1) converts 16:0 to 16:1,n-7
(Fig. 2.7, Panel A); the high fat lard diet and elevated Elovl5 activity suppress
hepatic SCD1 expression. Diet and Elovl5-induced changes in SCD1
expression correlate with changes in hepatic SREBP1 & ChREBP nuclear
abundance (Fig. 2.5). Both SREBP1 and ChREBP control SCD1 and Elovl6
gene expression (21). Elovl5 or Elovl6 catalyze the elongation of 16:1,n-7 to
vaccenic acid (18:1,n-7) (21, 93) (refer Fig. 1.1). Both low and high fat diets
contain 16:1,n-7 and 18:1,n-7, but at low levels (<5 mole%, Fig. 2.1). The high
fat diet suppresses hepatic & plasma abundance of these MUFA.
Linoleic acid (18:2,n-6) increased in liver and plasma of mice fed high
fat diets, while hepatic and plasma content of 20:4,n-6 & 22:6,n-3 was not
increased. As such, high fat diets suppress the ratio of 20:4,n-6 to 18:2,n-6
[liver: low fat: 0.54 + 0.06; high fat: 0.28 + 0.07, p<0.05, ANOVA]. This ratio
reflects the conversion of dietary 18:2,n-6 to the major end products of PUFA
synthesis, i.e., 20:4.n-6. This outcome may be due to the high level of 18:2,n-6
in the high fat diet or changes in PUFA synthesis and degradation.
Elevated Elovl5 significantly (p < 0.05) increased hepatic content of
several low abundance C20-22 PUFAs in mice fed the low and high fat diets.
Cumulatively, C20-22 PUFA increased >2-fold in livers of mice with elevated
Elovl5 activity. A major fraction of this change is due to the 2- to 4-fold
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increase in dihomo-γ-linolenic (20:3,n-6) and adrenic acid (22:4,n-6),
respectively. These PUFA are well established products of Elovl5 (22). Elovl5
induced changes in hepatic C20-22 PUFA, however, were not seen in plasma
lipids. Instead, plasma 22:4,n-6 levels were lower in Ad-Elovl5 infected mice.
Since the endoplasmic reticulum (ER) is the subcellular location for fatty
acid elongation, we also examined the fatty acid composition of lipids
associated with the ER (Fig. 2.8). The high fat diet induced a similar reduction
in microsomal 16:1,n-7 and 18:1,n-7 as seen in total fatty acids. Elevated
Elovl5 activity, however, did not increase C20-22 PUFA content in the ER. As
such, Elovl5 products do not accumulate in the ER. In fact, there is very little
change in PUFA composition of the ER induced by either the high fat diet or
elevated Elovl5 activity.
2.4.6. Effect of elevated Elovl5 activity on PPAR target genes
Elevated hepatic Elovl5 activity attenuates expression of several
PPARα-regulated genes in livers of chow-fed mice (22) and in fasted mice
maintained on the high fat diet (Fig. 2.9). PPARα-target genes affected by
increased Elovl5 activity include cytochrome P450 A10 (CYP4A10), acyl CoA
thioesterase (ACOT1), HMG CoA synthase 2 (HS2) & Elovl2. Other PPARα
target genes-hydroxyl-acyl-coenzyme A dehydrogenase/3-ketoacyl-Coenzyme
A thiolase/enoyl-coenzyme A hydratase (trifunctional protein), α-subunit
(HADHA), FADS1 and FADS2 however, were not significantly affected. This

45
outcome suggests that elevated Elovl5 activity affects a subset of PPARα
target genes.
2.4.7. Effect of elevated Elovl5 activity on genes involved in gluconeogenesis
We next examined the effect of elevated Elovl5 activity on the
expression of several proteins involved in gluconeogenesis, including
enzymes [Pck1, pyruvate carboxylase (Pcx), G6Pc], a regulator of Akt activity
(TRB3), transcription factor FoxO1 and its co-activator PGC1α and a growth
factor (FGF21) (64, 68, 105) in livers of fasted mice maintained on the high fat
diet (Fig. 2.10). Elevated Elovl5 activity significantly suppressed hepatic
expression of Pck1, G6Pc, FoxO1 and PGC1α mRNA in livers of mice fed
high fat diets. Transcripts encoding TRB3, FGF21, LXRα and ApoC2,
however, were not affected by elevated Elovl5 activity. Similar results were
seen in mice fed low fat diets (not shown).
2.4.8. Effect of elevated Elovl5 activity on the abundance of proteins involved
in gluconeogenesis
To determine if changes in gene expression were linked to changes in
protein, we measured the cytosolic and nuclear abundance of several
proteins. Elevated Elovl5 activity attenuated Pck1 protein abundance by 60%
(Fig. 2.11). The decline in Pck1 protein parallels the decline in Pck1 mRNA
induced by Elovl5 (Fig. 2.10).
The nuclear protein abundance of key transcription factors and coactivators (FoxO1, PGC1α, CREB, CRTC2, PPARα and HNF4α) controlling
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gluconeogenic gene expression (64, 68, 105, 106) was measured (Fig. 2.12,
Panel A-D). High fat diets induced FoxO1 & PGC1α nuclear abundance by
~2-fold (Fig. 2.12, Panel A, B & C).

Elevated hepatic Elovl5 activity

suppressed FoxO1 (Fig. 2.12, Panel B) & PGC1α (Fig. 2.12, Panel C)
nuclear abundance by >50% in livers of high fat-fed mice. The decline in
nuclear FoxO1 correlated with elevated phosphorylated FoxO1 (pFoxO1) (Fig.
2.12, Panel A & D). Hepatic nuclear content of CRTC2, CREB, p-CREB,
PPARα and HNF4α, however, was not affected by elevated hepatic Elovl5
activity. These studies establish that Elovl5 activity regulates the nuclear
abundance of a subset of transcription factor and co-activator controlling
gluconeogenic gene expression.
2.4.9. Effect of diet and Elovl5 on hepatic signaling pathways
Insulin suppresses gluconeogenesis by activating the PI3 kinase-Akt
pathway. The active, phosphorylated form of Akt phosphorylates FoxO1 (65,
107); pFoxO1 fails to enter the nucleus and is degraded by the 26S
proteasome

(108).

Elevated

hepatic

Elovl5

activity

increased

Akt

phosphorylation in fasted chow fed mice (22), low and high fat-fed mice (Fig.
2.13, Panel A and B) by ~2-fold. The Elovl5-induced changes in Akt
phosphorylation in the fasted state did not correlate with changes in IRS2 or
PDK1/2 phosphorylation status (Fig. 2.6). This outcome suggests that Elovl5
effects on Akt phosphorylation status are not due to activation of the insulininsulin receptor-IRS2-PDK1/2 axis.
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Accordingly, we turned our attention to other mechanisms that might
regulate Akt phosphorylation. TRB3 (109) and C-terminal modulator protein
[CTMP] (110) bind to and inhibit Akt phosphorylation and Akt activity. Hepatic
TRB3 protein content is induced by fasting and suppressed by refeeding (Fig.
2.13, Panel A & C). Elevated Elovl5 activity suppressed TRB3 protein content
by > 50% in livers of fasted mice maintained on both the low and high fat diets.
CTMP was induced ~2-fold by high fat diets (Fig. 2.13, Panel A). Elevated
Elovl5 activity significantly (40%) suppressed hepatic CTMP levels in refed,
but not fasted, high fat-fed mice (Fig. 2.13, Panel D).
Protein phosphatase 2A (PP2A) is a multi-subunit enzyme that
dephosphorylates Akt and FoxO1 (57, 111). Phosphorylation of Y307 in the
PP2A catalytic subunit inhibits PP2A phosphatase activity (112). The amount
PP2A catalytic unit and its phosphorylation status was not affected by diet or
fasting (Fig. 2.13, Panel A & E). The phosphorylation status of the PP2Acatalytic unit, however, increased > 2-fold in livers with elevated Elovl5 activity.
These findings suggest that increasing hepatic Elovl5 attenuates PP2A activity
thereby attenuating the dephosphorylation of key proteins [Akt (111) and
FoxO1 (57)] controlling Pck1 expression and gluconeogenesis.
2.5.

Discussion
Fatty acid elongases play well defined roles in saturate, mono- and

polyunsaturated fatty acid synthesis (88-91). The notion that changes in fatty
acid elongase activity impact carbohydrate metabolism and blood glucose
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levels is novel. This study establishes that changes in hepatic Elovl5 activity
impact blood glucose levels in high fat diet-induced obese mice. High fat dietinduced obesity, hyperglycemia, glucose intolerance and fatty liver correlates
with low hepatic Elovl5 activity (21) (Figs. 2.3, 2.4, 2.14). Restoration of
hepatic Elovl5 activity to levels seen in mice maintained on low fat diets
corrects the hyperglycemia, glucose intolerance and fatty liver, but does not
abrogate obesity (Table 2.2). The correction in blood glucose was correlated
with reduced hepatic content of Pck1 protein and Pck1 and G6Pase mRNA,
decreased nuclear content of FoxO1 and PGC1α, decreased hepatic glycogen
content and increased phosphorylation of FoxO1, Akt & GSK3β (Figs. 2.6,
2.10, 2.11, 2.12 & 2.13 and Table 2.2). These studies establish a mechanistic
link between Elovl5 mediated changes in hepatic fatty acid composition (Fig.
2.7) and the control of hepatic glucose metabolism and blood glucose levels
(Fig. 2.14).
Not all transcription factors controlling Pck1 expression are sensitive to
changes in Elovl5 activity; Elovl5 had no significant effect on the nuclear
content of CRTC2, PPARα or HNF4α (Figs. 2.12 & 2.14). Elovl5 regulation of
FoxO1 and PGC1α involves at least two mechanisms: a) interference with
PPARα-regulated gene expression (Figs. 2.9 & 2.10) and b) the control of the
phosphorylation status and abundance of specific proteins (FoxO1, Akt, PP2A
and TRB3) (Figs. 2.2, 2.12, 2.13 & 2.14). Since Elovl5 had no effect on the
phosphorylation status of IRS2 or PDK1/2 (Fig. 2.6), we speculate that
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elevated Elovl5 activity does not enhance insulin signaling through the insulin
receptor-IRS-PDK pathway. Instead, elevated Elovl5 activity increased Y307
phosphorylation in the catalytic unit of PP2A (Fig. 2.13, Panel E).
Phosphorylation of Y307 has been linked to decreased phosphatase activity
directed at Akt and FoxO1 (57). Elevated Akt phosphorylation enhances Akt
activity, while elevated FoxO1 phosphorylation promotes its proteasomal
degradation.
Other regulatory factors involved in gluconeogenesis include TRB3 and
CTMP, two negative regulators of Akt activity (109). Elevated Elovl5 activity
attenuates cellular content of TRB3 (Fig. 2.13, Panel C), but did not impact
hepatic CTMP levels in fasted mice (Fig. 2.13, Panel D). Although TRB3 is
regulated by PPARα and Elovl5 attenuates PPARα activity (22), TRB3 mRNA
was amongst a subset of PPARα-regulated genes that was not affected by
elevated Elovl5 activity (Fig. 2.10). Cell levels of TRB3 are regulated through
other mechanisms, like proteasomal degradation (113). Future studies will
focus on defining mechanisms for Elovl5 control of PPARα function and TRB3
cellular abundance.
An unresolved issue is a full understanding of the molecular linkage
between changes in hepatic Elovl5 activity and the control of hepatic TRB3
content, PPARα function and PP2A phosphorylation (Fig. 2.14). Elevated
Elovl5 activity induces a 2- to 4-fold increase in low abundance C20-22 PUFA,
including 20:3,n-6 and 22:4,n-6 (Fig. 2.7, Panel C). While these changes are
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detected in total hepatic lipid extracts, they are not seen in microsomal (ER) or
plasma lipids. We suspect these fatty acids are likely assimilated into
membrane phospholipids. Twenty-two carbon PUFA are poor activators of
PPARα (26). While this observation can explain some of the Elovl5 effects on
PPARα-regulated genes (Fig. 2.9 & 2.10), it cannot explain the Elovl5
regulation of the phosphorylation status of key proteins (Akt, GSK3β, PP2A) or
hepatic TRB3 abundance. Enrichment of membranes with C20-22 PUFA may
affect specific signaling pathways (19, 114).

Studies with human retinal

endothelial cells provide one possible scenario. Increased docosahexaenoic
acid (DHA, 22:6,n-3) content in cell membranes was linked to decreased
levels of cholesterol and Src kinases (Fyn and c-Yes) in lipid rafts, as well as
decreased expression of adhesion molecules (ICAM & VCAM) through an
NFκB-mediated mechanism (115-118). PP2A phosphorylation at Y307 is
regulated by Src-kinases and protein phosphotyrosine phosphatases (112).
Additional studies are required to determine whether C20-22 PUFA induced by
elevated Elovl5 activity affects membrane lipid composition and cell signaling.
In contrast to high fat diet induced obesity and diabetes, streptozotocininduced diabetes rapidly destroys -cells and lowers plasma insulin. Hepatic
Elovl5 mRNA and enzyme activity is not affected in this model of diabetes
(21). As such, hyperglycemia in insulin-dependent diabetes is not linked to
hepatic Elovl5 activity. Recent unpublished studies in our lab indicate that
inhibition of acetyl CoA carboxylase (ACC) abrogates fatty acid elongation.
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Acetyl CoA carboxylase activity is suppressed in insulin-dependent diabetes
(32, 119). Thus, the availability of malonyl CoA for fatty acid elongation may
be as important as elongase expression in controlling elongase function.
Elevating hepatic Elovl5 activity would likely not improve blood glucose control
because malonyl CoA remains limiting in the insulin-dependent diabetic.
In addition to effects on blood glucose and proteins involved in
gluconeogenesis, elevated hepatic Elovl5 regulates hepatic glycogen (Table
2.2). The effect of Elovl5 on hepatic glycogen is influenced by the diet. In chow
and low fat diets, Elovl5 induces a modest, but significant increase in fasting
glycogen content (22). The high fat-low carbohydrate diet also significantly
increased hepatic glycogen content in fasted mice (104) (Table 2.2). Elevated
hepatic Elovl5 activity lowers hepatic glycogen. The effect of Elovl5 on hepatic
glycogen is comparable to that seen with elevated expression of malonyl CoA
decarboxylase (MCD) (104). Elevated Elovl5 activity, however, does not
induce MCD mRNA (not shown). Effects of diet and Elovl5 on fasting hepatic
glycogen can be explained, at least in part, by changes in the phosphorylation
status of Akt (Fig. 2.13) and GSK3β (Fig. 2.6).
It is unlikely that all of the effects of Elovl5 on the control of blood
glucose in obese fasted mice can be explained by control of hepatic
gluconeogenic gene expression. Recent studies have established that fasting
blood glucose levels are not associated with increased Pck1 or G6Pc
expression (120, 121). Moreover, studies in obese humans indicate that a
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significant fraction of blood glucose in fasting is derived from whole body
protein catabolism (122).

While our studies establish that elevated Elovl5

activity improves blood glucose levels in high fat fed obese mice (Fig. 2.4),
addition studies are required to define the role whole body protein catabolism
plays in Elovl5-mediated control of blood glucose.
Finally, mice fed high fat diet develop fatty liver, i.e., the accumulation
of triglyceride (Table 2.2) (21). Mice with ablated Elovl5 also develop fatty
liver, at least in part by increased levels of SREBP-1 in nuclei and induction of
lipogenic gene expression (44). While elevated Elovl5 activity lowers hepatic
nuclear SREBP-1 in mice fed the low fat diet, mice fed the high fat diets have
suppressed levels of hepatic SREBP-1 content (21) (Fig. 2.5). As such, fatty
liver in high fat fed mice is not due to SREBP1-mediated induction of de novo
lipogenesis. Moreover, there is no significant difference in nuclear SREBP-1
content in obese mice infected with Ad-Luc or Ad-Elovl5. Yet, hepatic
triglycerides in non-obese mice and obese mice with elevated hepatic Elovl5
activity are not significantly different (Table 2.2). The Elovl5 effect on hepatic
triglyceride content is likely targeted elsewhere, such as triglyceride assembly
or VLDL secretion. In this regard, our studies provide a clue to explain this
mechanism. FoxO1 regulates hepatic triglyceride and VLDL metabolism by
controlling the expression of microsomal transfer protein (MTTP) expression
(123), a key protein involved in VLDL assembly and ApoCIII expression, a key
protein involved in VLDL clearance (123, 124). Preliminary studies show that
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elevated Elovl5 activity suppresses MTTP and ApoCIII mRNA abundance by
>50% (not shown). By controlling FoxO1 nuclear abundance, Elovl5 regulates
both carbohydrate and triglyceride metabolism.
In summary, high fat diets induce hyperglycemia, glucose intolerance
and increased hepatic content of glycogen and triglyceride. High fat diets also
suppress hepatic Elovl5 enzyme activity. Modest elevation of hepatic Elovl5
activity in obese mice is sufficient to restore euglycemia and lower hepatic
glycogen and triglyceride to levels seen in non-obese mice. Under the
conditions of this study, Elovl5 does not significantly affect body weight (Table
2.2). The mechanism for these changes involves, at least in part, the
suppression in the nuclear abundance of transcription factors (FoxO1,
PGC1α) and the regulation of cell signaling pathways (Akt, GSK3β, PP2A)
controlling gluconeogenesis and triglyceride metabolism. These studies
establish a link between fatty acid elongation and hepatic glucose and
triglyceride metabolism and suggest a role for regulators of Elovl5 activity in
the treatment of diet induced hyperglycemia and fatty liver.
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Fig. 2.1. Fatty acid composition of low and high fat diets. Fat in the
low fat [(10% calories as fat, D12450B] and high fat [60% calories as
fat, D12492] diets [Research Diets, Inc.] was saponified, converted to
fatty acid methyl esters and quantified by gas chromatography. Results
are expressed as Fatty Acid Mole %, mean of two separate
determinations.

Table 2.1. Primer pairs for qRT-PCR
Gene
ACOT1

Accession
NM_012006

Forward
CGCAGCCACCCCGAGGTAAA

Reverse
TCTCAGGATGGTCACAGGGGGT

Cyclophilin

NM_008907

CTTCTTGCTGGTCTTGCCATTCCT

GGATGGCAAGCATGTGGTCTTTG

CYP4A10

NM_010011

TGTTTGACCCTTCCAGGTTT

CAATCACCTTCAGCTCACTCA

FADS1

NM_146094

TGTGTGGGTGACACAGATGA

GTTGAAGGCTGATTGGTGAA

FADS2

NM_019699

CCACCGACATTTCCAACAC

GGGCAGGTATTTCAGCTTCTT

Elovl2

NM_019423

ACGCTGGTCATCCTGTTCTT

GCCACAATTAAGTGGGCTTT

FGF21

NM_020013

TACACAGATGACGACCAAGAC

AAAGTGAGGCGATCCATAGAG

FoxO1

NM_019739

CAATGGCTATGGTAGGATGG

TTTAAATGTAGCCTGCTCAC

G6Pc

NM_008061

GCCTTCTATGTCCTCTTTCC

CAAACAGAATCCACTTGAAGAC

HS2

NM_008256

CCTTGAACGAGTGGATGAGA

CAGATGCTGTTTGGGTAGCA

Pck1

NM_011044

ACATTGCCTGGATGAAGTTTG

GGCATTTGGATTTGTCTTCAC

PCX

NM_008797

CGTGGTCTTCAAGTTCTGTG

CTAAGCCCATGTAGTACTCCAG

PGC1α

NM_008904

CTATGAAGCCTATGAGCACGA

ATAGCTGTCTCCATCATCCC

TRB3

NM_175093

GGCTCCAGGACAAGATGCGAGC

AGGGGCCACAGCAGGTGAC
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Fig. 2.2. Effects of elevated hepatic Elovl5 activity on FoxO1
nuclear content. Male C57BL/6J mice maintained on a chow diet were
injected with Ad-Luc (control recombinant adenovirus) or Ad-Elovl5.
Four days post injection animals were fasted overnight. At 8:00 AM the
next day, ½ of the mice were euthanized for blood and tissue recovery
(Fasted). The remaining mice were fed chow and euthanized 4 hours
later (Refed). Hepatic nuclear and cytosolic (post-nuclear) proteins
were prepared and levels of FoxO1, pFoxO1, TATA-binding protein
(TBP) & Na,K-ATPase were measured by immunoblotting (Panel A); 3
animals/group. TBP and Na,K-ATPase are loading controls. Levels of
nuclear FoxO1 were normalized to TBP, i.e., nFoxO1/TBP (Panel B).
The level of cytosolic phosphorylated FoxO1 was normalized to total
cytosolic FoxO1 (Panel C). Results are expressed as nFoxO1/TBP or
pFoxO1/FoxO1, mean + SD, n=3. *, p<0.05 fasted versus refed
animals; #, p<0.05 Ad-Luc versus Ad-Elovl5 infected animals, ANOVA.

Table 2.2. Body weight, food intake, plasma and hepatic parameters

Low Fat
Ad-Luc
# Mice/group
Body Weight (g)
Prior to Injection
After Injection

Food Intake:
grams/day
Kcal/day
Plasma Parameters
Adiponectin (g/ml)
NEFA (mEg/ml)
Cholesterol (mg/dl)
Triglycerides (mg/dl)
-hydroxybutyrate (M)
Liver Parameters:
Weight (g)
% of Body Weight
Liver Protein

High Fat

Ad-Elovl5

Ad-Luc

Ad-Elovl5

8

8

8

8

30.9 + 3.7
30.4 + 3.6

27.5 + 1.2
27.4 + 1.6

42.5 + 5.0*
40.9 + 4.6*

39.2 + 5.0*
36.3 + 4.0*

3.7 + 0.8
14.1 + 3.2

3.3 + 0.7
12.6 + 2.6

3.3 + 1.6
17.2 + 8.5

2.5 + 0.7
12.8 + 3.9

6.6 + 1.0
0.3 + 0.1
181.3 + 46.6
91.5 + 25.0
0.6 + 0.3*

6.2 + 1.1
0.3 + 0.1
159.0 + 0.2
70.7 + 18.0
1.5 + 0.2

5.2 + 1.3
5.9 + 0.3
0.3 + 0.1
0.4 + 0.1
114.6 + 42.3 173.9 + 4.9
119.6 + 4.7
55.9 + 12.1#
1.54 + 0.3
1.65 + 0.4
1.2 + 0.1
3.9 + 0.4
24.3 + 6.5

1.5 + 0.1#
5.5 + 0.3#
18.3 + 4.2

1.7 + 0.3*
4.2 + 0.7
29.0 + 3.6

1.9 + 0.3*
5.2 + 0.3#
24.8 + 4.8

49.2 + 25.0

66.1 + 22.6

156.9 + 88.4*

91.0 + 17.8

14.9 + 2.1

13.3 + 0.7

17.4 + 7.1

17.0 + 3.6

31.9 + 9.6*

10.8 + 7.7#

(mg protein/mg DNA)

Triglyceride
(g Triglyceride/mg protein)

Cholesterol
(g Cholesterol/mg protein)

Glycogen

2.3 + 2.1

4.9 + 2.2#

(g glucose/mg protein)

Results are presented as mean + SD. *p<0.05, low fat versus high fat; #p<0.05 Ad-Luc versus Ad-Elovl5,
ANOVA, two-way.
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Fig. 2.3. Hepatic Elovl5 mRNA, protein and enzyme activity in
C57BL/6J mice fed low and high fat diets. A. Elovl5 mRNA
abundance. The abundance of Elovl5 and cyclophilin mRNA in livers of
fasted mice infected with Ad-Luc and Ad-Elovl5 was quantified by qRTPCR. Results are expressed as Elovl5 mRNA Abundance relative to
cyclophilin, mean + S.D., n=8 *, p< 0.05 low fat versus high fat; #,
p<0.05 Ad-Luc versus Ad-Elovl5, ANOVA. B. Elovl5 Immunoblot.
Hepatic Elovl5 and Na,K-ATPase (loading control) protein was
measured by immunoblotting. Hepatic protein extracts are from 2
separate mice per group. C. Elovl5 Activity. Fatty acid elongase activity
was measured using microsomes isolated from livers of fasted mice.
18:3,n6-CoA was used as substrate; 18:3,n6-CoA is a specific
substrate for Elovl5. Results are expressed as Elongase Activity,
nmoles 14C-malonyl CoA incorporated in to fatty acids/mg protein,
mean + SD, 8 animals/group. *, p< 0.05 low fat versus high fat; #,
p<0.05 Ad-Luc versus Ad-Elovl5, ANOVA.
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Fig. 2.4. Blood glucose, plasma insulin, HOMA-IR and glucose
tolerance test in mice fed low and high fat diets. Fasting blood
glucose (mM) [A] and plasma insulin (mU/ml) [B] were measured; these
values were used to calculate HOMA-IR [C] [HOMA-IR = (Glucose X
Insulin)/22.5]. Results are expressed as mean + SD, n=4-8; *p< 0.05
Ad-Luc versus Ad-Elovl5, ANOVA. Panel D: Glucose Tolerance Test.
Results are expressed as blood glucose (mM), mean + SD, 4 animals
were in each group; *, p< 0.05 Ad-Luc versus Ad-Elovl5, ANOVA. The
area under the curve was calculated using Sigmaplot v10 trapezoid
rule. The values are: 1581 + 168, 2044 + 91, 1404 + 132 mM glucose X
min; for Low Fat, High fat-Ad-Luc and High fat–Ad-Elovl5, respectively.
The high fat-Ad-Luc group was significantly different from the Low fat
and High fat-Ad-Elovl5 groups; p< 0.05, ANOVA.
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Fig. 2.5. Effect of diet and Elovl5 activity on hepatic stearoyl CoA
desaturase (SCD1) mRNA and the nuclear protein content of
SREBP1, ChREBP and MLX. Panel A. Transcript abundance for SCD1
was assayed by qRT-PCR; primers are listed in Table 2.1. Results are
normalized to the transcript abundance of cyclophilin. Results are
presented as mRNA abundance, SCD1/cyclophilin. Panels B-D. The
nuclear protein abundance of SREBP-1 (nSREBP1), ChREBP
(nChREBP) and MLX (nMLX) was measured by immunoblotting and
quantified using a LiCor Odyssey. Nuclear levels of SREBP1, ChREBP
and MLX were normalized to the loading control, TBP. All results are
the mean + SD, 4 mice/group. *, p<0.05 fasted versus refed; #, p<0.05
low fat versus high fat, ANOVA.
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Fig. 2.6. Effect of diet and Elovl5 activity on the phosphorylation
status of GSK3β, IRS2 and PDK1. Panel A. Phospho-GSK3β and total
GSK3β was measured by immunoblotting and quantified using a LiCor
Odyssey. The phosphorylation status is the amount of phosphorylated
protein divided by the total protein (pGSK3β/GSK3β). Results are
expressed the ratio of phospho-GSK3β to total GSK3β. Panel B.
Phospho-IRS2 (pIRS2) was quantified using an ELISA assay. Panel C.
Phospho- and total PDK1 was measured by immunoblotting and
quantified using a LiCor Odyssey. The phosphorylation status is the
amount of phosphorylated protein divided by the total protein
(pPDK1/PDK1). Results are expressed as mean + SD, 4-8 mice/group. *,
p<0.05 fasted versus refed; #, p<0.05 low fat versus high fat, ANOVA.
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Fig. 2.7. Effect of dietary fat and Elovl5 on hepatic & plasma fatty
acid composition. Fatty acid composition of mouse liver (A) and plasma
(B) were measured on fasted mice. Lipids were extracted, saponified,
converted to fatty acid methyl esters & quantified by gas chromatography.
Results are expressed as Fatty Acid Mole%, mean + SD, 4 mice/group.
Statistical differences for the cumulative amount of fatty acids (e.g.,
16:1,n-7 plus 18:1,n-7 or 20:2,n-6, 20:3,n-6, 22:4,n-6, 22:6,n-6, 22:5,n-3)
are reported in panel A & B; *, p< 0.05 low fat versus high fat; #, p<0.05
Ad-Luc versus Ad-Elovl5, ANOVA.
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Fig. 2.8. Fatty acid composition of the endoplasmic reticulum
(microsomes). Microsomes were prepared and lipids were extracted,
saponified, converted to fatty acid methyl esters & quantified by gas
chromatography. Results are expressed as Fatty Acid Mole%, mean +
SD, 4 mice/group.
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Fig. 2.9. Effect of Elovl5 on PPAR-regulated gene expression in
mice fed a high fat diet. Transcript abundance was assayed by qRTPCR using primers listed in Table 1. Results are normalized to the
transcript abundance in Ad-Luc infected mice maintained on the high fat
diet and fasted overnight. Results are presented as Fold Change induced
by Ad-Elovl5, mean + SD, 4 mice/group. #, p<0.05, Ad-Luc versus AdElovl5, Students t-test.
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Fig. 2.10. Effect of elevated Elovl5 activity on mRNA levels of
proteins involved in gluconeogenesis. Transcript abundance was
assayed by qRT-PCR using primers listed in Table 2.1. Results are
normalized to the transcript abundance in Ad-Luc infected mice
maintained on the high fat diet and fasted overnight. Results are
presented as Fold Change induced by Ad-Elovl5, mean + SD, 4
mice/group. #, p<0.05, Ad-Luc vs Ad-Elovl5, Students t-Test.
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Fig. 2.11. Elevated Elovl5 activity suppresses cytosolic Pck1
abundance. Mouse liver post-nuclear (cytosolic) extracts were prepared
from fasted mice maintained on the high fat diet and infected with either
Ad-Luc or Ad-Elovl5. Protein abundance of Pck1 & Na,K-ATPase was
measured by immunoblotting and quantified using a LiCor Odyssey.
Panel A: Representative immunoblots for cytosolic Pck1 & Na,KATPase;Na,K-ATPase is the loading control; 3 mice/group. Panel B:
Quantified results for cytosolic Pck1 were normalized to Na,K-ATPase.
Results are expressed as mean + SD, 6 mice/group. #, p<0.05 Ad-Luc
versus Ad-Elovl5, Students’ t-test. The results are representative of 2
separate experiments.
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Fig. 2.12. Nuclear abundance and phosphorylation status of
transcription factors controlling gluconeogenesis. Mouse liver
nuclear and post-nuclear (cytosolic) extracts were prepared from fasted
mice maintained on the low or high fat diets and infected with either AdLuc or Ad-Elovl5. Protein abundance was measured by immunoblotting
and images were quantified using a LiCor Odyssey. Panel A:
Representative immunoblots for nuclear FoxO1(nFoxO1), phosphorylated
FoxO1 [cytosolic] (pFoxO1), PGC1α, CRTC2, PPARα, HNF4α, CREB, pCREB & TBP; extracts from 1 mouse/group. Panels B-D: Quantified
immunoblots for FoxO1, PGC1α and pFoxO1 (8 mice/group). FoxO1 and
PGC1α were normalized to TBP; pFoxO1 was normalized to Na,KATPase. Results are expressed as mean + SD, 8 mice/group. *, p<0.05
low fat versus high fat; #, p<0.05 Ad-Luc versus Ad-Elovl5, ANOVA.
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Fig. 2.13. Abundance and phosphorylation status of hepatic proteins
involved in cell signaling. Mouse liver cytosolic extracts were prepared
from fasted and refed mice maintained on low or high fat diets and
infected with either Ad-Luc or Ad-Elovl5. Protein abundance was
measured by immunoblotting and images were quantified using a LiCor
Odyssey. Panel A: Representative immunoblots for cytosolic
phosphorylated Akt (pAkt) and total Akt (Akt), TRB3, CTMP,
phosphorylated PP2A catalytic unit (pPP2A), total PP2A catalytic units
(PP2A) and Na,K-ATPase (a loading control); extracts from 1
mouse/group. Panel B-D: Quantified results for the phosphorylation status
of Akt, i.e., pAkt normalized to total Akt (pAkt/Akt), total TRB3 normalized
to Na,K-ATPase (TRB3/Na,K-ATPase), CTMP normalized to Na,KATPase and the phosphorylation status of PP2A catalytic unit, i.e., pPP2A
normalized to total PP2A (pPP2A/PP2A). Results are expressed as mean
+ SD, 8 mice/group. *, p<0.05 low fat versus high fat; #, p<0.05 Ad-Luc
versus Ad-Elovl5, ANOVA.

69

Fig. 2.14. Tentative model for Elovl5 effects on hepatic function.
Elevated hepatic Elovl5 activity increased C20-22 PUFA hepatic PUFA
contents. Improved PUFA synthesis increased PP2A, Akt and FoxO1
phosphorylation, decreased FoxO1 and PGC1α nuclear content and
suppressed Pck1 and G6Pc gene expressions.
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3.1.

Abstract
Fatty acid elongase-5 (Elovl5), a key enzyme involved in PUFA

synthesis, was recently reported to regulate hepatic FoxO1; a major
transcription factor controlling gluconeogenesis (GNG). This report focused on
Elovl5 control of Akt and FoxO1 phosphorylation via rictor and PP2A.
Induction of Elovl5 activity by using recombinant adenoviral approach in livers
of high fat diet induced obese-diabetic mice and HepG2 cells increased
phosphorylation of Akt2-S473 (mTORC2 site), but not Akt2-T308 (PDK1 site).
Chemical inhibition of Akt2 activity blocked Elovl5 induction of FoxO1-S256
phosphorylation HepG2 cells. Elevated Elovl5 activity in liver and HepG2 cells
induced rictor mRNA, rictor protein and rictor-mTOR interaction, but had no
effect on other mTORC2 components (mSin1, GL). Knockdown (siRNA) of
rictor in HepG2 cells attenuated Elovl5 induction of Akt2-S473 and FoxO1-S256
phosphorylation. While PP242-mediated inhibition of mTORC1 and mTORC2
blocked the Elovl5 induction of FoxO1-S256 phosphorylation, rapamycin
inhibition of mTORC1 had no effect on Elovl5 control of FoxO1-S256
phosphorylation. Two phosphatases (PP2A and MKP-3) regulate FoxO1.
Inhibition of PP2A, but not knockdown of MKP-3 (shRNA), augmented Elovl5
induction of FoxO1-S256 phosphorylation. Taken together, Elovl5-mediated
induction of rictor and inhibition of PP2A is required for Elovl5 control hepatic
FoxO1 and genes involved in GNG.
Key words: Elovl5, Akt, FoxO1, mTORC2, rictor, gluconeogenesis
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3.2.

Introduction
Obese and diabetic humans (13, 125-127) and mice (21, 25) display

evidence of impaired conversion of C18 essential fatty acids to C20-22 PUFA,
i.e., low plasma ratio of 20:4n-6/18:2n-6. Until recently, the relationship
between changes in plasma PUFA content and the onset and progression of
type 2 diabetes was unclear. Our studies with a mouse model of high fat-low
carbohydrate diet-induced obesity and diabetes established that the decline in
the plasma and hepatic 20:4n-6/18:2n-6 was associated with the suppression
of hepatic fatty acid elongase-5 (Elovl5) activity and expression. Elovl5 is a
key enzyme involved in PUFA synthesis (21). Interestingly, other enzymes
involved in PUFA synthesis, i.e., elongases (Elovl2) or desaturases (FADS1 or
FADS2) were not affected by the high fat diet in this mouse model of diabetes
and obesity (21, 25).
The physiological significance of this observation was revealed when
hepatic Elovl5 activity in obese-diabetic mice was induced using a
recombinant adenoviral approach. Restoration of hepatic Elovl5 activity in
livers of obese-diabetic C57BL/6J mice increased hepatic and plasma C20-22
PUFA content, reduced homeostatic model assessment for insulin resistance
(HOMA-IR), improved glucose tolerance and lowered fasting blood glucose to
euglycemic levels, (25). Thus, elevated Elovl5 activity induced hepatic PUFA
content and showed an insulin-mimetic effect on hepatic glucose metabolism
i.e. decreased the hepatic gluconeogenesis and fasting blood glucose. The
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mechanism for Elovl5 control of hepatic glucose metabolism was linked to
increased phosphorylation of Akt-S473, FoxO1-S256 and PP2Acat-Y307,
decreased nuclear content of FoxO1, and decreased expression of Pck1 and
G6Pc; important enzymes involved in GNG and glucose production (25).
Phospho-FoxO1 is excluded from nuclei, ubiquitinated and degraded by the
proteasome (25, 62-65). Loss of nuclear FoxO1, due to its increased
phosphorylation, leads to the reduction of expression of key genes involved in
gluconeogenesis, i.e., Pck1 and G6Pc. While FoxO1 function is also regulated
by other forms of covalent modification (acetylation and O-linked β-N-acetylglucosamine) (63, 69, 70), this report focuses on Elovl5 regulated mechanisms
controlling FoxO1 phosphorylation.
Our previous studies suggest that both kinase and phosphatase
pathways were involved in Elovl5 control of FoxO1 (25). Akt2 is a key
regulator of hepatic FoxO1 and Akt2 is most abundant Akt isoform in rodent
and human liver and other insulin sensitive tissues and cells (128-131). It
plays a central role in T2DM and insulin resistance (128, 132). Akt is
phosphorylated at two sites, T308 and S473 (71, 72). Phosphorylation of the
Akt2-T308 is regulated by insulin through the PI3 kinase-PDK1 pathway,
whereas Akt2-S473 site is phosphorylated by several kinases including,
mammalian target of rapamycin complex 2 (mTORC2), integrin-linked kinase
(ILK), MAP kinase-activated protein kinase-2 (MK-2), p38 MAP kinase, protein
kinase C (PKCs), NIMA-related kinase-6 (NEK6), double stranded DNA-
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dependent protein kinase (DNK-PK) and ataxia telangiectasia mutated gene
products (56, 73, 77, 78, 133-135). Recently, mTORC2 was identified as a
key regulator of Akt-S473 and FoxO1 phosphorylation, establishing a link
between the mTOR pathway and GNG (74, 75, 136).

Effects of PUFA

synthesis or Elovl5 on mTORC2 and its components (mTOR, rictor, GL,
mSIN1) have not been reported.
Both PP2A and MKP-3 remove phosphate from FoxO1; this process
promotes the nuclear accumulation of FoxO1 and the induction of GNG (57,
58). Elevated Elovl5 activity induces the phosphorylation of protein
phosphatase-2A catalytic unit at Y307 (PP2Acat-Y307), which inhibits PP2A
catalytic activity (25). MKP-3 was recently reported to regulate FoxO1
phosphorylation status (58). MKP-3 belongs to the family of dual specificity
phosphatases and dephosphorylates both serine/threonine and tyrosine
residues in target proteins (80). Elovl5 or PUFA effects on MKP-3 have not
been reported.
While my earlier studies revealed a complex interplay between kinases
and phosphatases in the Elovl5-mediated control of FoxO1 and GNG (25),
those studies did not establish the requirement for these regulatory
components in the Elovl5 control of FoxO1. This study defined and established
the molecular mechanisms such as Elovl5 mediated mTORC2/rictor induction
and PP2A inhibition are required for the increase phosphorylation of FoxO1.
Moreover, the involvement of mTORC2 in FoxO1 regulation is new.
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Accordingly,

these

findings

establish

the

requirement

for

FoxO1

phosphorylation, and the role key kinases and phosphatases play in the
Elovl5-mediated control of FoxO1 and GNG.
3.3.

Materials and methods

3.3.1. Materials
Dulbecco’s modified essential medium (DMEM) with high glucose (25
mM) and antibiotics for cell culture were obtained from Invitrogen, Grand
Island, NY. Hyclone fetal calf serum was purchased from Thermo-fisher
scientific. Akt1/2 inhibitor or Akti1/2 (#124018) and PP242 (#475988) and
rapamycin (#553140) were purchased from EMD Calbiochem, Philadelphia,
PA. Microcystin-LR (#10007188) was obtained from Cayman Chemicals, Ann
Arbor, MI. Human rictor siRNA (#8622) and control siRNA (#6568) were
obtained from Cell Signaling, Danvers, MA. X-tremeGENE siRNA transfection
reagent (#04476093001) was purchased from Roche Applied Science,
Indianapolis, IN. Antibodies against rictor (#9476), phospho-rictor T1135
(#3806), raptor (#2280), GβL (#3274), p70S6-kinase (#9202), phospho-p70
S6 Kinase T389 (#9205), mTOR (#2972), phospho-mTOR S2448 (#2971),
FoxO1(#9454), phospho-FoxO1S256 (#9461), GSK3β (#9315), phosphoGSK3α/β S21/S9 (#9331), rictor sepharose bead conjugate (#5379), raptor
sepharose bead conjugate (#5382) and IgG control sepharose bead conjugate
(#3423) were obtained from Cell Signaling, Danvers, MA. Antibodies against
Akt2 (sc-7127), phospho-Akt1/2/3-T308 (sc-16646-R), phospho-Akt1/2/3-S473
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(sc-7985), phospho-GSK3β-Y216 (sc-135653) and Na,K-ATPase (sc-21712)
were purchased from Santa Cruz Biotechnology, Santa Cruz, CA. The
antibody against TATA-binding protein (TBP) (ab818) was obtained from
Abcam, Cambridge, MA. The mSIN1 (#07-2276) antibody was purchased from
Millipore, Billerica, MA. The secondary antibodies, IRDye 680 and IRDye 800,
(anti-mouse, anti-rabbit, and anti-goat) were obtained from LiCor, Inc., Lincoln,
NE.
3.3.2. Recombinant adenovirus
The source, construction, purification, titration and use of the
recombinant adenovirus expressing luciferase (Ad-Luc) and Elovl5 (Ad-Elovl5)
were described previously (21, 25). Adenovirus expressing a form of FoxO1
that is resistant to phosphorylation control (ADA-FoxO1, Ad-ADA-FoxO1) was
a generous gift from Dr. D. Accili (Columbia University Medical center, NY)
(69). Adenoviruses expressing shRNA-MKP3-24 and shRNA-scrambled were
generous gifts from Dr. Haiyan Xu (Brown Medical School, Providence, RI)
(58).
3.3.3. Mouse liver extracts
The mouse hepatic protein extracts from whole liver, nuclei or cytosol
used in this study were obtained from the lean and obese-diabetic C57BL/6J
mice described previously (25). Briefly, male C57BL/6J mice were fed a low fat
(10% calories as fat diet; Research Diets, D12450B) or a high fat (60%
calories as fat diet, Research Diets, D12492) for 12 weeks. After 12 weeks on
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these diets, mice fed the low fat diet were lean and euglycemic, while mice fed
the high fat diet were obese, hyperglycemic and insulin resistant. Five days
prior to termination of the experiment, mice were infected with Ad-Luc or AdElovl5. Five days later, mice were fasted overnight; half of the fasted mice
were refed their diets for 4 hours. Fasted and refed mice were euthanized at 8
AM and 12 noon for the recovery of blood and liver. Methods for liver recovery
and preparation of protein extracts were described in our earlier report (25).
3.3.4. HepG2 Cells
Human hepatoma (HepG2) cells were obtained from American Type
Culture Collection (Manassas, VA) and used to perform cell culture
experiments. HepG2 cells were grown in Dulbecco’s modified essential
medium with high glucose (DMEM with 25 mM glucose) supplemented with
10% fetal calf serum. All experiments were carried out in cells grown on 6
wells or 12 wells plates (Corning Life Sciences, Corning, NY) in a humidified
incubator at 370C and 5% CO2. HepG2 cells were infected with recombinant
adenovirus expressing either control viruses (Ad-Luc or Ad-shRNA-scrambled)
or test viruses (Ad-Elovl5, Ad-ADA-FoxO1, Ad-shMKP3-24) at 20 infectious
units (IU) per cell. In all HepG2 cell experiments, proteins were extracted as
whole cell extract.
3.3.5. RNA extraction and quantitative real time polymerase chain reaction
Total RNA was extracted from mouse liver of our earlier study (25) and
HepG2 cells using Triazol (Invitrogen). Transcript levels were measured by
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qRT-PCR. Gene-specific primers are listed in (Table 3.1). Primer design and
qRTPCR methods were described previously (25). The relative amounts of
mRNAs were calculated by using comparative CT method (User Bulletin #2,
Applied Biosystems). Cyclophilin was used as a control gene. Levels of target
gene mRNA abundance were normalized to the abundance of cyclophilin
mRNA.
3.3.6. Immunoblotting
Proteins were extracted from mouse liver and HepG2 cells as described
previously (22, 25) in the presence of protease (Roche Applied Science,
Indianapolis, IN) and phosphatase inhibitors (1 mM β-glycerol phosphate, 2.5
mM Na-pyrophosphate, 1 mM Na3VO4). Cytosolic (post-nuclear), nuclear
protein

fractions

and

whole

cell

protein

extracts

were

separated

electrophoretically by SDS-polyacrylamide gel electrophoresis (NuPAGE 4–
12% polyacrylamide Bis-Tris, Invitrogen) and transferred to nitrocellulose
(BA83) membranes. Blots were incubated with primary antibodies against
various proteins overnight at 40C. Next day blots were washed and incubated
with secondary antibody for one hour at room temperature. Antigen-antibody
reactions were detected and quantified using LiCor Odyssey scanner and
software (22, 25).
3.3.7. Rictor knockdown
Knockdown of rictor protein in HepG2 cells used a siRNA approach.
HepG2 cells grown in 12 wells plate to ~30-50% confluent; cells were
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transfected with either siRNA rictor or control siRNA (scrambled RNA) at 100
pmole/well plus 2 μl/well of the X-tremeGENE siRNA transfection reagent
according to the manufacture’s recommendations. Cells were also infected
with either Ad-Luc or Ad-Elovl5 (20 IU/cell). Cells were maintained in DMEM +
FBS for 72 hours before harvest for protein analysis.
3.3.8. Immunoprecipitation
Mouse liver extracts (1 mg protein/ml) were incubated with 10 μl of
antibody

conjugated-sepharose

beads.

The

antibodies

conjugated

to

sepharose beads were against rictor or raptor; IgG served as a control.
Extracts were incubated with antibody-sepharose beads overnight at 40C.
Next day, the beads were centrifuged at 14,000 x g for 30 second at 40C. The
immunoprecipitates were collected and washed with cell lysis buffer five times.
The beads were resuspended with protein denaturing buffer containing sodium
dodecyl-sulfate (SDS), boiled and centrifuged; the supernatants were applied
to SDS-PAGE gels for electrophoresis. Specific proteins were detected by
immunoblotting as described above.
3.3.9. Statistical Analysis
The statistical analyses performed in this study included ANOVA plus
post hoc Tukey test and Students’ t-test by using the statistical software
StatView. The comparisons between groups was considered statistically
different if p<0.05. Data are expressed as mean ± SD.
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3.4.

Results

3.4.1. Elovl5 regulates Akt2 and FoxO1 phosphorylation in mouse liver and
human hepatoma (HepG2) cells
Obese-diabetic mice have levels of hepatic Elovl5 activity that are ~6075% below levels in livers of lean non-diabetic mice. Infection of obesediabetic mice with Ad-Elovl5 increases Elovl5 activity ~3-fold; to a level ~50%
above the level expressed in livers of lean mice (25). Increased hepatic Elovl5
activity correlated with increased Akt2 and FoxO1 phosphorylation, decreased
hepatic Pck1 expression and fasting blood glucose (25). When compared to
Ad-Luc infected mice, elevated Elovl5 activity (Ad-Elovl5 infection) significantly
increased Akt2-S473 and FoxO1-S256 phosphorylation, but not Akt-T308
phosphorylation, in livers of fasted obese-diabetic mice (Fig. 3.1, Panel, A
and B).
Infection of human hepatoma cells, HepG2, with Ad-Elovl5 increased
Elovl5 protein ~2-fold (23), and increased Akt2-S473 and FoxO1-S256, but not
Akt2-T308, phosphorylation (Fig. 3.1, Panel C and D). These results establish
that Elovl5 effects on Akt2 phosphorylation status are specific to the Akt-S473
site. Thus, Elovl5 activity controls Akt2-S473 and FoxO1-S256 phosphorylation
status in both mouse liver and human hepatoma cells Fig. 3.1 and (25).
3.4.2. ADA-FoxO1 overrides Elovl5 suppression of GNG genes in HepG2
cells
To determine whether Elovl5 effects on the expression of the
gluconeogenic

enzymes

(i.e.,

Pck1

and

G6Pase)

requires

FoxO1
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phosphorylation, HepG2 cells were infected with Ad-Luc or Ad-Elovl5 in the
absence (None) and presence of Ad-ADA-FoxO1. Ad-ADA-FoxO1 expresses
a form of FoxO1 that is insensitive to phosphorylation control (69). Infection of
HepG2 cells with Ad-Elovl5 significantly decreased Pck1 and G6Pase mRNA
abundance by >70% and ~50% respectively (Fig. 3.2). Including Ad-ADAFoxO1 in the infection scheme induced Pck1 and G6Pase mRNA, and
completely abolished Elovl5 regulation of Pck1 and G6Pase mRNA
abundance. Thus, Elovl5 control of Pck1 and G6Pase expression in HepG2
cells requires control of FoxO1 phosphorylation status.
3.4.3. Elovl5 control of FoxO1-S256 phosphorylation requires Akt2
Akt2 phosphorylates FoxO1-S256. We examined the requirement of
active Akt2 in the Elovl5 control of FoxO1-S256 phosphorylation. HepG2 cells
were first infected with Ad-Luc or Ad-Elovl5 and then treated with vehicle or
the Akt1/2 inhibitor [Akti1/2, 3 μM] (137). As expected, infection of HepG2 cells
with Ad-Elovl5 significantly increased the phosphorylation of Akt2-S473 and
FoxO1-S256 (Fig. 3.3, Panel A-C). Chemical inhibition of Akt1/2 using Akti1/2
significantly attenuated the Elovl5 mediated increase in Akt2-S473 and FoxO1S256 phosphorylation (Fig. 3.3, Panel A-C). Thus, active Akt2 activity is
required for Elovl5 control FoxO1-S256 phosphorylation. Akti1/2 did not affect
the phosphorylation status of Akt2-T308 (Fig. 3.4).
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3.4.4. The mTORC2 pathway is involved in Elovl5 control of Akt2-S473 and
FoxO1-S256 phosphorylation in mouse liver and HepG2 cells
Elevated activity of hepatic Elovl5 in mouse liver (25) and in HepG2
cells increases the Akt2-S473, a site phosphorylated by mTORC2 (78, 138140), but not the Akt2-T308 site, a target for PI3-kinase-PDK1 (Fig. 3.1, Panel
A-D). To assess the role of mTORC2 in the regulation of Akt2-S473
phosphorylation status by Elovl5, we first examined the impact of diet on
mTORC1 and mTORC2 components, namely raptor, rictor and mTOR (Fig.
3.5).
Using hepatic RNA from lean and obese-diabetic mice infected with
either Ad-Luc or Ad-Elovl5 (25), we quantified the mRNA levels of rictor, raptor
and mTOR (Fig. 3.5, Panel A). Elevated Elovl5 activity increased rictor and
mTOR mRNA in both lean and obese mice > 2-fold. Interestingly, raptor
mRNA abundance was suppressed by ~70% in livers of obese mice; elevated
Elovl5 activity further decreased raptor mRNA. Similar effects were seen in
HepG2 cells (Fig. 3.5, Panel B); increased Elovl5 expression induced rictor
and mTOR, but suppressed raptor mRNA abundance.
To determine if these changes in mRNA correlated with changes in
protein and mTOR phosphorylation status, hepatic extracts from lean and
obese mice infected with either Ad-Luc or Ad-Elovl5 (25) were quantified by
immunoblotting (Fig. 3.6). Elevated hepatic Elovl5 activity did not significantly
increase hepatic mTOR protein abundance (Fig. 3.6, Panel A), an effect that
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did not correlate with the changes in mTOR mRNA (Fig. Fig. 3.5). Instead,
elevated Elovl5 expression significantly increased phosphorylation of mTORS2448 in obese, but not lean mice (Fig. 3.6, Panel A and B). Phosphorylated
mTOR-S2448 is an active kinase (76, 78). The mTORC2 associated regulatory
protein, rictor, was significantly induced by increased Elovl5 activity in both
lean and obese mice (Fig. 3.6, Panel C), an effect that correlated with AdElovl5-mediated increase in rictor mRNA (Fig. 3.5). While the high fat diet
significantly suppressed hepatic raptor protein abundance, elevated Elovl5
activity had no further effect on hepatic raptor content (Fig. 3.6, Panel A & D).
Neither diet, nor changes in Elovl5 activity significantly affected hepatic
abundance of other mTor-associated proteins, mSIN1 and GβL (Fig. 3.6).
mTOR is the catalytic (kinase) subunit for both mTORC1 and mTORC2
(141, 142). Raptor and rictor play key roles in complex assembly and
substrate selection for mTOR-kinase (78, 139). The observed increase in rictor
protein abundance with Elovl5 over-expression (Fig. 3.6) may facilitate rictormTOR

interaction.

To

test

this

possibility,

immunoprecipitation

and

immunoblotting was used to examine the impact of Elovl5 on mTOR
interaction with rictor and raptor. Extracts from diet-induced obese mice
infected with Ad-Luc or Ad-Elovl5 were treated with antibodies against rictor
(rictor-IP), raptor (raptor-IP); IgG served as a control for non-specific
immunoprecipitation. The immune-precipitates were collected, denatured,
electrophoresed, immunoblotted and assayed for the presence of rictor, raptor
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and mTOR (Fig. 3.7). The rictor sepharose bead conjugated antibody pulled
down both rictor and mTOR. Elevated Elovl5 activity increased the
immunoprecipitation of both mTOR and rictor. Elovl5 not only increased
hepatic levels of rictor protein, Elovl5 promoted the physical interaction of
rictor with mTOR. In contrast, raptor sepharose bead conjugated antibody did
not pull down raptor or mTOR. The low level of raptor in these hepatic extracts
likely explains this result.
3.4.5. Effects of chemical inhibition of mTORC1 and mTORC2 on Elovl5
control of Akt2-S473 and FoxO1-S256 phosphorylation
To further examine the role of mTORC2 in the Elovl5 control of Akt2S473 and FoxO1-S256 phosphorylation, HepG2 cells were infected with Ad-Luc
or Ad-Elovl5 and treated with the mTOR inhibitors, rapamycin or PP242 (Figs.
3.8, 3.9, 3.10 & 3.11). Rapamycin inhibits the kinase activity of the rapamycinsensitive complex mTORC1, whereas PP242 inhibits the kinase activity of
both mTORC1 and mTORC2 (143). We are unaware of a mTORC2-specific
inhibitor. Treatment of HepG2 cells with rapamycin (100 nM) decreased
phosphorylation of mTOR-S2448 and its downstream target p70S6-kinase-T389
(Fig. 3.8, Panel A-C) by >50% in cells infected with Ad-Luc. In cells infected
with Ad-Elovl5, phosphorylation of mTOR-S2448 and p70S6-kinase-T389 was
suppressed by ~15% and 50%, respectively (Fig. 3.8, Panel A-C). Rapamycin
did not attenuate Elovl5 induction of Akt2-S473 or FoxO1-S256 phosphorylation
(Fig. 3.8, Panel A, D and E). Rapamycin also had no effect on the protein

85
abundance of various mTORC1 or mTORC2 components, i.e., raptor, rictor,
mSIN1 and GβL (Fig. 3.9).
A similar analysis was carried out using PP242 (500 nM), an inhibitor of
both mTORC1 and mTORC2 (143) (Fig. 3.10). PP242 significantly
suppressed the phosphorylation of mTOR-S2448 and p70S6-kinase-T389, by 70
and 90%, respectively, in both Ad-Luc and Ad-Elovl5 infected cells (Fig. 3.10,
Panel A-C). While elevated Elovl5 activity induced Akt2-S473 and FoxO1-S256
phosphorylation by 2-fold and ~50%, respectively, PP242 completely
abolished this response (Fig. 3.10, Panel A, D and E). Interestingly, PP242
significantly attenuated rictor protein abundance ~50%, but had no effect in
other mTOR components such as raptor, mSIN1 and GβL (Fig. 3.11). Thus,
inhibition of mTORC2, but not mTORC1, blocks Elovl5-mediated control of
Akt2 and FoxO1 phosphorylation.
3.4.6. Rictor knockdown (siRNA) attenuates Elovl5 mediated induction of
Akt2-S473 and FoxO1-S256 phosphorylation.
To further verify the role of rictor in Elovl5 control of Akt2 and FoxO1, a
siRNA approach was used to knockdown rictor. Transfection of HepG2 cells
with rictor-siRNA significantly decreased rictor protein abundance and mTORS2448 phosphorylation by ~50% (Fig. 3.12, Panel A-C). Increased Elovl5
expression in HepG2 cells significantly induced Akt2-S473 and FoxO1-S256
phosphorylation by 6- and 3-fold, respectively (Fig. 3.12, Panel D & E). Rictor
knockdown, however, attenuated this response by ~50% (Fig. 3.12, Panel D

86
& E). Rictor knockdown had no impact on Akt2-T308 phosphorylation (Fig.
3.13). Thus, Elovl5 regulation of rictor protein abundance is required for Elovl5
to induce Akt2-S473 and FoxO1-S256 phosphorylation.
3.4.7. Elovl5 does not regulate rictor phosphorylation
Rictor has many phosphorylation sites (144-147). One of the kinases
phosphorylating rictor is glycogen synthase kinase (GSK3β), a downstream
target of Akt. While phosphorylation of GSK3β-S9 by Akt inactivates the kinase
and increases glycogen synthesis (22), Phosphorylation of GSK3β-Y216
activates GSK3 activity (144). GSK3β also negatively regulates Akt activity
through rictor (144). Activated GSK3β (phospho-GSK3β-Y216) phosphorylates
rictor-S1235, a modification that interferes with rictor binding with Akt and
ultimately reducing mTORC2 mediated Akt-S473 phosphorylation (144).
Unfortunately,

no

antibody

against

phospho-rictor-S1235

is

currently

commercially available.
To examine the phosphorylation of GSK3β at both Y216 and S9 as well
as rictor-T1135 phosphorylation we used samples from the PP242 study
described in Fig. 3.10. Elevated Elovl5 expression selectively increased
GSK3β-S9 phosphorylation, but did not increase GSK3β-Y216 phosphorylation
(Fig. 3.14, Panel A-C). PP242 inhibited Elovl5 stimulated GSK3β-S9
phosphorylation.

Moreover,

Elovl5

had

no

effect

on

rictor-T1135

phosphorylation in the presence and absence of PP242 (Fig. 3.14, Panel D).
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When combined with the results described in Figs. 3.5 & 3.6, these results
suggest that Elovl5 does not control rictor phosphorylation.
3.4.8. Inhibition of PP2A synergistically augments Elovl5 induction of FoxO1S256 phosphorylation
Two protein phosphatases (PP2Acat and MKP-3) dephosphorylate
FoxO1,

thus

controlling

its

function

(57,

58).

Elovl5

induces

the

phosphorylation of PP2Acat-Y307 (25), an event that inhibits PP2Acat activity.
To examine the role of PP2A in the Elovl5 regulation of Akt2-S473 and FoxO1S256 phosphorylation, HepG2 cells were infected with Ad-Luc or Ad-Elovl5 and
treated with the PP2Acat inhibitor, microcystin-LR [1nM] (148) (Fig. 3.15).
Treatment of HepG2 cells with microcystin-LR (1nM), alone did not
significantly induce Akt-S473 phosphorylation or affect Elovl5 mediated
induction of Akt2-S473 phosphorylation. In contrast, microcystin-LR significantly
increased FoxO1-S256 phosphorylation in the absence (3.1-fold) and presence
(2.8-fold) of Elovl5. The combination of Elovl5 plus microcystin-LR increased
FoxO1-S256 phosphorylation nearly 9-fold (Fig. 3.15, Panel A-C). Thus, Elovl5
control of Akt2-S473 and PP2Acat-Y307 phosphorylation status synergistically
elevates FoxO1 phosphorylation.
MKP-3 regulates hepatic GNG by controlling FoxO1 phosphorylation
(58). To assess the role of MKP-3 in the Elovl5 control of FoxO1
phosphorylation, we first measured MKP-3 protein in hepatic extracts derived
from our previous mouse study (25) and in HepG2 cells. Elevated hepatic
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Elovl5 activity had no effect on MKP-3 protein abundance (Fig. 3.16). We next
used a short hairpin RNA (shRNA) approach [Ad-shMKP3-24 (58)] to
knockdown MKP-3 in HepG2 cells. When compared to no infection or cells
infected with Ad-shRNA-Scrambled, Ad-shRNA-MKP3 suppressed MKP-3
protein abundance by ~50% (Fig. 3.17, Panel A and B). The decline in
hepatic MKP-3 protein abundance blocked the Elovl-5 mediated induction of
Akt2-S473 phosphorylation (Fig. 3.17, Panel A and C). While decreasing MKP3 protein abundance in HepG2 cells significantly increased FoxO1-S256
phosphorylation (Fig. 3.17, Panel A and D), knocking down MKP-3 did not
increase Elovl5 induction of FoxO1-S256 phosphorylation. Finding that MKP-3
knockdown attenuated Elovl5-mediated control of Akt-S473 phosphorylation
suggests MKP-3 may regulate Elovl5 activity. Both PP2A and MKP-3 control
FoxO1 phosphorylation status. Elovl5 control of PP2Acat, but not MKP-3, is
required for Elovl5 regulation of FoxO1.
3.5.

Discussion
The goal of this study was to clarify the role of specific kinases and

phosphatases in the Elovl5 regulation of hepatic FoxO1. This report extends
our previous study (25) by establishing that FoxO1 phosphorylation is required
for Elovl5 regulation of Pck1 and G6Pase (Fig. 3.2). This is important
because, in addition to phosphorylation and ubiquitination, FoxO1 activity is
also regulated by acetylation and O-linked β-N-acetyl-glucosamine) (63, 69,
70).

We also establish that Elovl5 regulates Akt2 by controlling the
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phosphorylation of S473 (mTORC2 site) and not T308 (PDK1 site). Accordingly,
we verified the role of mTORC2 in this regulatory scheme. Elevated Elovl5
activity increased hepatic C20-22 PUFA (25) and increased hepatic rictor protein
and mRNA abundance as well as rictor-mTOR interaction (Fig. 3.5, 3.6, 3.7,
3.18). Elevated Elovl5 activity does not regulate the abundance of other
mTORC2 components (mTOR, mSIN1, GL) (Fig. 3.6). These results are the
first to link PUFA synthesis and Elovl5 to the regulation of rictor and mTORC2.
Raptor and rictor regulate the stability and activity of the mTORC1 and
mTORC2

complexes,

respectively

(56,

78,

139).

We

discovered,

serendipitously, that in the mouse model of diet-induced obesity and diabetes
used in this study, mTORC2, and not mTORC1, is the predominant hepatic
mTOR complex (Figs. 3.6 & 3.7). The low level of hepatic raptor, coupled with
the failure of rapamycin (mTORC1 inhibitor) to block Elovl5 induction of Akt2S473 and FoxO1-S256 phosphorylation excludes mTORC1 involvement in this
regulatory scheme. Future studies will determine if other mouse models of
high fat diet-induced obesity and diabetes regulate hepatic raptor.
In contrast to raptor, little information is available on mechanisms
controlling rictor expression (76). Recent studies identified the rictor-mTORC2
pathway in the control of GNG, but provided no information about molecular
mechanisms controlling rictor (74, 136). Our studies are the first to establish a
link between PUFA synthesis, rictor and mTORC2. Elovl5 induces rictor
mRNA and rictor protein in mouse liver and in the human hepatoma (HepG2)
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cell line. Moreover, Elovl5-mediated induction of rictor was required to
increase Akt2-S473 and FoxO1-S256 phosphorylation. Future studies will focus
on defining the molecular basis for Elovl5 control of hepatic rictor mRNA and
protein expression.
Our studies reveal a complex regulatory scheme where Elovl5 control
of rictor regulates Akt2-S473 phosphorylation, which in turn regulates FoxO1S256 and GSK3-S9 phosphorylation. Rictor interaction with mTOR and Akt is
regulated by rictor phosphorylation (144-147), e.g., rictor-T1135, rictor-S1235
phosphorylation. Rictor-T1135 is phosphorylated by p70S6-kinase which
possibly interfere with rictor-mTOR interaction (147). Elovl5 does not regulate
rictor-T1135 phosphorylation (Fig. 3.14). GSK3 phosphorylates rictor-S1235 in
response to elevated ER-stress (144). Elovl5, however, induces GSK3-S9
phosphorylation; phospho-GSK3-S9 is inactive. We previously reported
Elovl5 promotes hepatic glycogen accumulation (22). GSK3-Y216, in contrast,
is an active kinase; changes in hepatic Elovl5 activity do not affect GSK3-Y216
phosphorylation (Fig. 3.14). Taken together, these results suggest that Elovl5
induces rictor-mTOR interaction (Fig. 3.7) by increasing rictor protein
abundance (Figs. 3.6) and not by regulating rictor phosphorylation.
Rictor was initially identified as a mTOR binding partner involved in
controlling cytoskeletal structure (149). Rictor was later established to be an
important component of mTORC2 complex regulating the PI3-kinase signaling
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pathway (56, 78, 138). As a factor involved in cytoskeletal structure, rictor
interacts with integrin and integrin-linked kinase (ILK); ILK phosphorylates AktS473 in a membrane-associated complex. This event is important for cell
survival and cancer cell growth (150). While ILK is present in the mTORC2
immunoprecipitated complex described in Fig. 3.7, ILK association with mTOR
was not regulated by Elovl5 (data not shown). Finding that rictor knockdown
and the dual mTOR inhibitor PP242 blocked Elovl5 induction of Akt-S473 and
FoxO1-S256 phosphorylation argues strongly that rictor-mTORC2 mediated
phosphorylation of Akt-S473 is the primary target for Elovl5 regulation of Akt
and FoxO1 (Figs. 3.7, 3.8, 3.10, 3.12). Our results do not support a role for
other kinases, i.e., integrin-linked kinase (ILK), MAP kinase-activated protein
kinase-2 (MK-2), p38 MAP kinase, protein kinase C (PKCs), NIMA-related
kinase-6 (NEK6), double stranded DNA-dependent protein kinase (DNK-PK)
and ataxia telangiectasia mutated gene products (73), in Elovl5 regulation of
Akt-S473 phosphorylation.
We

also

extended

our

understanding

of

the

involvement

of

phosphatases in the Elovl5 control of FoxO1. Both PP2A and MKP-3 remove
phosphate from FoxO1; removal of phosphate promotes FoxO1 nuclear
accumulation and the induction of GNG (57, 58).

Our previous study

established that Elovl5 induced PP2Acat-Y307 phosphorylation (25)

(Fig.

3.15); phosphoPP2Acat-Y307 is inactive. Herein we establish that inhibition of
PP2Acat

alone

(microcystin-LR)

is

sufficient

to

induce

FoxO1-S256
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phosphorylation ~3-fold. When microcystin-LR inhibition is combined with
elevated Elovl5 activity, FoxO1-S256 phosphorylation is induced 9-fold.
Mechanisms for Elovl5 control of PP2Acat-Y307 phosphorylation remain to be
established.
Our studies reveal a different role for MKP-3 in the control of Elovl5 and
FoxO1. First, Elovl5 does not regulate hepatic MKP-3 protein abundance (Fig.
3.16). Moreover, shRNA-knockdown of MKP-3 essentially blocked the Elovl5
regulation of Akt2-S473 phosphorylation. As such, MKP-3 knockdown did not
augment Elovl5 induction of FoxO1-S256 phosphorylation (Fig. 3.17). Whether
this outcome reflects MKP-3 control of Elovl5 phosphorylation, per se, or other
components in this pathway will require more investigation. Overall, our
studies reveal a selective effect of Elovl5 on the control of PP2A, but not MKP3, in the regulation of FoxO1 and its target genes (Fig. 3.18).
Since Elovl5 increases hepatic C20-22 PUFA in liver and Elovl5
stimulates 18:2,n-6 conversion to C20-22 PUFA (25) (Fig. 3.18), an obvious
question is whether exogenous fatty acids mimic effects of elevated Elovl5
activity on FoxO1 phosphorylation. Preliminary studies using short term (≤6
hours) treatments with various saturated, mono- and polyunsaturated fatty
acids fail to mimic effects with 48 hours of Ad-Elovl5 infection (data not
shown). We speculate that Ad-Elovl5 infection channels endogenously
generated fatty acids to membrane phospholipids whereas exogenous fatty
acids (>50 M) are preferentially assimilated into storage lipids (triglycerides
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and cholesterol esters). Future studies are required to define how Elovl5
control of membrane lipid content is linked to the regulation of rictor.
In summary, obese and diabetic humans (13, 125-127) and mice (21,
25) display evidence of impaired conversion of C18 essential fatty acids to C2022 PUFA,

i.e., low plasma ratio of 20:4n-6/18:2n-6. Hepatic Elovl5 expression is

attenuated in mice fed high fat-low carbohydrate diets (21, 25). Restoration of
Elovl5 activity in livers of obese-diabetic mice lowers hepatic nuclear
abundance of FoxO1 through rictor-mTORC2, Akt2, and PP2Acat-dependent
mechanisms (Fig. 3.18). The consequence of lowering hepatic FoxO1 nuclear
abundance is the attenuation of expression of genes involved in GNG and a
restoration of euglycemia. Maintenance of blood glucose in euglycemic levels
is

very

important to

avoid

persistent

hyperglycemia

related

deadly

complications. Therefore, results of my studies will eventually be helpful in
developing a therapeutic strategy to combat hyperglycemia.
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Table 3.1. Primers used for qRT-PCR
Gene
Elovl5

Accession No.
NM_134382.1

Forward
TACCACCATGCCACTATGCT

Backward
GACGTGGATGAAGCTGTTGA

Species
Rat

Pck1

NM_002591.3

GGTTCCCAGGGTGCATGAAA

CACGTAGGGTGAATCCGTCAG

Human

G6Pase NM_138387.3

ATGAGTCTGGTTACTACAGCCA

AAGACAGGGCCGTCATTATGG

Human

mTOR

NM_004958.3

TCTACCACGACAGCCCGGCA

TGGGGGCCCCGTTCCATCAT

Human

Rictor

NM_152756.3

GTCCCGCTGGATCTGACCCGA

GAAGCGCTCGTAGCCCTGCTG Human

Raptor

NM_020761.2

CGCTTCTGCTGACGGCCACA

TCGCGTCGTTGGCAGCATGT

Human

mTOR

NM_020009.2

CGGGCCTCATTGGCTGGGTG

AACGGCCAGGGAGCGGGTAT

Mouse

Rictor

NM_030168.3

ACCCGGCAGTATGTGCGAGC

ACCTGCCCACGAGCGGAATG

Mouse

Raptor

NM_028898.2

CTGGGCCTTGGCAATATGGCGT ACTCGCCTGAGGGGCTGCAA

Mouse
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Fig. 3.1. Elovl5 regulates the phosphorylation status of Akt and FoxO1 in
mouse liver and HepG2 cells. Panels A & B: Mouse liver extracts from fasted
obese-diabetic mice infected with either Ad-Luc or Ad-Elovl5 were prepared
and examined for total and phospho-protein abundance. Panel A:
Representative immunoblots, n=3 mice per treatment. Panel B: Quantified
levels of protein phosphorylation for Akt2-S473, Akt2-T308 and FoxO1-S256.
Results are from 2 separate studies and are expressed as mean ± SD, n=6. *,
p≤0.05 versus Ad-Luc. Phosphorylation status is based on the ratio of
phosphoprotein divided by total protein as quantified by immunoblot and Licor
Odyssey software. Panels C and D: HepG2 cells infected with Ad-Luc or AdElovl5 for 48 hours were serum starved overnight. The next day cells were
harvested to prepare total cell extracts and quantify levels of total and phosphoAkt and FoxO1. Panel C: Representative immunoblots for total and phosphoAkt2-S473, Akt2-T308 and FoxO1-S256. Panel D: Phosphorylation status was
quantified as above. Results are representative of 3 separate studies; results
are expressed as mean ± SD, n=3. *, p≤0.05 versus Ad-Luc.
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Fig. 3.2. Effects of phosphorylation resistant form of FoxO1 on
Elovl5 control of Pck1 and G6Pase expressions in HepG2 cells.
HepG2 cells were infected with Ad-Luc (control virus) and Ad-Elovl5 in
the absence and presence of Ad-ADA-FoxO1 for 48 hours. ADA-FoxO1
is insensitive to phosphorylation control. Cells were infected for 48
hours and serum-starved overnight and harvested the next day for RNA
extraction and quantitation of Pck1 (Panel A), G6Pase (Panel B) and
cyclophilin mRNA by qRT-PCR. Results are representative of 3
separate studies; results are expressed as mean ± SD, n=3. *, p≤0.05
versus Ad-Luc; #, p≤0.05 versus No Ad-ADA-FoxO1 (None)
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Fig. 3.3. Effect of Akt1/2 inhibitor on Elovl5 control of FoxO1-S256
phosphorylation in HepG2 cells. HepG2 cells were infected with AdLuc or Ad-Elovl5 for 48 hours and starved overnight as described above
in Figs. 3.1 & 3.2. Cells were treated with vehicle (DMSO) or the Akt1/2
inhibitor (Akti1/2, 3μM) for 30 minutes. Proteins were extracted and
protein abundance of Akt2, Phospho-Akt1/2/3-S473, FoxO1 and
Phospho-FoxO1-S256 was measured by immunoblot and Licor Odyssey
software. Panel A: Representative Immunoblots, n=3 per treatment;
Panel B, Phosphorylation status of Akt2-S473; Panel C, Phosphorylation
status of FoxO1-S256. Results are representative of 3 separate studies;
results are expressed as mean ± SD, n=3. *, p≤0.05 versus Ad-Luc; #,
p≤0.05 versus Vehicle.
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Fig. 3.4. The effect of the Akt inhibitor (Akti1/2) on Akt-T308
phosphorylation status in HepG2 cells. HepG2 cells were infected
with either Ad-Luc or Ad-Elovl5. Forty eight hours later cells were
serum starved overnight and treated with DMSO (Vehicle) or Akt1/2
inhibitor [Akti1/2, 3μM] for 30 minutes in the absence of insulin. Cells
were harvested for protein extraction and immunoblotting. A)
Immunoblot for pAkt-T308 and total Akt2. B) Quantitation of
immunoblots. Results are representative of 3 separate studies; results
are expressed as mean ± SD, n=3.
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Fig. 3.5. Effects of Elovl5 overexpression on abundance of rictor
and mTOR at the pretranslational level in mouse liver and HepG2
cells. Panel A: RNA was extracted from livers of lean and obese mice.
mRNA abundance was measured by qRT-PCR using the primers for
rictor, raptor, mTOR and cyclophilin. Cyclophilin was used as a housekeeping gene. Panel A: mRNA abundance in livers of lean and obese
mice infected with either Ad-Luc or Ad-Elovl5. Results are expressed
as Fold Change, relative to the abundance of the mRNA in lean Ad-Luc
livers. Results are from 2 separate studies and are expressed as the
mean + SD, n=6. Panel B: mRNA abundance of HepG2 cells infected
with either Ad-Luc or Ad-Elovl5. Results are expressed as Fold
Change, relative to the abundance of the mRNA in cells infected with
Ad-Luc. Results are representative of 3 separate studies; results are
expressed as mean ± SD, n=3. *, p≤0.05 versus Ad-Luc.
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Fig. 3.6. Diet and Elovl5 regulate hepatic mTOR, Rictor and Raptor
protein levels in C57BL/6J mice. C57BL/6J mice were fed a low fat
(10% calories as fat diet) [Lean] or a high fat (60% calories as fat diet)
[Obese] for 12 weeks. Mice were infected with Ad-Luc or Ad-Elovl5 five
days prior to termination of the experiment. Five days after infection,
mice were fasted overnight and euthanized the next day. Hepatic
protein extracts were assayed for protein levels of mTOR, mTOR-S2448
phosphorylation, rictor, raptor, mSIN1, GβL and Na,K-ATPase. Panel
A: Representative immunoblots, n=3 separate mouse liver extracts per
treatment. Panel B: Phosphorylation status of mTOR at S2448. Hepatic
protein abundance of rictor (Panel C) and raptor (Panel D). Results are
from 2 separate studies and are expressed as mean ± SD, n=6. *,
p≤0.05 versus Lean Ad-Luc; #, p≤0.05 versus obese, Ad-Luc.
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Fig. 3.7. Elovl5 effects on Rictor-mTOR interaction in livers of
obese mice. Hepatic extracts from fasted obese C57BL/6J mice
infected with Ad-Luc or Ad-Elovl5 (Materials and methods, Fig. 3.6)
were treated with antibodies against rictor and raptor. IgG was used as
a control for non-specific immunoprecipitation. Immunoprecipitates (IP)
were collected and proteins separated for immunoblotting (IB) with
antibodies against mTOR, rictor and raptor. The immunoblot data is
from hepatic extracts from 3 separate mice infected with either Ad-Luc
or Ad-Elovl5 and is representative of 2 separate studies.
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Fig. 3.8. Effects of rapamycin, the mTORC1 inhibitor, on Elovl5
induction of Akt2-S473 and FoxO1-S256 phosphorylation in HepG2
cells. HepG2 cells were infected with Ad-Luc or Ad-Elovl5 for 48 hours
and serum starved overnight. Cells were treated with vehicle (ethanol)
or the mTORC1 inhibitor, rapamycin (100 nM) for 30 minutes in the
absence of insulin. Proteins were extracted and protein abundance of
mTOR, p70S6kinase, phospho-p70S6kinase-T389, phospho-mTORS2448, Akt2, phospho-Akt1/2/3-S473, FoxO1 and phospho-FoxO1-S256
was measured and quantified as described above. Panel A:
Representative immunoblots, 3 cell extracts per treatment. Panels B-E:
Phosphorylation status of mTOR-S2448, p70S6 kinase-T389; Akt2-S473
and FoxO1-S256, respectively. Results are representative of 3 separate
studies; results are expressed as mean ± SD, n=3. *, p≤0.05 versus AdLuc; #, p≤0.05 versus vehicle.

103

Fig. 3.9. mTORC1 inhibitor (rapamycin) effects on protein
abundance of various components of mTORC1 and mTORC2 in
HepG2 cells. HepG2 cells were infected with Ad-Luc or Ad-Elovl5.
Forty eight hours later cells were serum-starved overnight and then
treated with rapamycin (mTORC1 inhibitor, 100 nM for 30 minutes) in
the absence of insulin. Whole cell protein extracts were prepared and
rictor, raptor, GβL and mSIN1 protein abundance was measured by
immunoblotting. A) Immunoblots of rictor, raptor, mSin1, GβL and Na,KATPase (loading control). Levels of proteins were quantified and
expressed relative to Na,K-ATPase abundance. B) Rictor/Na,KATPase; C) Raptor/Na,K-ATPase; D) mSIN1/Na,K-ATPase; E)
GβL/Na,K-ATPase. The results are representative of 3 separate studies
and are expressed as mean ± SD, n=3.

104

Fig. 3.10. Effects of PP242, the mTORC1 and mTORC2, on Elovl5
control of Akt2-S473 and FoxO1-S256 phosphorylation in HepG2
cells. HepG2 cells were infected with Ad-Luc or Ad-Elovl5 for 48 hours
and serum starved overnight as described above. Cells were treated
with vehicle (DMSO) and the mTORC1 and mTORC2 inhibitor, PP242
(500 nM) for 30 minutes in the absence of insulin. Proteins were
extracted and the abundance of mTOR, Phospho-mTOR-S2448,
p70S6kinase, phospho-p70S6kinase-T389, Akt2, Phospho-Akt1/2/3-S473,
FoxO1 and Phospho-FoxO1-S256 was quantified as described above.
Panel A: Immunoblots, 3 extracts per treatment. Panels B-E:
Phosphorylation status of mTOR at S2448, p70 S6 kinase (p70 S6K) at
T389; Akt2 at S473, and FoxO1 at S256, respectively. Results are
representative of 3 separate studies; results are expressed as mean ±
SD, n=3. *, p≤0.05 versus Ad-Luc; #, p<0.05 versus Vehicle.

105

Fig. 3.11. Effects of mTORC1 and mTORC2 inhibitor, PP242, on
protein abundance of various components of mTORC1 and
mTORC2 in HepG2 cells. HepG2 cells were infected with Ad-Luc or
Ad-Elovl5. Forty eight hours later cells were serum-starved overnight
and then treated with PP242 (mTORC1 & mTORC2 inhibitor, 500 nM
for 30 minutes) in the absence of insulin. Whole cell protein extracts
were prepared and rictor, raptor, GβL and mSIN1 protein abundance
was measured by immunoblotting. A) Immunoblots of rictor, raptor,
mSin1, GβL and Na,K-ATPase (loading control). Levels of proteins
were quantified and expressed relative to Na,K-ATPase abundance. B)
Rictor/Na,K-ATPase; C) Raptor/Na,K-ATPase; D) mSIN1/Na,KATPase; E) GβL/Na,K-ATPase. The results are representative of 3
separate studies and are expressed as mean ± SD, n=3. *, p≤0.05
versus vehicle.
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Fig. 3.12. Effects of siRNA knockdown of rictor on Elovl5 control
of Akt2-S473 and FoxO1-S256 phosphorylation in HepG2 cells.
HepG2 cells were infected with either Ad-Luc or Ad-Elovl5. Both groups
of cells received either no siRNA, scrambled-siRNA or siRNA-Rictor.
After 72 hours, cells were serum starved overnight and harvested the
next day for protein extraction and immunoblotting. Levels of rictor,
Akt2, Phospho-Akt1/2/3-S473, FoxO1, Phospho-FoxO1-S256, mTOR and
Phospho-mTOR-S2448 and TBP (loading control) were measured as
described above. Panel A: Immunoblots, 2 extracts per treatment.
Panel B: Rictor protein abundance, Panels C-E: phosphorylation status
of mTOR-S2448, Akt2-S473 and FoxO1-S256. Results are representative
of 3 separate studies; results are expressed as mean ± SD, n=3. *,
p≤0.05 versus Ad-Luc; #, p<0.05 versus Ad-Luc + Scrambled siRNA.
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Fig. 3.13. The effect of siRNA knockdown of rictor on Akt-T308
phosphorylation status in HepG2 cells. HepG2 cells were infected
with either Ad-Luc or Ad-Elovl5 in the absence of siRNA or the
presence of Scrambled siRNA or Rictor siRNA. After 72 hours, cells
were harvested for protein extraction. Immunoblot for p-Akt-T308 and
total Akt2. B) Quantitation of immunoblots. Results are representative
of 3 separate studies and are expressed as mean ± SD, n=3.
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Fig. 3.14. Effects of Elovl5 on rictor phosphorylation in HepG2
cells. HepG2 cells were infected with Ad-Luc or Ad-Elovl5 for 48 hours
and serum starved overnight as described above. Cells were treated
with vehicle (DMSO) and the mTORC1 and mTORC2 inhibitor, PP242
(500 nM) for 30 minutes in the absence of insulin. Proteins were
extracted and the abundance of GSK3β, Phospho-GSK3β-S9,
Phospho-GSK3β-Y216, Rictor and Phospho-Rictor was quantified as
described above. Panel A: Immunoblots, 3 extracts per treatment.
Panels B-D: Phosphorylation status of GSK3β at S9, GSK3β at Y216;
Rictor espectively. Results are representative of 3 separate studies;
results are expressed as mean ± SD, n=3. *, p≤0.05 versus all other
groups.
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Fig. 3.15. Inhibition of PP2A catalytic unit effects on Elovl5
induction of FoxO1-S256 phosphorylation in HepG2 cells. HepG2
cells were infected with Ad-Luc or Ad-Elovl5 as described above. Fortyeight hours after infection, cells were treated with ethanol (Vehicle) or
microcystin-LR (PP2A-cat inhibitor, 1 nM) for 30 mins. As above,
proteins were extracted and levels of total and phospho-Akt2, and total
and phospho-FoxO1-S256 were quantified. Panel A: Representative
Immunoblots, n=2 per treatment; Panel B: Phosphorylation status of
Akt2-S473; Panel C: Phosphorylation status of FoxO1-S256. Results are
representative of 3 separate studies; results are expressed as mean ±
SD, n=3. *, p≤0.05 versus Ad-Luc; #, p≤0.05 versus Vehicle.
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Fig. 3.16. MKP-3 protein abundance in livers of obese-diabetic
C57BL/6J mice and in HepG2 cells. Upper Panels [A & B]. Obesediabetic C57BL/6J mice were fasted (fasted) or fasted and refed (Fed)
as described in Methods. Hepatic extracts were assayed for MKP-3
and Na,K-ATPase (loading control) by immunoblotting (A); results are
quantified in (B). Results are representative of 2 separate studies and
are expressed as mean ± SD, n=6.Lower Panels [C & D]. HepG2 cells
were infected with either Ad-Luc or Ad-Elovl5 as described in Methods,
serum starved overnight and extracted for total protein. HepG2 whole
cell extracts were assayed for MKP-3 and Na,K-ATPase by
immunoblot. The results are representative of 3 separate studies and
are expressed as mean ± SD, n=3.
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Fig. 3.17. Effects of knockdown of the dual function protein
phosphatase MKP-3 on Elovl5 induction of FoxO1-S256
phosphorylation in HepG2 cells. HepG2 cells were infected with AdLuc or Ad-Elovl5 in the absence or presence of adenovirus expressing
shRNA-scrambled or shRNA-MKP3-24. After 48 hours of infection,
cells were serum starved overnight. The next day, cells were harvested
for protein extraction and quantitation of MKP-3, Na,K-ATPase, Akt2,
Phospho-Akt1/2/3-S473,
FoxO1
and
Phospho-FoxO1-S256
by
immunoblotting. Panel A: Representative immunoblots; n=1 per
treatment. Panel B: MKP-3 protein abundance normalized to the
loading control, Na,K-ATPase. Phosphorylation status of Akt2-S473
(Panel C) and FoxO1-S256 (Panel D). Results are representative of 3
separate studies; results are expressed as mean ± SD, n=3. *, p≤0.05
versus Ad-Luc + Ad-shRNA-scrambled.
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Fig. 3.18. Molecular mechanism for Elovl5 control of FoxO1-S256
phosphorylation and hepatic gluconeogenesis. Elovl5 uses two
mechanisms to increase FoxO1 phosphorylation such as rictor-Akt
mediated increased phosphorylation FoxO1 by induction of rictor and
decreased FoxO1 dephosphorylation by inhibition of PP2A. Ultimately,
increased phosphorylation of FoxO1 leads to decreased expression of
GNG genes such as Pck1 and G6Pase.
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Chapter 4

Conclusion
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T2DM is a progressive and complex metabolic disorder characterized
by persistent hyperglycemia. Presence of chronic hyperglycemia in T2DM
further leads to deadly complications such as chronic renal failure, adult
blindness, limb amputation, and poses risk for heart disease, stroke, fatty liver
diseases and birth defects (1, 2, 7). Thus, maintenance of blood glucose close
to normal levels is a major goal for every individual with diabetes. Population
studies revealed that individuals with type 2 diabetes have another clinical
feature; low tissue and plasma PUFA concentrations, an effect often attributed
to impairment in endogenous PUFA synthesis (13, 125, 126, 151-154). Rodent
studies from our lab also suggested an inverse link between blood glucose
and PUFA synthesis, particularly dependent upon expression and activity of
Elovl5, an enzyme involved in endogenous PUFA synthesis pathway (21).
Fatty acids (SFAs, MUFAs and PUFAs) are synthesized endogenously
via multiple pathways including DNL (synthesis of fatty acids from glucose),
elongation and desaturation (21, 22) with the involvement of enzymes FAS,
ACC 1 & 2, SCD-1 and Elovl6 during SFA and MUFA synthesis, and Elovl2,
Elovl5, FADS1 and FADS2 during PUFA synthesis (21, 22). Genetic ablation
or overexpression studies in rodents have revealed the significance of these
enzymes in diabetes and its associated complications (22, 32, 35, 37-39, 44,
155-159). Overall rodent studies suggest that overexpression or increase
activity of ACC, FAS, SCD-1 and Elovl6 have detrimental effect from insulin
resistance, fatty liver and obesity, whereas, Elovl5 has beneficial effect in
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attenuating fatty liver and blood glucose. While, the above studies suggest a
possible beneficial role of PUFA synthesis in T2DM and its related
complications, none of these studies actually provided confirmatory results on
the role of PUFA synthesis in carbohydrate metabolism during T2DM.
Our previous study (22) on the effect of Elovl5 on carbohydrate
metabolism identified a possible link between endogenous PUFA synthesis
and blood glucose control in C57BL/6J chow fed mice. Over expression of
hepatic Elovl5 improved PUFA synthesis, decreased fasting blood glucose
and increased hepatic fasting glycogen content in mice fed standard chow diet
(22). In addition, elevated hepatic Elovl5 activity increased the phosphorylation
of Akt and GSK3β, key components of insulin signaling pathways controlling
glucose and glycogen synthesis (22). Thus, this study found key observations
that identified the role of Elovl5 in hepatic carbohydrate metabolism.
It is evident that feeding high fat diets to rodents induces obesity,
diabetes, hyperglycemia and insulin resistance (21, 22). The fact that Elovl5
activity and expression is suppressed in diabetes raises the question of
whether chronic changes in Elovl5 activity contribute to impaired carbohydrate
metabolism associated with diet-induced diabetes (21). My preliminary data
identified the role of Elovl5 in blood glucose control in normal healthy chow fed
mice (22). I further examined the role of Elovl5 or hepatic PUFA synthesis in
regulation of blood glucose in the high fat diet induced obese-diabetic
C57BL/6J mouse model. Briefly, C57BL/6J mice fed a high fat diet for 12
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weeks were obese-hyperglycemic and developed insulin resistance and fatty
liver (25). They had low hepatic levels of C20-22 PUFAs, particularly, C20:2,n-6,
C20:3,n-6, C22:4,n-6, and C22:3,n-3 fatty acids which are mainly generated
through endogenous PUFA synthesis pathways. The low levels of these
hepatic C20-22 PUFAs were significantly associated with decreased expression
and activity of Elovl5, whereas, other enzymes in that pathway such as
FADS1, FADS2 and Elovl2 were unaffected by high fat diet. Moreover, in
these mice, over expression of Elovl5 by recombinant adenovirus increased
hepatic Elovl5 activity by 2-3 fold in 5 days. Elevated hepatic Elovl5 activity
increased the hepatic contents of C20-22 PUFAs, an indication of improved
endogenous PUFA synthesis, and decreased the fasting blood glucose to
normal level without having any effect on body weight and food intake (25).
Thus, my studies provided strong evidence that Elovl5 corrects high fat diet
induced hyperglycemia in obese-diabetic mice. The control of blood glucose
by Elovl5 was linked to increased phosphorylation of hepatic FoxO1-S256, AktS473 and PP2A-Y307, and decreased expression of key regulators of GNG and
glucose production enzymes such as Pck1 and G6Pase (25). Active Akt
(phospho-Akt) phosphorylates FoxO1 leading to its exclusion from nuclei,
ubiquitination and proteasomal degradation (25, 57, 62-65). The suppression
of nuclear FoxO1 abundance results in down regulation of Pck1 and G6Pase
and the suppression of GNG and glucose production (25). Elevated hepatic
Elovl5 increased phosphorylation of PP2A-cat-Y307, which has been linked to
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decreased phosphatase activity of Akt and FoxO1 (57). This event leads to
increased

phosphorylation

of

FoxO1

and

promotes

its

proteosomal

degradation. Elevated hepatic Elovl5 activity had no impact on other
transcription factors involved in GNG including CREB, CRTC2, PPARα and
HNF4α. Thus, this study suggested that the insulin mimetic effect of Elovl5 on
GNG and hepatic glucose production involves multiple components such as
FoxO1, Akt and PP2A (25).
My second goal was to define the molecular mechanism regulating
Elovl5 mediated FoxO1 control of GNG signaling pathway. I selected HepG2
cells to define the GNG pathway because 1) HepG2 cells are insulin
responsive cell line and used as an alternative to primary hepatocytes and 2)
Elovl5 over-expression in HepG2 cells recapitulated our in vivo obese-diabetic
mice

observations

such

as

increased

Akt-S473

and

FoxO1-S256

phosphorylation. Further examination of Akt-FoxO1 pathway by using obesediabetic mouse liver extracts and HepG2 cells protein extracts revealed that
elevated hepatic Elovl5 selectively increased Akt2 phosphorylation at S473 site
(mTORC2 site) and has no impact on phosphorylation at T308 site (PI3-kinasePDK1 pathway targeted site). This observation correlates with the data we
have reported that elevated Elovl5 activity has no effect on phosphorylation
status of components upstream of Akt, i.e., IRS1/2 (insulin receptor substrate
1-2) and PDK1/2 (phosphoinositide-dependent kinase 1-2) (Fig. 2.6). Akt-S473
site is a target of mTORC2 (76, 133). Thus, I have determined the involvement
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of mTORC2 pathway in the Elovl5 regulation of Akt2-S473 and FoxO1-S256
phosphorylation by using chemical inhibitors and siRNA knock down approach
in HepG2 cells. Phosphatases such as PP2A (25) and MKP-3 (58) are
reported as the regulators of FoxO1 phosphorylation. As such, I used a
chemical inhibitor for PP2A inhibition and shRNA mediated knock down
approach to knock down MKP-3 for the assessment of the MKP-3 role in
Elovl5 mediated Akt-S473 and FoxO1-S256 phosphorylation in HepG2 cells.
Thus, my mechanistic studies defined the requirement for FoxO1-S256 & Akt2S473 phosphorylation, mTORC2 pathway and PP2A inhibition in Elovl5
mediated suppression of GNG genes.
Briefly, the results of my mechanistic studies discussed in chapter 3
showed that treatment of HepG2 cells with adenovirus expressing a
phosphorylation resistant form of FoxO1 (ADA-FoxO1; a form does not get
phosphorylated, resides in nucleus and promotes GNG gene expression) and
chemical inhibitor of Akt1/2 (chemical inhibitor of Akt decreases Akt
phosphorylation) confirmed that Elovl5 control of FoxO1-S256 phosphorylation
requires Akt2-S473 and Elovl5 mediated suppression of GNG genes requires
FoxO1-S256 phosphorylation. To assess the involvement of mTOR pathway, I
measured the phosphorylation status of mTOR and protein abundance of
various components of mTORC1 and mTORC2 in our obese-diabetic mouse
liver extracts. My data showed that elevated Elovl5 activity increased
phosphorylation of mTOR and increased the mRNA and protein content of
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rictor, the regulatory component of mTORC2, but suppressed mRNA
expression of raptor, the regulatory component of mTORC1. We have further
shown that elevated Elovl5 hepatic activity promoted rictor-mTOR association.
mTOR binding with rictor is essential for mTORC2 complex stability and
mTOR kinase activity in mTORC2 regulated signaling pathways (133, 138).
Thus, our results provided strong evidence that supports a role for the
mTORC2

pathway

in

Elovl5

mediated

Akt-S473

and

FoxO1-S256

phosphorylation. HepG2 cells treated with mTORC1 and mTORC2 inhibitor,
PP242 or mTORC1 inhibitor, rapamycin showed that PP242, but not
rapamycin,

blocked

Elovl5

regulated

Akt2-S473

and

FoxO1-S256

phosphorylation, confirming the role of mTORC2 pathway in Elovl5 mediated
Akt-S473 and FoxO1-S256 phosphorylation. Transient knockdown of rictor
attenuated the Elovl5 mediated increase in Akt2-S473 and FoxO1-S256
phosphorylation in HepG2 cells, establishing rictor is the target of Elovl5 for
the inhibition of GNG.
To assess the involvement of PP2A and MKP-3 on Elovl5 control of
FoxO1-S256 phosphorylation, a chemical inhibitor, microcystin-LR or an
adenovirus expressing sh-MKP3, respectively were used in HepG2 cells.
These studies revealed that PP2A inhibition synergistically increased FoxO1S256 phosphorylation and had no impact on Elovl5 induction of Akt2-S473
phosphorylation. Transient knockdown of MKP-3 showed that reduction in
MKP-3 protein abundance in HepG2 cells significantly increased FoxO1-S256
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phosphorylation, but did not increase Elovl5 induction of FoxO1-S256
phosphorylation.
While studies in the present work confirmed and established that
elevated Elovl5 activity corrects high fat diet induced hyperglycemia in mice
via rictor-Akt-FoxO1 pathway, many questions still remain unanswered. We
have observed that over-expression of Elovl5 increased rictor mRNA and
protein abundance and mTOR-rictor association; required events for Akt-S473
phosphorylation. But these data did not show how a change in hepatic Elovl5
activity increases rictor mRNA abundance. More studies are needed to identify
the molecular mechanism through which Elovl5 increases rictor mRNA
abundance. FoxO1 control of GNG involves many covalent modifications such
as phosphorylation, acetylation and O-linked-β-N-acetyl-glucosamine. Studies
described here only addressed the role of FoxO1 phosphorylation in Elovl5
control of GNG genes. Future studies are very essential to evaluate the role of
other covalent modifications such as acetylation, O-linked-β-N-acetylglucosamine of FoxO1 in GNG. Another important question that must be
addressed is the role of exogenous PUFA in suppression of GNG similar to
that of Elovl5. Although preliminary studies showed that exogenous PUFA did
not suppress GNG, more studies are required to have clear answer about the
differential effect of dietary PUFA and Elovl5 in control of GNG. A membrane
phospholipid analysis can answer this question. Therefore, future studies will
be directed towards membrane phospholipid analysis.
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In conclusion, the present work established a critical role of Elovl5 in
correcting high fat diet induced fasting hyperglycemia in C57BL/6J mice.
Results presented in the various studies above have shown the role of
mTORC2-Akt-FoxO1 pathway in Elovl5 mediated suppression of GNG and
hepatic glucose production in diet induced obese-diabetic mouse model.
Elovl5 utilizes two mechanisms to control GNG, FoxO1 phosphorylation and
its nuclear abundance (refer Fig. 3.18). The first mechanism involves Elovl5
mediated increase in Akt2-S473 and FoxO1-S256 phosphorylation via
mTORC2/rictor pathway, whereas the second mechanism involves Elovl5
mediated attenuation of de-phosphorylation of FoxO1 via PP2A inhibition.
Together, these mechanisms increase FoxO1 phosphorylation status in livers
of fasted obese mice, which lowers hepatic FoxO1 nuclear abundance and
FoxO1 capacity to sustain transcription of GNG genes. The dual mechanism
(increased phosphorylation, inhibited de-phosphorylation) controlling Akt2 and
FoxO1 phosphorylation status explains how elevated hepatic PUFA synthesis
(Elovl5) inhibits GNG and restores blood glucose levels in fasted obese mice.
The molecular mechanism of Elovl5/PUFA synthesis control of GNG in obesediabetic mice identified in this work will certainly be helpful in developing a
therapeutic target to combat hyperglycemia.
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