-

View metadata, citation and similar papers at core.ac.uk brought to you by i CORE

provided by London Met Repository

Title: Phosphorylation of protein kinase B, the key enzyme in insulin signalling cascade, is

enhanced in linoleic and arachidonic acid treated HT29 and HepG2 cells.

Katia Mariniello, Yoeju Min, Kebreab Ghebremeskel
Lipidomics and Nutrition Research Centre, School of Human Sciences, London Metropolitan

University, UK

Corresponding author:

Name: Professor Kebreab Ghebremeskel

Address: Lipidomics and Nutrition Research Centre, School of Human Sciences,
London Metropolitan University

166-220 Holloway Road, London N7 8DB, UK

Tel: +44 20 7133 2440
Fax: +44 20 7133 2453
Email: k.ghebremeskel@londonmet.ac.uk

Short title:  Membrane fatty acids and AKT phosphorylation

Keywords:  Membrane Phospholipids, Omega 6 Fatty Acids, Omega 3 Fatty acids, AKT

Phosphorylation,

Declaration of conflicts of interest:

The authors declare no conflicts of interest.


https://core.ac.uk/display/157788193?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Abstract (250)

Objective: Defects in insulin signalling pathway have been implicated in the pathogenesis of
impaired glucose uptake, insulin resistance and type 11 diabetes. However, the specific
defects that precipitate these abnormalities are yet to be fully elucidated. The plasma
membrane embedded insulin receptor transmembrane protein, after binding to insulin,
initiates a cascade of phosphorylation which leads to the activation of protein kinase B
(AKT) and subsequently to initiation of some metabolic actions of insulin. The activities of
this receptor, insulin binding and tyrosine kinase activation, is dependent on its plasma lipid
environment. There are scarcity of published data on the influence of omega-3 and -6
polyunsaturated fatty acids on insulin response. Moreover, the findings of the published
investigations, most of which have used omega-3 and -6 PUFA blend, have been
inconclusive. Hence, a need for well- thought-out further research. The aim was to elucidate
the effect of treatments with LNA, ARA, ALA, DHA, and EPA on cell membrane
composition and consequently on insulin signalling pathway, specifically AKT
phosphorylation.

Research Methods and Procedures: Human colon adenocarcinoma (HT29) and liver
hepatocellular (HepG2) cells were treated with or without 40 uM of linoleic (LNA),
arachidonic (ARA), alpha-linolenic (ALA), eicosapentaenoic (EPA) or docosahexaenoic
(DHA) for 48 hours. Fatty acids composition of phosphatidylcholine (PtdCho) and
phosphatidylethanolamine (PtdEtn) from the treated cells by capillary gas liquid
chromatograph. Cells were incubated for 30 minutes with or without human insulin
(50ng/ml) and the phosphorylation of AKT assessed with the use of western blotting.
Results: The fatty acids were incorporated in PtdCho and PtdEtn of both cell lines; but, the
level of incorporation was higher in HT29. Phosphorylation of AKT increased when HT29

was treated with LNA (P<0.05) and ARA (P<0.01), but not with ALA, EPA or DHA. A



similar but non-significant increase in AKT phosphorylation was observed in LNA and ARA
treated HepG2 cells. Conclusion: The finding of this investigation demonstrates, plasma
membrane lipid bilayer enrichment with LNA or ARA treatment enhances insulin action by

AKT activation.



Highlights
o Levels of linoleic (LNA), arachidonic (ARA), alpha-linolenic (ALA), eicosapentaenoic
(EPA) and docoshexaenoic (DHA acids, and protein kinase B (AKT) phosphorylation
were assessed in HepG2 and HT29 cells treated with the fatty acids.
o LNA and ARA were more efficiently incorporated in HT29 than in HepG2 cells.
e Phosphorylation of AKT increased significantly in HT29 cells treated with LNA and
ARA, but not with ALA, EPA or DHA.

e A non-significant increase in AKT phosphorylation was observed in LNA and ARA

treated HepG2 cells



Introduction

Alterations of polyunsaturated fatty acid (PUFA) membrane composition have been proposed
to alter cellular functions including cellular response to insulin. Defects in insulin signalling
pathway are responsible for insulin resistance and type 2 diabetes [1-3], thus the

understanding of insulin transduction pathway is of clinical importance.

Human and animal studies have suggested that long chain PUFA, in particular of the omega-
3 family, may be protective against type 2 diabetes and insulin resistance [4].
Epidemiological studies showed that consumption of diets high in omega-3 PUFA correlated
with lower incidence type 2 diabetes compared with diets rich in saturated fatty acids [5-7].
Studies on fatty acid membrane composition showed that low levels of omega-3 PUFA were
found in association with type 2 diabetes [8], whilst insulin sensitivity positively correlated
with high levels of total omega-3 and -6 PUFA [9]. Similarly, an enhanced insulin sensitivity

has been reported in experimental animal studies fed on omega-3 and -6 PUFA [10, 11].

Insulin is a pancreatic hormone involved in many functions. Mainly, it regulates the uptake of
glucose (the entry of glucose into cells) in muscles, adipose tissue and liver [12]. In addition,
it is involved in the regulation of several metabolic enzymes, as well as the promotion of
storage of incoming glucose as glycogen, and synthesis of proteins and triglycerides from

free fatty acids.

Insulin binds to the insulin receptor [13], a transmembrane heterotetrameric tyrosine kinase
receptor, which consists of two extracellular ligand-binding a subunits and two
transmembrane catalytic 3 subunits. After insulin binds to the IR, IR undergoes

autophosphorylation of tyrosine residues in the f domains. The activation of the receptor



leads to the recruitment of an adaptor protein, the insulin receptor substrate 1 and 2 (IRS-1
and 2). The main target of IRS is the phosphatidylinositol 3-kinase (PI3K) [14]. After
phosphorylation, PI3K converts the phosphatidylinositol 4,5-bisphosphate (PtdIns-4,5-P2) to
phosphatidylinositol 3,4,5-triphosphate (PtdIns-3,4,5-P3). A key effector of PtdIns-3,4,5-Ps is
the protein kinase B (PKB), also known as AKT. AKT has a pleckstrin homology domain
located at its amino terminus, which binds to PtdIns-3,4,5-Ps, and permits the recruitment of
AKT to the plasma membrane [15] . Once located at the membrane, AKT is firstly
phosphorylated at 308-Thr residue and subsequently at 473-Ser residue. The phosphorylation
of the 308-Thr residue is due to the PDK1 protein, which as AKT presents a PtdIns-3,4,5-P3
binding pleckstrin homology domain [16]. The mechanism of 473-Ser phosphorylation is still
controversial. The phosphorylation of both the 308-Thr and 473-Ser residues is necessary for
AKT full activation. Activated AKT dissociates from the plasma membrane and
phosphorylates several substrates involved in insulin dependent responses. A major effect of
activated AKT is the promotion of the translocation of the insulin dependent glucose

transporter 4 (GLUT4) to plasma membrane and subsequent uptake of glucose into cells.

Defects in both upstream and downstream targets of Akt, PI3K-Akt signalling pathway, have
been implicated in insulin resistance [17, 18]. Insulin receptors are proteins localised in
plasma membrane, and phosphorylation of PI3K is dependent on inositol containing
membrane phospholipids. Therefore, it is tenable to assume that changes in plasma
membrane composition would have an effect on insulin-signalling pathway. Cultured cells
are widely used good model for investigating relationships between membrane fatty acids
and insulin response. In vitro, alterations in lipid composition of erythroleukemia cells and
ascites cells showed a high percentage of linoleic acid (LNA) rich oil (sunflower oil) versus

oil containing mainly saturated fatty acids (coconut oil) was associated with an increase in



insulin receptor number and a decrease in binding receptor affinity[19, 20]. Bruneau et al.
[21] demonstrated that lipid alterations (via treatments with LNA) of rat hepatoma cells led to
an insulin-resistant state. Subsequently, the same group reported that feeding human
hepatoma cells with LNA and eicosapentaenoic acid (EPA) modified insulin receptor
autophosphorylation and the phosphorylation of the major insulin receptor substrate, IRS-

122] .

The aforementioned studies, most of which have used a heterogeneous blend of omega-3 and
-6 PUFA, have highlighted a possible relationship between these fatty acids and insulin
response. Therefore, there is need for further investigations to help elucidate the effect of the

individual fatty acid members of the two PUFA families.

In the present study, human colon adenocarcinoma (HT29) and hepatocellular carcinoma
(HepG2) cell lines were used as in vitro systems to study whether alterations of
phosphatidylcholine (PtdCho) and phosphatidylethanolamine (PtdEtn) fatty acid composition
alter insulin-induced AKT activation/phosphorylation. Both cell lines express a functional
insulin pathway [22, 23]. Although the gastrointestinal tract is the main target of insulin, it is
where nutrients are processed and absorbed. Consequently, it is thought to have an indirect
effect on insulin resistance [24]. The liver is widely-recognised primary insulin target and

hepatocytes are often used to investigate insulin response [25, 26].



Material and Methods

Reagents

a-linolenic acid (ALA), eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), linoleic
acid (LNA) and arachidonic acid (ARA) were purchased from Sigma-Aldrich, dissolved in
100% ethanol, and stored at -20 °C. Insulin Human recombinant was obtained from Sigma-

Aldrich.

Cell culture

The human colonic adeno carcinoma cells (HT29) (ECACC) and Human hepatocellular liver
carcinoma cell line (HepG2) were cultured respectively in Mc Coys or DMEM medium
(Sigma) supplemented with 2 mM glutamine, 5 mM streptomycin, 5 mM penicillin and 10%
foetal bovine serum (FBS) (PAA) at 37 °C in a humidified atmosphere of 95 % air and 5%

CO:a..

Fatty acid treatments

HT29 and HepG2 cells (2X10%cells/ml) were seeded in 21 cm? plates and allowed to attach
and divided for 24 hours. Subsequently, medium was siphoned and replaced with fresh
medium containing 10% FBS with or without 40 uM of different polyunsaturated fatty acids
(ALA, EPA, DHA, LNA or ARA) [27, 28]. After 48 hours, treated and untreated cells were
collected and used for analysis of fatty acids composition. The final concentration of

ethanol/medium, which was less than 0.1% (v/v%), did not affect cell proliferation.

Fatty acid analysis
HT29 and HepG2 cells were washed twice with 2 ml per well of 1X PBS. In order to extract

cell membrane total lipids, 1.5 ml of hexane/isopropanol (3:2, v/v) (HIP) and 0.01% BHT



was added to each well on ice. After 5 minutes of incubation on a shaker, the HIP mixture
was transferred to a clean glass tubes. The HIP mixture was completely evaporated under
nitrogen, and 1.8 ml of chloroform/methanol (2:1, v/v) + BHT, plus 0.6 ml of water were
added to the tubes. The tubes were vortexed and then centrifuged at 4000 rpm for 5 minutes
at 4 °C. After centrifugation, the lipid enriched organic phase was collected, the solvent was
completely evaporated under nitrogen and the lipids were dissolved in 1 ml
chloroform/methanol (2:1, v/v). Phosphatidylcholine (PtdCho) and phosphatidylethanolamine
(PtdEtn) were separated by thin-layer chromatography on 20x20 cm silica gel plates (TLC
silica gel 60, Merck kGaA, UK) by the use of the developing solvents:
chloroform/methanol/methylamine (65:30:15, v/v) and 0.01% BHT. The phospholipid bands
were detected by spraying the plates with a 2,7-dichloroflurescein/methanol solution (0.01 %
w/v) and identified by the use of standards. Fatty acid methyl esters (FAMES) were prepared
by heating the lipid fractions with a 4 ml of 15% acetyl chloride in methanol in a sealed vial
at 70 °C for 3 hours under nitrogen. FAMEs were separated by a capillary gas liquid
chromatograph (HRGC MEGA 2 Series, Fisons Instruments, Italy) and identified by
comparison of retention times of authentic standards (Sigma-Aldrich, United Kingdom) and
by calculation of equivalent chain length values. Peak areas were quantified by a computer
chromatography data system (Agilent EZChrom Elite 3.2, Scientific Software, Inc.,

Pleasanton, CA).

Insulin treatments

HT29 and HepG2 cells (2X10%ml) were seeded in 21 cm? plates and allowed to attach and
divide for 24 hours. Subsequently, the old medium was siphoned off and replaced with fresh
medium containing 10 % FBS supplemented with 40 uM of different polyunsaturated fatty

acids (ALA, EPA, DHA, LNA or ARA). Two plates were grown in 10 % FBS medium



without adding fatty acids. After 48 hours of incubation, the old medium was discarded and
the cells incubated in fresh serum free medium for 6 hours. Subsequently, the medium was
siphoned off, and the cells incubated for 30 minutes with fresh medium with and without

50ng/ml of human insulin [29].

Western blot

HT29 and HepG2 cells were washed twice with ice cold PBS 1X. Subsequently, cells were
lysed in ice-cold RIPA buffer (1% NP-40, 0.1% SDS, 0.5% deoxycholate, 20mM Tris-HCI
buffer (pH 7.4), 150 mM NaCl, 10 mM NaF, 1 mM Na3V04, 1 mM EDTA, 1 mM EGTA).
To prevent protein degradation and dephosphorylation, phosphatase and protease inhibitor
cocktail (Sigma-Aldrich, UK) were added to the RIPA buffer. The lysed cells were
transferred to a clean 1.5 ml tube and the insoluble material removed by centrifugation
(13,000xg at 4°C for 20 min). The supernatant was transferred to a new chilled tube and its
protein content quantified by Bradford Protein Assay. 40 ug of proteins were diluted in 3X
Laemmi loading buffer (1.5% Tris-HCI buffer (pH 6.8), 4% SDS, 1% glycerol, 0.2 %
bromophenol blue, 0.4% [B-mercaptoethanol in water) and loaded on a 10% Sodium Dodecyl
Sulphate (SDS) —polyacrylamide mini gel (Biorad apparatus). The separated proteins were
transferred from the gel on to a nitrocellulose membrane (Biorad) using a Mini Trans-Blot
Cell apparatus at 0.09 mA overnight. The membranes were blocked for 1 hour in 5% dried
non-fat milk in TBS-T 1X then washed three times in TBS-T 1X buffer. Subsequently,
membranes were blotted with Rabbit Anti-phospho-Akt (Ser473) (1:1000, Cell Signaling
technology) in 5% BSA/TBST 1X overnight at 4°C. After incubation, membranes were
washed 3 times for 5 minutes in TBS-T 1X and incubated with Goat anti-rabbit IgG HRP
conjugate secondary antibody in 5% nonfat dry milk in TBST 1X for one hour at room

temperature. After probing with secondary antibody membranes were washed 3 times for 5
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minutes in TBS-T 1X. Proteins signals were revealed by enhanced chemiluminescence
(Immobilon western HRP substrate, Millipore) in the dark with the use of X-Ray films,
developing and fixing reagents. After detection, the membranes were stripped and re-probed
with and Rabbit anti-AKT (1:1000, Cell Signaling technology) in 5% BSA/TBST 1X
overnight at 4 °C. After incubation, membranes were washed 3 times for 5 minutes in TBST
1X and incubated with Goat anti-rabbit 1gG conjugate secondary antibody in 5% dried non-
fat milk in TBS-T 1X for one hour at room temperature. After probing with secondary
antibody membranes were washed 3 times for 5 minutes in TBS-T 1X and Akt signal was
detected by enhanced chemiluminescence (Immobilon western HRP substrate, Millipore)
with the use of X-Ray films, developing and fixing reagents. The density of the bands was
quantified by the use of the UVP Vision Works software and the level of the phospho-Akt

was normalised to the level of the total Akt.

Statistical analysis

Data were calculated as mean percentage of total fatty acids (= S.E.) and statistical
significance was set at P<0.05. Unpaired t-test was used to compare the difference in fatty
acid composition between the different treatments. The statistical software SPSS for

Windows (version 23, SPSS Inc., Chicago, IL, USA) was employed to analyse the data.

Results

Omega-3 and omega-6 PUFA induced changes in membrane fatty acid composition of HT29

and HepG2 cells.
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HT29 cells

Incubation with ALA, EPA, DHA, LNA or ARA altered membrane composition of HT29
cells (Table 1).

Treatment with ALA increased its level to 26.35% in PtdCho and 32.33% in PtdEtn (P<0.05
to untreated cells). EPA treatments enhanced the level of EPA from 0.08% to 3.43% in the
PtdCho (P<0.05 to control cells), and from 2.63% to 8.10% in the PtdEtn (P<0.05 to control
cells). DHA was mainly incorporated in the PtdEtn fraction. It increased from 2.44% to
20.43% in the PtdEtn, and from 0.63% to 3.96% in the PtdCho (P<0.005), compared to
control cells. Incubation with ALA or EPA did not increase the level of DHA in the PtdCho
or PtdEtn fractions.

In comparison with control cells, LNA treatments increased LNA percentage from 3.47% to
40.70% in the PtdCho (P<0.05) and from 3.14% to 28.96% in the PtdEtn (P <0.05).
Treatment with LNA did not increase the level of ARA in neither the PtdCho nor the PtdEtn.
Incubation with ARA enhanced ARA to 19.62% in the PtdCho and to 37.09% in the PtdEtn
from 0.89% and 5.74%, respectively (P <0.05) compared to control cells. The percentage of
adrenic acid (ADA, 22:4n-6) or docosapentaenoic acid (DPA-6, 22:5n-6) was not affected by

ARA treatments (data not shown) in neither the PtdCho nor the PtdEtn.

HepG2 cells

The fatty acid profile of HepG2 cells after supplementation with ALA, EPA, DHA, LNA and
ARA is shown in Table 2.

After incubation with ALA, the level of ALA increased from 0.15% to 11.31% (P<0.01) in
the PtdCho, and from 0.07% to 9.15% (P<0.05) in the PtdEtn, compared to control cells.
EPA increased to 0.61% and 1.64 % in the PtdCho and PtdEtn fractions (P<0.05 to control

cells). DHA was preferentially incorporated into the PtdEtn fraction with an increased from
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4.21% to 38.83% (P<0.05), rather than to the PtdCho fraction where it was enhanced from
1.76% to 12.76% (P<0.01), compared to control cells. There was no increase in DHA in the
PtdCho or PtdEtn as a result of incubation with ALA. Incubation with EPA slightly increased
the level of DHA.

LNA was mainly incorporated in the PtdCho where it increased from 5.76% to 29.98%
(P<0.01), whilst it was enhanced from 4.46% to 18.92% (P<0.01) in the PtdEtn, compared to
untreated cells. Incubation with LNA did not enhance the level of ARA in the PtdCho or
PtdEtn. ARA supplements significantly enhanced ARA level from 2.49% to 19.76 % in the
PtdCho (P<0.01) and from 5.93% to 13.59 % in the PtdEtn (P<0.01), compared to untreated
cells. After ARA incubation, the percentage of ADA increased from 0.86% to 19.89% in the

PtdCho (P<0.005) and 0.89% to 20.88% in the PtdEtn (P<0.005) (data not shown).

Changes in membrane PUFA composition alter AKT phosphorylation in HT29 and
HepG2 cells.

Cells treated with insulin only or pre-treated with fatty acids and then incubated with insulin
showed enhanced phosphorylation of the Akt protein compared to control cells with no
insulin (P<0.05) (Figure 1a).

Pre-treatment with ALA, EPA and DHA before insulin stimulation did not alter the
phosphorylation level of Akt compared to insulin only stimulated cells (Figure 1a).
Pre-treatment with LNA and ARA before insulin stimulation increased the amount of Akt
phosphorylation compared with insulin only treated cells. This increase was statistically
significant in HT29 cells (P<0.05 and P<0.01) (Figure 1a). In HepG2 cells, LNA and ARA
showed a slight but not significant increase in Akt phosphorylation (Figure 1a).

Further investigation was conducted to elucidate whether the enhancement of Akt

phosphorylation seen in LNA and ARA treated cells, was dependent on insulin and not
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merely due to ARA and LNA treatments. Cells treated with LNA and ARA but not insulin
were compared to untreated cells stimulated with insulin (Figure 2). As expected, insulin
stimulated-cells responded to insulin by enhancement of Akt phosphorylation. In contrast,
LNA and ARA did not enhance the level of phospho-Akt, showing that Akt phosphorylation

is insulin-stimulation dependent.

Discussion and Conclusions

In this study, we have demonstrated that both HT29 and HepG2 cells incorporate fatty acids
in PtdCho and PtdEtn - the most abundant cell membrane phospholipids. Moreover, we have
shown that the incorporation and resultant changes in membrane phospholipid fatty acid
composition influences insulin-induced Akt activation. The incorporation of LNA and ARA
increased significantly insulin-induced Akt phosphorylation in HT29 cells and slightly but

not significantly in HepG2 cells.

The incorporation of ALA, EPA or DHA did not have any effect on insulin-induced Akt
phosphorylation in neither of the two cell lines. These findings are inconsistent with previous
published reports [1, 3]. Supplementation of rats with fish oil improved insulin sensitivity by
increasing insulin binding and receptor number [11], and enhanced insulin-stimulated glucose
transport [30] . These contradicting observations could be a reflection of the difference
between in vivo and in vitro investigations. Moreover, because fish oil contains appreciable
amounts of LNA and ARA it is not possible to categorically attribute the observed effect on

inulin sensitivity to EPA and DHA.

The increase in Akt phosphorylation was more remarkable in HT29 than Hep2 cells treated

with LNA and ARA. In addition, these fatty acids were more efficiently incorporated by
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HT29 than HepG2 cells. In the PtdCho, incubation with LNA resulted in a 13-fold increase in
HT29 and a 6-fold in HepG2 cells. LNA increased 10 and 4.5 fold in HT29 and HepG2 cell
PtdCho, respectively. Similarly, in PtdCho, ARA incubation enhanced the level of ARA 18
fold in HT29 and 9.5 in HepG2 cells. ARA increased 7.4 fold HT29 and 2.6 in HepG2 cells
in PtdEtn. The observed difference in response to insulin and in fatty acid incorporation
between HT29 and HepG2 cells is most likely a reflection of their intrinsic characteristics.
Indeed, it is postulated that the impact of insulin on cell types is different depending on
relative IR-B: IR-A expression levels [31]. A difference in growth inhibition and apoptosis
have been observed between HepG2 and HT29 cells treated with dehydroepiandrosterone

[32]. IR-A isoform is more predominant in HT-29 [31] and IR-B in HepG2 [33].

Our findings of the effect of LNA on Akt phosphorylation is consistent with the reports of
previous studies. Field et al. [10] demonstrated that rats fed diets containing increasing ratios
of linoleic acid compared with those fed saturated fatty acids (palmitic and stearic) had
enhanced insulin binding capacity. A higher insulin-stimulated glucose uptake in adipocytes
of rats fed LNA-rich diet compared with those fed a high EPA/DHA diets was demonstrated
by Fickova et al. [31]. Similarly, Lee et al. [13] have reported increased insulin sensitivity in
experimental given n-6 polyunsaturated fatty acids. Meuillet et al. [22], in vitro studies, have

observed increased IR and IRS1 phosphorylation in HepG2 cells incubated with LNA.

The findings of the limited studies that investigated the effect of ARA supplementation on
insulin response have been inconclusive. Borkam et al. [9] found a positive relationship
between insulin-sensitivity and muscle-ARA level in healthy men. Likewise, Villegas-

Comonfort [32] demonstrated that ARA induces AKT activation in MDA-MB-231 cells. In
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contrast, Talukdar and colleagues [33] have reported that ARA inhibits insulin induced Akt

phosphorylation but promotes IRS-1 phosphorylation in rat hepatocytes.

It is not evident how the uptake of LNA and AA influences positively Akt phosphorylation.
Phosphorylation of Akt is a complex signalling cascade that involves insulin binding to IR
and stepwise phosphorylation of IR, IRS-1 and PI3K. Akt phosphorylation could be
influence positively or negatively from changes in the aforementioned steps of the signalling

cascade.

Modification of IR response to insulin by altered membrane composition might be linked to
changes of cell membrane organisation, such as alterations of rafts and caveolae
microdomains. Caveolae are thought to act as a platform for the recruitment of several signal
transduction molecules, including the IR[34, 35] . It appears these membrane microdomains
are critical for proper compartmentalization of the insulin transduction pathway and their
modification leads to alterations of insulin transduction cascade. Indeed, there is evidence
that the disruption of caveolae by depletion of cholesterol inhibits the ability of insulin to
enhance glucose uptake, and IRS-1 and Akt phosphorylation in cell lines [36]. Similarly,
impaired IRS-1 and Akt phosphorylation, insulin resistance condition, was observed in rats
fed a high cholesterol diet [37]. Chapkin et al. [38] have proposed that the aversion of DHA
and LNA to cholesterol would enhance segregation of cholesterol into lipid microdomains.
The authors have demonstrated that the above fatty acids increased clustering of proteins in
cholesterol-dependent microdomains in HeLa cells. The finding has highlighted a differential
effect of LNA versus DHA indicating that only LNA treatment reduced clustering of proteins
in non-raft regions. Consistent with the afore cited investigation, pretreatment of endothelial

cells with LNA increased caveolin-1 expression and p38 MAPK activation [39]. The authors
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postulated that certain fatty acids may either stabilize or perturb caveolae function, thus
leading to modification of caveolae-dependent pathways [40]. Similarly, Schley et al. [41]
demonstrated that LNA treatment of breast cancer cells resulted in higher content of
cholesterol and sphingomyelin in rafts as compared with DHA and EPA. In addition, EPA
and DHA decreased the expression of the epidermal growth factor receptor (EGFR)

selectively in rafts.

The above studies have highlighted the importance of membrane organisation in cell
signaling and the link between cell transduction and membrane structure. Therefore, it is
tenable to speculate that the enhancement of AKT phosphorylation after treatment with LNA
might be due to the formation and compartmentalisation of caveolae, lipid-rafts, and their

interactions with insulin receptors (IR).

After activation, PI3K phosphorylates PtdIns-4,5-P2 to yield Ptdins-3,4,5-P3. The generation
of PtdIns-3,4,5-P3 is crucial for the recruitment and phosphorylation of AKT and activation
of PDK1. There is evidence of selective incorporation of ARA in inositol phosphoglycerides
[42] and elevated levels of the fatty acid in PtdIns-4-P and PtdIns-4,5-P2 [39, 43] . A
question arises whether an increased ARA level in cell membrane alters membrane
phospholipid metabolism (i.e. accumulation, turnover), particularly of inositol containing
phospholipids. ARA had an inhibitory effect on PtdIns-1,4-P2/PtdIns-1,4,5-P3 metabolism
under condition of cycle activation in submandibular acinar cells [44]. In contrast, it
stimulated the accumulation of inositol mono-bi-and tri-phosphate, but not inositol
phosphoglycerides in astrocytes [45]. Also, it is reported that ARA PtdCho suppressed Akt
membrane translocation but left the concentration of the anchor lipid phosphatidylinositol-

3,4,5-trisphosphate unchanged in fibroblasts [46]. The question yet to be answered is whether
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increased ARA might alter the level of PtdIns-4,5-P2 available for phosphorylation and in

turn the level of PtdIns-3,4,5-P3 and effect AKT phosphorylation in HT29 cells.

Previous studies have investigated the effect of n-6 and n-3 polyunsaturated fatty acids on
Akt signaling pathway. However, most of these studies did not investigate whether or not the
supplemented fatty acids were incorporated into membrane phospholipids. In addition, some
of these studies have used a mixture of fatty acids from fish oil or vegetable seed oils instead
of individual fatty acids. The present study is original in that the cells were treated with
individual fatty acids, and it has established a link between the treatment, specific changes in
fatty acid composition of the major membrane phospholipids and the subsequent effect on

Akt phosphorylation.”

The small simple size was a limitation of this study. However, because transformed cells have
a consistent feature (very low random variations) and a significance difference is established,

the findings provide new valuable insights into the role of n-6 fatty acids in insulin signaling.

“In conclusion, the findings of the present investigation demonstrates that modification of
membrane lipids with LNA or ARA treatment enhances insulin action by activation of AKT.
Further work is required to establish whether the increased AKT phosphorylation is due to
altered IR, IRS1 and/or PI3K activation. The expression and membrane localisation of IR and
its association with caveolae should be elucidated. Furthermore, it is important to clarify if
phospholipid levels and Ptdins metabolism are altered as a consequence of changes in

membrane fatty acid composition.”

18



Funding and Authors’ Contributions
Funding — This study was supported by FP6 Marie Curie Actions - Transfer of Knowledge

(MTKD-CT-2005-029914), The Mother and Child Foundation, and The Letten Foundation.

KM carried out all experiments, analysed the data and drafted the manuscript. KG and YM

designed the study, interpreted the data and edited manuscript.

19



References

1.

10.

11.

12.

Krook A, Bjérnholm M, Galuska D, et al (2000) Characterization of signal
transduction and glucose transport in skeletal muscle from type 2 diabetic patients.
Diabetes 49:284-92 . doi: 10.2337/diabetes.49.2.284

Bjornholm M, Zierath JR (2005) Insulin signal transduction in human skeletal muscle:
identifying the defects in Type 1l diabetes. Biochem Soc Trans 33:354-357

Heydrick SJ, Jullien D, Gautier N, et al (1993) Defect in skeletal muscle
phosphatidylinositol-3-kinase in obese insulin-resistant mice. J Clin Invest 91:1358—
1366 . doi: 10.1172/JCI116337

Nettleton JA, Katz Robert (205AD) n-3 long-chain polyunsaturated fatty acids in type
2 diabetes: A review. J Am Diet Assoc 105:428-440

Mouratoff GJ, Carroll N V, Scott EM (1969) Diabetes Mellitus in Athabaskan Indians
in Alaska. Diabetes 18:29-32

Kromann N and AG (1980) Epidemiological studies in the Upernavik district,
Greenland. Incidence of some chronic diseases 1950-1974. Acta Med Scand 208:401—
6

Van Dam RM, Willett WC, Rimm EB, et al (2002) Dietary fat and meat intake in
relation to risk of type 2 diabetes in men. Diabetes Care 25:417-424 . doi:
10.2337/diacare.25.3.417

Pan DA, Lillioja S, Milner MR, et al (1995) Skeletal muscle membrane lipid
composition is related to adiposity and insulin action. J Clin Invest 96:2802-2808 .
doi: 10.1172/JCI1118350

Borkman M, Storlien LH, Pan DA, et al (1993) The relation between insulin
sensitivity and the fatty-acid composition of skeletal-muscle phospholipids. N Engl J
Med 328:238-244

Field C, Toyomizu M, Clandinin M (1989) Relationship between Dietary Fat,
Adiopcyte Membrane Composition and Insulin Binding in the Rat. J Nutr 119:1483-
1489

Liu S, Baracos VE, Quinney HA, Clandinin MT (1994) Dietary omega-3 and
polyunsaturated fatty acids modify fatty acyl composition and insulin binding in
skeletal-muscle sarcolemma. BiochemJ 299 ( Pt 3:831-837 . doi: 10.1042/bj2990831
Watson RT and JEP (2001) Intracellular organization of insulin signaling and GLUT4

20



13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

translocation. Recent Prog Horm Res 56:175-193

Lee JS, Pinnamaneni SK, Eo SJ, et al (2006) Saturated, but not n-6 polyunsaturated,
fatty acids induce insulin resistance: role of intramuscular accumulation of lipid
metabolites. J Appl Physiol 100:1467-1474 . doi: 10.1152/japplphysiol.01438.2005
Ward C, Lawrence M, Streltsov V, et al (2008) Structural insights into ligand-induced
activation of the insulin receptor. Acta Physiol 192:3-9

Alessi DR, Andjelkovic M, Caudwell B, et al (1996) Mechanism of activation of
protein kinase B by insulin and IGF-1. EMBO J 15:6541-51

Alessi DR, James SR, Downes CP, et al (1997) Characterization of a 3-
phosphoinositide-dependent protein kinase which phosphorylates and activates protein
kinase Ba. Curr Biol 7:261-269 . doi: 10.1016/S0960-9822(06)00122-9

Zhang Z, Liu H, Liu J (2017) Akt activation: A potential strategy to ameliorate insulin
resistance. Diabetes Res Clin Pract. doi: 10.1016/j.diabres.2017.10.004

Mackenzie RWA, Elliott BT (2014) Akt/PKB activation and insulin signaling: A novel
insulin signaling pathway in the treatment of type 2 diabetes. Diabetes, Metab Syndr
Obes Targets Ther 7:55-64 . doi: 10.2147/DMS0.S48260

Ginsberg BH, Brown TJ, Simon I, Spector AA (1981) Effect of the membrane lipid
environment on the properties of insulin receptors. Diabetes 30:773-780

Ginsberg BH, Jabour J SA (1982) Effect of alterations in membrane lipid unsaturation
on the properties of the insulin receptor of Ehrlich ascites cells. 690:157-164

Bruneau C, Staedel-Flaiga C, Crémelb G, et al (1987) Influence of lipid environment
on insulin binding in cultured hepatoma cells. Biochim Biophys Acta - Mol Cell Res
928:287-96

Meuillet EJ, Leray V, Hubert P, et al (1999) Incorporation of exogenous lipids
modulates insulin signaling in the hepatoma cell line, HepG2. Biochim Biophys Acta -
Mol Basis Dis 1454:38-48 . doi: 10.1016/S0925-4439(99)00023-X

Babia T, Denis-Pouxviel C, Murat JC, et al (1989) Insulin controls key steps of
carbohydrate metabolism in cultured HT29 colon cancer cells. Biochem J 261:175-9
Sears B, Perry M (2015) The role of fatty acids in insulin resistance. Lipids Health Dis
14:1-9 . doi: 10.1186/512944-015-0123-1

Bazotte RB, Silva LG, Schiavon FPM (2014) Insulin resistance in the liver: Deficiency
or excess of insulin? Cell Cycle 13:2494-2500 . doi: 10.4161/15384101.2014.947750

21



26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Qiu T, Chen M, Sun X, et al (2016) Perfluorooctane sulfonate-induced insulin
resistance is mediated by protein kinase B pathway. Biochem Biophys Res Commun
477:781-785 . doi: 10.1016/j.bbrc.2016.06.135

Hofmanova J, Vaculova A, Kozubik A (2005) Polyunsaturated fatty acids sensitize
human colon adenocarcinoma HT-29 cells to death receptor-mediated apoptosis.
Cancer Lett 218:33-41 . doi: 10.1016/j.canlet.2004.07.038

Notarnicola M, Messa C, Refolo MG, et al (2011) Polyunsaturated fatty acids reduce
Fatty Acid Synthase and Hydroxy-Methyl-Glutaryl CoA-Reductase gene expression
and promote apoptosis in HepG2 cell line. Lipids Health Dis 10:1-7 . doi:
10.1186/1476-511X-10-10

Bhattacharyya S, O-Sullivan I, Katyal S, et al (2012) Exposure to the common food
additive carrageenan leads to glucose intolerance, insulin resistance and inhibition of
insulin signalling in HepG2 cells and C57BL/6J mice. Diabetologia 55:194-203 . doi:
10.1007/s00125-011-2333-z

Luo J, Rizkalla SW, Boillot J, et al (1996) Dietary (n-3) polyunsaturated fatty acids
improve adipocyte insulin action and glucose metabolism in insulin-resistant rats:

relation to membrane fatty acids. J Nutr 126:1951-8

Fickova M, Hubert P, Crémel G, Leray C (1998) Dietary (n-3) and (n-6)
polyunsaturated fatty acids rapidly modify fatty acid composition and insulin effects in
rat adipocytes. J Nutr 128:512-519

Villegas-Comonfort S, Castillo-Sanchez R, Serna-Marquez N, et al (2014)
Arachidonic acid promotes migration and invasion through a P13K/Akt-dependent
pathway in MDA-MB-231 breast cancer cells. Prostaglandis, Leukot Essent Fat Acids
90:169-177

Talukdar I, Szeszel-Fedorowicz W, Salati LM (2005) Arachidonic acid inhibits the
insulin induction of glucose-6-phosphate dehydrogenase via p38 MAP kinase. J Biol
Chem 280:40660-40667 . doi: 10.1074/jbc.M505531200

Gustavsson J, Parpal S, Karlsson M, et al (1999) Localization of the insulin receptor in
caveolae of adipocyte plasma membrane. FASEB 13:1961-71

Karlsson M, Thorn H, Danielsson A, et al (2004) Colocalization of insulin receptor
and insulin receptor substrate-1 to caveolae in primary human adipocytes: Cholesterol

depletion blocks insulin signalling for metabolic and mitogenic control. Eur J Biochem

22



36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

271:2471-2479 . doi: 10.1111/j.1432-1033.2004.04177.x
Parpal S, Karlsson M, Thorn H, Stralfors P (2001) Cholesterol Depletion Disrupts

Caveolae and Insulin Receptor Signaling for Metabolic Control via Insulin Receptor
Substrate-1, but Not for Mitogen-activated Protein Kinase Control. J Biol Chem
276:9670-9678 . doi: 10.1074/jbc.M007454200

Hahn-Obercyger M, Graeve L, Madar Z (2009) A high-cholesterol diet increases the
association between caveolae and insulin receptors in rat liver. J Lipid Res 50:98-107 .
doi: 10.1194/jlr. M800441-JLR200

Chapkin RS, Wang N, Fan Y, et al (2008) Docosahexaenoic acid alters the size and
distribution of cell surface microdomains. Biochim Biophys Acta - Biomembr
1778:466-471 . doi: 10.1016/j.bbamem.2007.11.003

Allan D, Cockcroft S (1983) The fatty acid composition of 1,2-diacylglycerol and
polyphosphoinositides from human erythrocyte membranes. Biochem J 213:555-557
Wang L, Lim E-J, Toborek M, Hennig B (2008) The role of fatty acids and caveolin-1
in tumor necrosis factor alpha- induced endothelial cell activation. Metab Clin Exp
57:1328-1339

Schley PDD, Brindley DNN, Field CJJ (2007) (n-3) PUFA alter raft lipid composition
and decrease epidermal growth factor receptor levels in lipid rafts of human breast
cancer cells. J Nutr 137:548 . doi: 10.1093/jn/137.3.548

Chilton FH, Murphy RC (1986) Remodeling of arachidonate-containing
phosphoglycerides within the human neutrophil. J Biol Chem 261:7771-7777

Dudley DT, Spector AA (1986) Inositol phospholipid arachidonic acid metabolism in
GHa3 pituitary cells. Biochem J 236:235-42

Chung HC, Fleming N (1992) Arachidonic Acid Regulates the Phosphoinositide
Signal Transduction Pathway in Submandibular Acinar Cells. J Dent Res 71:1462—
1467 . doi: 10.1177/00220345920710080101

Murphy S, Welk G (1989) Arachidonic acid evokes inositol phospholipid hydrolysis in
astrocytes. FEBS Lett 257:68-70 . doi: 10.1016/0014-5793(89)81788-0

Koeberle A, Shindou H, Koeberle SC, et al (2013) Arachidonoyl-phosphatidylcholine
oscillates during the cell cycle and counteracts proliferation by suppressing Akt
membrane binding. Proc Natl Acad Sci U S A 110:2546-51 . doi:
10.1073/pnas.1216182110

23



Figure 1. Expression of phosphor-AKT (Ser473) after 30 minutes of stimulation with
50ng/ml insulin in HT29 and HepG2 cells.
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a— Graph

e Level of AKT phosphorylation was normalised to the expression of the AKT total
protein and expressed as ratio to control untreated cells.
o Data are expressed mean (+ SE) of two independent experiments.

¢ Significant difference from insulin stimulated only at p<0.05(*) and p<0.01 (**).

b - Western blot.
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Figure 2. Expression of phosphor-AKT (Ser473) after LNA and ARA treatment in
HT29 cells.
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Table 1. Change of omega-3 and omega-6 fatty acid levels in phosphatidylethanolamine (PtdEtn) and phosphatidylcholine (PtdCho) after

treatment in HT29 cells

HT29
Fatty Acids %
ALA EPA DHA LNA ARA

CONTROL 0.15 + 0.15 2.63 + 164 244 + 118 3.14 + 0.06 5.74 + 3.07

+ALA 3233 £+ 459 * 256 + 075 3.07 + 064 4.79 + 0.03 6.92 + 0.78

+ EPA 0.38 + 0.06 8.10 + 080 * 191 + 023 5.19 + 098 6.32 + 059
PtEtn + DHA 0.11 + 011 1366 + 174 * 2043 + 111 ** 279 + 018 6.70 + 0.01

+LNA 0.00 + 0.00 1.88 + 0.16 2.34 + 031 2896 + 421 * 6.52 + 013

+ARA 1.13 + 113 0.53 + 021 3.18 + 059 2.93 + 0.60 3709 =+ 1.78

CONTROL 0.10 + 0.10 0.08 + 0.08 0.63 + 025 3.47 + 046 0.89 + 032

+ALA 2635 + 345 * 011 + 011 0.50 + 014 4.72 = 0.60 0.85 + 031

+ EPA 0.31 + 031 3.43 + 034 * 140 + 0.07 1019 + 097 3.40 + 0.03
PdtCho + DHA 0.09 + 0.09 3.63 + 207 3.96 + 088 * 347 + 095 1.08 + 043

+ LNA 0.06 + 0.06 0.10 + 0.10 0.69 + 020 4070 + 620 * 112 + 0.27

+ ARA 0.05 + 0.05 0.14 + 014 0.90 + 028 3.88 + 0.66 1962 + 6.22

e HT29 cells were treated for 48 hours with 40 uM of a-linolenic (ALA), Eicosapentaenoic (EPA), docosahexaenoic (DHA), linoleic (LNA) acids or
arachidonic acid (ARA).

e Each experiment was repeated two times or more and the data are expressed as mean (+SE) percent total fatty acids.
e Significant difference from control at p<0.05 (*), p<0.01 (**), p<0.005 (***)



Table 2. Change of omega-3 and omega-6 fatty acid levels in phosphatidylethanolamine (PtdEtn) and phosphatidylcholine (PtdCho) after

treatment in HepG2 cells

HepG2
ALA EPA DHA LNA ARA

CONTROL 0.07 + 0.07 0.00 + 0.00 4.21 + 0.00 4.46 + 072 5.93 + 055

+ALA 9.15 + 021 * 040 + 040 3.04 + 1.46 5.49 + 012 5.53 + 014

+ EPA 0.13 + 013 164 + 010 * 6.63 + 1.93 4.60 + 051 6.85 + 040
PdtEtn

+ DHA 0.05 + 0.05 150 + 048 3883 + 616 * 263 + 121 2.24 + 004

+ LNA 0.00 + 0.00 017 + 017 7.17 + 081 18.92 + 1.00 ** 488 + 0.11

+ ARA 0.04 + 0.04 0.06 + 0.06 4.13 + 051 2.89 + 1.28 1359 + 167 **

CONTROL 0.15 + 0.08 015 + 0.08 1.76 + 0.85 5.76 + 0.93 2.49 + 1.05

+ALA 1131 + 042 * 010 + 0.10 0.68 + 0.09 4.23 + 0.62 1.29 + 0.20

+ EPA 0.10 + 0.10 061 + 028 * 200 + 1.03 5.90 + 0.90 3.31 + 1.87
PdtCho

+ DHA 0.09 + 0.09 233 + 060 * 1276 + 0.80 ** 4.06 + 0.09 2.43 + 0.18

+ LNA 0.05 + 0.05 0.00 + 0.00 0.66 + 0.01 2098 + 466 ** 0.86 + 0.02

+ ARA 0.00 + 0.00 0.00 + 0.00 2.24 + 0.29 4.09 + 051 19.76 + 201 **

HepG2 cells were treated for 48 hours with 40 uM of a-linolenic acid (ALA), eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), linoleic acid (LNA) or arachidonic
acid (ARA); each experiment was repeated two times or more the data is expressed mean (+SD) percent total fatty acids. Significant difference from control at p<0.05 (*),
p<0.01 (**), p<0.005 (***)
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