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15 Abstract: Saturated fatty acids are implicated in the development of metabolic diseases, including
16 obesity and type 2 diabetes. There is evidence, however, that polyunsaturated fatty acids can
17 counteract the pathogenic effects of saturated fatty acids. To gain insight into the early molecular
18 mechanisms by which fatty acids influence hypothalamic inflammation and insulin resistance, we
19 performed time-course experiments in a hypothalamic cell line, using different durations of
20 treatment with the saturated fatty acid palmitate, and the omega-3 polyunsaturated fatty acid,
21 docosahexaenoic acid (DHA). Western blot analysis revealed that palmitate elevated the protein
22 levels of phospho(p)AKT in a time-dependent manner. This effect seems involved in the
23 pathogenicity of palmitate, as temporary inhibition of the PI3K/AKT pathway by selective PI3K
24 inhibitors prevented palmitate-induced insulin resistance. Similarly to palmitate, DHA also
25 increased levels of pAKT, but to a weaker extent. Co-administration of DHA with palmitate

26 decreased pAKT close to the basal level after 8 h, and prevented palmitate-induced insulin
27 resistance after 12 h. Measurement of the inflammatory markers pJNK and pNF«kB-p65 revealed

28 tonic elevation of both markers in the presence of palmitate alone. DHA alone transiently induced
29 elevation of pJNK, returning to basal levels by 12 h treatment. Co-administration of DHA with
30 palmitate prevented palmitate-induced inflammation after 12 h, but not at earlier time points.

31 Keywords: hypothalamus; insulin resistance; inflammation; docosahexaenoic acid; PI3K inhibitor,
32 AKT

33

34 1. Introduction

35 Obesity has risen to a global problem occurring in not only developed, but also in emerging
36  nations [1]. A major factor in the development of obesity is over-nutrition, especially the consumption
37  of large amounts of dietary saturated fatty acids (SFA). Obesity in turn enhances the risk for
38  cardiovascular and metabolic diseases, such as type 2 diabetes [2]. In general, food intake and energy
39  expenditure are tightly controlled by a complex interplay between the periphery and the central
40  nervous system (CNS) [3]. Within the CNS this control is mainly exerted by the hypothalamus. A key
41  player in the regulation of whole body energy homeostasis is the arcuate nucleus (ARC), located in
42 the mediobasal hypothalamus adjacent to the median eminence and third ventricle. Among other cell
43 types, there are two predominant neuronal cell populations in the ARC, namely the anorexigenic pro-
44 opiomelanocortin (POMC)/cocaine- and amphetamine-regulated transcript (CART) co-expressing
45  neurons and the orexigenic neuropeptide Y (NPY)/agouti-related peptide (AgRP)/y-aminobutyric
46  acid (GABA) co-expressing neurons. While the POMC/CART neurons are largely responsible for
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mediating inhibition of food intake, the NPY/AgRP/GABA neurons mostly control the stimulation of
food intake [3]. During obesity-associated type 2 diabetes, this tightly regulated system is disturbed.
Among other markers, type 2 diabetes is characterized by elevated levels of circulating free saturated
fatty acids (SFFAs), chronic inflammation and insulin resistance in the periphery and in the
hypothalamus [4]. Evidence from animal and cell culture experiments strongly suggests that SFFAs
are involved in the development of chronic inflammation and insulin resistance in the ARC,
disrupting the regulation of whole-body energy homeostasis.

In rodents obesity causes hypothalamic inflammation (involving the c-Jun NH2-terminal kinase
(JNK) and the IxB kinase 3 (IKK{)/ nuclear factor-kB (NFkB) cascades) and insulin resistance [5-8].
Inhibition of these pro-inflammatory pathways overcomes high-fat diet (HFD)-induced insulin
resistance, indicating that inflammation is involved in the development of insulin resistance [5,9,10].
A milestone study by Thaler et al. demonstrated that HFD induces an inflammatory response in the
rat hypothalamus in a time-dependent manner, followed by neuronal injury [11]. This hypothalamic
inflammation response, evident by an increase in the expression of the inflammatory markers, tumor
necrosis factor alpha (TNFa), inhibitor of nuclear factor kappa-B kinase subunit beta (Ixkbxb) and
interleukin-18 (Il-18), occurred promptly within 24 h of feeding HFD. Interestingly, this initial
inflammatory response was transient, lasting for 1-3 days, but returned to baseline after 7 days of
continued HFD. This phenomenon of distinct phases in regard to HFD-induced inflammation is
further corroborated by a recent study in the periphery [12].

The predominant fatty acid in a typical Western style HFD is the saturated fatty acid palmitate,
prompting interest in this fatty acid as a potential key element in HFD-induced inflammation and
insulin resistance. Posey et al. have reported that intracerebroventricular (icv) injection of palmitate
induced hypothalamic inflammation and insulin resistance in rats [5]. In contrast, there is evidence
from animal models that monounsaturated fatty acids (MUFAs) and polyunsaturated fatty acids
(PUFAS) can counteract the negative effects of saturated fatty acids [13,14]. Belsham et al. showed that
palmitate induces insulin resistance in a NPY/AgRP expressing hypothalamic cell line after 24 h of
treatment, and that the palmitate-induced insulin resistance could be abrogated by activation of the
adenosine 5" monophosphate-activated protein kinase (AMPK) [15]. In another study the same group
demonstrated that pretreating these cells prior to TNFa stimulation with the PUFA docosahexaenoic
acid (DHA) had anti-inflammatory effects, mediated by the G-protein coupled receptor 120 (GPR120)
[16]. Several studies using other neuronal or peripherally-derived cell models also indicate
counteracting effects of saturated- and mono- or polyunsaturated fatty acids; For instance, several
studies in C2C12 muscle cells revealed that the polyunsaturated fatty acids for example, DHA and
eicosapentaenoic acid (EPA) opposed palmitate-induced inflammation and insulin resistance in
C2C12 muscle cells [17-21], and the MUFA oleate prevented palmitate-induced inflammation and
insulin resistance in N2a neuronal cells [22].

In the present study, we utilized the AgRP-expressing murine hypothalamic cell line mHypoA-
2/30 to gain insights into the early influences of fatty acids on hypothalamic inflammation and insulin
resistance, by conducting time-course experiments. We observed that the palmitate-induced increase
of the inflammatory markers pJNK and pNFkB-p65 occurred prior to the development of palmitate-
induced insulin resistance. Interestingly, we found that palmitate itself is able to moderately activate
the PI3K/AKT pathway, prompting us to temporarily inhibit this pathway using p110alpha and
p110beta PI3K isoform selective inhibitors. We found that palmitate-induced insulin resistance was
abrogated by this temporary inhibition of PI3K. Testing the protective effect of DHA against
palmitate-induced inflammation and insulin resistance revealed that DHA was able to prevent
palmitate-induced inflammation, and insulin resistance. Surprisingly, DHA showed opposing effects
at different time points. While DHA showed no effect on palmitate-induced increase of pNFkB-p65
at early phases, DHA itself elevated the protein levels of pJNK as well as of pAKT early in the time-
course, but prevented palmitate-induced increase of pJNK, pNFkB-p65 and pAKT later in the time-
course.
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2. Materials and Methods
2.1 Cell culture maintenance and treatment

The immortalized adult mouse hypothalamic cell line mHypoA-2/30 (CELLutions-Cedarlane,
Burlington ON CAN) was maintained in pyruvate-free, low carb Dulbecco's modified Eagle's
medium (DMEM,; Invitrogen, Carlsbad CA USA) supplemented with 10% fetal bovine serum (FBS)
and 1% antibiotic cocktail (penicillin and streptomycin) at 37 °C with 5% CO.. For the treatment with
fatty acids, mHypoA-2/30 cells were seeded 24 h before treatment and afterwards treated with either
200 pM fatty acid solution or with 10% fatty acid-free bovine serum albumin (BSA) vehicle for 4, 6, 8,
or 12 hours. Two hours before cell lysis, the medium was exchanged for FBS-free, pyruvate-free, low
carb DMEM containing the same fatty acid or BSA concentrations as used during treatment. For some
experiments, insulin sensitivity was determined by the addition of 10 nM insulin (Sigma-Aldrich, St
Louis, MO USA ) 30 minutes before cell lysis.

For experiments involving PI3K inhibition using the selective PI3K inhibitors PIK-75 and TGX-
221, the cells received a combination of 0.3 uM or 1 uM of both inhibitors (from 10 mM stock solution
in 100% dimethyl sulfoxide (DMSO)) together with 200 pM palmitate for 10 hours. Control cells
received 100% DMSO and 10% fatty acid free BSA solution. Two hours before cell lysis the medium
was exchanged for serum-free DMEM containing the same fatty acid or BSA concentrations as used
during treatment, but without the PI3K inhibitors.

To prepare samples for analysis, the cells were washed once with cold phosphate buffered saline
(PBS), followed by lysis of the cells via lysis buffer (RIPA lysis buffer containing 1 x protease inhibitor
cocktail; Complete, Roche, Mannheim, Germany), 1 mM NasVOs and 20 mM NaF (Sigma-Aldrich, St
Louis, MO USA)).

All experiments were repeated three times independently to obtain biological triplicates for
analysis.

2.2 Fatty acid and PI3K inhibitor preparation

Sodium palmitate (Sigma-Aldrich, St Louis, MO USA) was initially dissolved in 0.1 M NaOH
(pre-heated to 70°C) to give a final stock solution of 100 mM and stored at -20°C. For cell culture
experiments the stock solution was mixed with a 10% fatty acid free BSA solution (pre-heated to
55°C) to a final concentration of 10 mM. Similarly, DHA, linoleate and oleate (Sigma-Aldrich, St
Louis, MO USA) were mixed with a 10% fatty acid free BSA solution (pre-heated to 55°C) to a final
concentration of 10 mM. The PI3K inhibitors PIK-75 and TGX-221 (Cayman Chemical, Ann Arbor,
MI, USA) were dissolved in 100% DMSO to give a final stock solution of 10 mM and stored at -20°C.

2.3 Western blot analysis

Protein content was determined by bicinchoninic acid assay (Thermo Fisher Scientific, Waltham,
MA, USA). 20 ug of each protein sample was mixed with Laemmli buffer, heated at 90°C for 5
minutes and separated on a 10% sodium dodecyl sulfate-polyacrylamide gel. Proteins were blotted
via semi-dry blotting on a nitrocellulose membrane (Amersham, GE Healthcare Life Science, Chalfont
St Giles, UK), followed by blocking of the membrane with Tris-buffered saline with 0.1% Tween20
(TBS-T) containing 5% nonfat dry milk (Allpharm, Messel, Germany) for one hour. The membranes
were incubated with the following primary antibodies (Cell Signaling Technology, Danvers, MA,
USA) in TBS-T over night at 4°C: pAKT (Ser473) (1:1000), total AKT ( 1:000), pNF«B-p65 (Ser536)
(1:1000), pJNK (Thr183/Tyr185) (1:1000) and GAPDH (1:10000). The membranes were washed three
times for 10 minutes in TBS-T and incubated for 1 h with horseradish peroxidase (HRP)-conjugated
secondary antibody (1:5000) (Cell Signaling Technology, Danvers, MA, USA). After additional 3
washing steps, the membranes were incubated with enhanced chemiluminescence (ECL) solution for
2 minutes and subsequently exposed to X-ray hyperfilms (Fujifilm, Minato, Tokio, Japan).
Densitometrical quantification of the proteins was performed by using the software Image] (Wayne
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148  Rasband, National Institutes of Health, Bethesda, MD, USA). Relative protein expression was
149 analysed from samples loaded on the same SDS page, or loading controls where used to normalize
150  results, in experiments for which the number of samples exceeded the capacity of a single gel. In each
151  experiment data are expressed relative to control, set as 100%.

152
153 2.4 Cell viability

154 mHypoA-2/30 cells were seeded in pyruvate-free, low carb DMEM supplemented with 10% FBS
155  and 1% antibiotic cocktail. Cells were treated with either 200 pM fatty acid solution or with 10% fatty
156  acid-free BSA vehicle. Cell viability was monitored by staining the cells with tryptophan blue and
157  counting the cell numbers after 6 h and 12 h with a Neubauer chamber.

158
159 2.5 Statistics

160 The data are presented as the means +SEM of triplicates and differences were considered
161  significant if p <0.05. The data were analyzed via SigmaPlot (Jandel Corporation, Erkrath, Germany)
162  and statistical significance was determined using one-way ANOVA with post hoc test (Holm-Sidak).
163 Where data failed equal variance or normality tests, they were analyzed by one-way ANOVA on
164 ranks followed by Dunn’s multiple comparison test.

165  3.Results
166 3.1 Palmitate induces insulin resistance in hypothalamic neurons

167 There is strong evidence that high circulating levels of saturated free fatty acids are associated
168  with the development of hypothalamic inflammation and insulin resistance. We investigated
169  whether palmitate alters the ability of insulin to increase the protein content of pAKT in mHypoA-
170 2/30 cells. The cells were treated with 200 uM palmitate or vehicle for 12 h. Thirty min before cell
171  lysis, insulin signaling via the PI3K/AKT pathway was stimulated by the addition of 10 nM insulin
172 (or vehicle) followed by the detection of pAKT protein level via western blot analysis.
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175 Figure 1: Palmitate induces insulin resistance in mHypoA-2/30 cells within 12 h of treatment. The
176 effect of palmitate (PA) in the presence or absence of insulin (Ins) on the content of phosphorylated
177 AKT (Ser 473) protein was investigated by western blot analysis. mHypoA-2/30 cells were treated
178 either with vehicle (Ctrl) or with 200 uM palmitate for 12 h. Relative levels of pAKT were normalized
179 to each respective GAPDH protein level and the value of vehicle + Ins (Ctrl + Ins) was set to 1. Shown

180 are means *SEM of triplicates; * p < 0.05, ** p < 0.001.
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181 While in the absence of insulin, levels of pAKT were at the detection limit of the assay,
182  stimulation of the cells with 10 nM insulin for 30 min led to an increase of pAKT of about 20 fold (p
183  <0.001) (Figure 1). This insulin-induced increase of pAKT was significantly reduced to about 40%
184 after treating the cells with 200 uM palmitate for 12 h (p <0.001). The level of pAKT was moderately
185  increased after 12 h palmitate treatment without insulin stimulation compared with the
186  corresponding control (p = 0.04) (Figure 1). Determination of cell numbers after 6 h and 12 h of
187  treatment with 200 uM palmitate revealed no significant differences in cell proliferation in
188  comparison to vehicle treated cells, indicating that treatment of the cells with palmitate did not affect
189  cell growth within 12 h of treatment (0 h (In(no. of cells/ml) +SEM): vehicle vs palmitate = 10.46 + 0.52
190  vs 10.46 + 0.52; 6h (In(no. of cells/ml) £SEM): vehicle vs palmitate = 11.76 + 0.24 vs 11.26 + 0.20; 12 h
191  (In(no. of cells/ml) +SEM): vehicle vs palmitate = 12.10 + 0.12 vs 11.47 + 0.60 ).

192

193 3.2 Docosahexaenoic acid and oleate prevent palmitate-induced insulin resistance

194 We next investigated the potential of MUFAs or PUFAs to counteract the pathogenic effects of
195  palmitate. We investigated the effects of co-incubation with DHA, the w-6 polyunsaturated fatty acid
196  linoleate or the -9 monounsaturated fatty acid oleate, on palmitate-induced insulin resistance. We
197  incubated mHypoA-2/30 cells either with 200 uM of the respective fatty acid alone, or together with
198 200 uM of palmitate for 12 h. Thirty min before the cell lysis, we stimulated the PI3K/AKT pathway
199  with 10 nM insulin. The level of pAKT was detected by western blot analysis.

200
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202 Figure 2: Docosahexaenoic acid and oleate prevent palmitate-induced insulin resistance within 12 h
203 of treatment. The effect of docosahexaenoic acid (DHA) (a), oleate (OA) (b) and linoleate (LA) (c) on
204 palmitate (PA)-induced insulin resistance was investigated via western blot analysis by measuring
205 the level of pAKT. mHypoA-2/30 cells were treated either with vehicle (Ctrl), with 200 uM of the
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206 respective fatty acid alone or together with 200 uM palmitic acid for 12 h. 30 min before cell lysis,
207 insulin (Ins) was added to the cells (final conc. 10 nM). Relative levels of pAKT were normalized to
208 each respective GAPDH protein level and the value of vehicle + Ins (Ctrl + Ins) was set to 1. Shown
209 are means +SEM of triplicates; * p <0.05, ** p < 0.01, *** p < 0.001.
210 In the presence of 200 uM DHA the palmitate-induced insulin resistance was completely

211  abrogated after 12 h (Figure 2a). A similar effect was seen after co-incubation with 200 uM oleate
212 (Figure 2b). Interestingly, treatment with oleate resulted in a slight reduction of pAKT protein levels
213 compared with the insulin treated control (p = 0.041). However, co-incubation with linoleate did not
214 prevent palmitate-induced insulin resistance (Figure 2¢), showing a level of pAKT comparable to that
215 observed following treatment with palmitate alone (Figure 1).

216

217 3.3 Palmitate induces insulin resistance in hypothalamic neurons in a time-dependent manner

218 Based on the finding that palmitate alters the ability of insulin to increase pAKT after 12 h
219  treatment in the hypothalamic cell line, we investigated the underlying time course. Therefore,
220  neurons were treated with 200 uM palmitate or vehicle for 4 h, 6 h, 8 h and 12 h. Thirty min before
221  cell lysis, insulin signaling via the PI3K/AKT pathway was stimulated by the addition of 10 nM
222 insulin followed by the detection of pAKT via western blot analysis.
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225 Figure 3: Palmitate-induced insulin resistance takes 12 h to develop. The effect of different durations
226 of palmitate (PA) treatment on the level of pAKT (Ser473) was investigated by western blot analysis.
227 mHypoA-2/30 cells were either treated with vehicle (Ctrl) or with 200 uM palmitate for4h, 6 h, 8 h
228 or 12 h. Insulin (Ins) was added to the cells (final conc. 10 nM) 30 min before cell lysis. Relative levels
229 of pAKT were normalized to each respective GAPDH protein level and the value of vehicle + Ins (Ctrl
230 +Ins) was set to 1. Shown are means +SEM of triplicates; * p < 0.05, ** p < 0.01, *** p < 0.001.
231 Palmitate induced insulin resistance in a time-dependent manner (Figure 3). While treatment

232 with palmitate did not lead to a decrease of pAKT within the first 8 h, after 12 h we observed a
233 significant reduction of pAKT to about 50% in comparison with control (p < 0.001). In contrast, we
234 observed a slight increase of pAKT after palmitate treatment before 12 h, which attained statistical
235  significance after 6 h and 8 h of treatment (p = 0.005 and p = 0.018, respectively).

236

237 3.4 Palmitate increases pAKT in hypothalamic neurons

238 We next investigated whether palmitate treatment might alter the level of pAKT in the absence
239  of insulin. To assess whether palmitate is able to directly influence the PIBK/AKT pathway, we treated
240  the cells with 200 uM palmitate for 4 h, 6 h, 8 h and 12 h, without insulin stimulation.

241
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243 Figure 4: Palmitate increases the level of pAKT. The effect of different durations of palmitate (PA)
244 treatment on the level of pAKT (Ser473) was investigated by western blot analysis. mHypoA-2/30
245 cells were treated with vehicle (Ctrl) or 200 pM palmitate for 4 h, 6 h, 8 h or 12 h. Relative levels of
246 pAKT were normalized to each respective GAPDH protein level and the value of vehicle (Ctrl) was
247 set to 1. Shown are means +SEM of triplicates; ** p < 0.01, ** p <0.001.
248 Four hours after initiation of treatment, pAKT protein levels were increased by about 4 fold (p <

249 0.001) (Figure 4). This effect was still visible after 6 h and 8 h at a level of about 2.5 fold higher than
250  control levels (p = 0.004 and p < 0.001, respectively). However, there was no significant difference
251  between the control and palmitate treated cells after 12 h. We normalized phosphorylated proteins
252 to the house keeping gene product GAPDH as we consider the signal transduction response to be
253 exclusively dependent on the absolute number of phosphorylated molecules. We further scrutinized
254  that palmitate did not lead to a change in total AKT protein level over the time-course of this
255  experiment (Fig. S1).

256

257 3.5 Docosahexaenoic acid prevents palmitate-induced insulin resistance

258 Having established that of the unsaturated fatty acids we tested, DHA had the most profound
259  effect against palmitate-induced insulin resistance, we further investigated this effect of DHA.
260  mHypoA-2/30 cells were treated with 200 uM DHA alone or in combination with 200 uM palmitate
261  for4h, 6 h, 8 h or 12 h. Thirty minutes before cell lysis, the PI3K/AKT pathway was stimulated by

262  the addition of 10 nM insulin, followed by measuring of pAKT via western blot analysis.
263
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265 Figure 5: Docosahexaenoic acid prevents palmitate-induced insulin resistance. The effect of
266 docosahexaenoic acid (DHA) on palmitate (PA)-induced insulin resistance was investigated via
267 western blot analysis by measuring pAKT (Ser473) protein levels at different time points. mHypoA-
268 2/30 cells were treated either with vehicle (Ctrl), with 200 pM DHA alone, or 200 uM DHA in
269 combination with 200 uM palmitate for 4 h, 6 h, 8 h or 12 h. Insulin (Ins) was added to the cells (final
270 conc. 10 nM), 30 min before cell lysis. Relative levels of pAKT were normalized to each respective
271 GAPDH protein level and the value for vehicle + Ins (Ctrl + Ins) was set to 1. Shown are means +SEM
272 of triplicates; ** p < 0.01.
273 As expected, treatment with 200 uM DHA did not negatively influence the ability of insulin to

274  increase protein levels of pAKT in hypothalamic cells at any measured time point (Figure 5).
275  Furthermore, co-treatment of the cells with 200 uM DHA and 200 uM palmitate normalized pAKT
276  levelsafter 12 h, in contrast to the reduced levels observed after treatment with palmitate alone. These
277  findings suggest that DHA is able to prevent palmitate-induced insulin resistance in hypothalamic
278  neurons. A slight increase over control at 8 h may suggest that DHA enhances the effect of insulin (p
279  =0.009) at this particular time point.

280

281 3.6 DHA increases levels of pAKT protein, in a time-dependent manner similar to palmitate

282 Based on the unexpected finding that palmitate increased the protein level of pAKT, we further
283  explored whether or not DHA alone influences the level of pAKT, and alters the ability of palmitate
284  toinduce pAKT. mHypoA-2/30 cells were treated either with vehicle, or with 200 uM DHA alone or
285  in combination with 200 uM palmitate for different time periods, without stimulation of the
286  PI3BK/AKT pathway by insulin.

287
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289 Figure 6: Docosahexaenoic acid increases short-term pAKT protein levels, but prevents the long-term
290 palmitate-induced increase in pAKT. The effect of docosahexaenoic acid (DHA) alone or in
2901 combination with palmitate (PA) on pAKT protein levels were analyzed via western blot analysis by
292 measuring protein levels of pAKT (Ser473) at different time points. Therefore, mHypoA-2/30 cells
293 were either treated with vehicle (Ctrl), or with 200 uM docosahexaenoic acid alone or in combination
294 with 200 uM palmitate for 4 h, 6 h, 8 h or 12 h. Relative levels of pAKT were normalized to each
295 respective GAPDH protein level and the value of vehicle (Ctrl) was set to 1. Shown are means +SEM
296 of triplicates; * p <0.05, ** p <0.01, *** p < 0.001.
297 Similar to the effect observed for palmitate, DHA increased pAKT in a time-dependent manner

298  (Figure 6). After 4 h of treatment, DHA increased pAKT levels by about 2.5 fold (p = 0.001). In
299  combination with palmitate, however, this increase was significantly higher (ca. 4 fold; p < 0.001).
300  After 6 h of DHA treatment pAKT levels increased about 1.5 fold (p = 0.047), whereas after 8 and 12
301  h pAKT levels were similar to those in vehicle-treated cells. Palmitate and DHA in combination led
302  to an approximately 2.5 fold increase in levels of pAKT after 6 h (p = 0.017). After 8 h treatment with
303  DHA or DHA with palmitate, pAKT was still slightly elevated relative to control (p = 0.026 and p =
304  0.009), whereas after 12 h of treatment, neither DHA alone nor DHA with palmitate increased pAKT.
305  Astreatment with 200 uM palmitate, 200 uM DHA did not significantly affect cell proliferation within
306 12 h compared with vehicle treated cells (0 h (In(no. of cells/ml) +SEM): vehicle vs palmitate = 10.46 +
307  0.52 vs 10.46 + 0.52; 6 h (In(no. of cells/ml) +SEM): vehicle vs palmitate = 11.76 + 0.24 vs 11.47 + 0.15;
308 12 h treatment (In(no. of cells/ml) £SEM): vehicle vs palmitate = 12.10 + 0.12 vs 11.53 £ 0.59).

309

310 3.7 Inhibition of PI3K prevents palmitate-induced insulin resistance

311 To test whether or not the palmitate-induced increase of pAKT is involved in palmitate-induced
312 insulin resistance, we temporarily blocked the PI3K/AKT pathway. Temporary inhibition of PI3K
313 wasachieved by the use of the PI3K inhibitors PIK-75, a selective inhibitor of the PI3K p110« catalytic
314 subunit, and TGX-221, a selective inhibitor of the PI3K p110p catalytic subunit. Cells were treated
315  either with 200 uM palmitate alone or together with both inhibitors present at 0.3 uM, or 1 uM, for
316 10 h. The medium was then replaced with serum-free medium containing only palmitate but no PI3K
317  inhibitors for additional 2 h, removing the blockade of the PI3K/AKT pathway. Cells were stimulated
318  with 10 nM insulin 30 min before cell lysis. Levels of pAKT were determined via western blot
319  analysis.

320
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322 Figure 7: Inhibition of PI3K prevents palmitate-induced insulin resistance. The effect of a combination
323 of the two PI3K inhibitors PIK-75 and TGX-221 on palmitate (PA)-induced insulin resistance was
324 investigated via western blot analysis by measuring the protein level of pAKT (Ser473). mHypoA-
325 2/30 cells were treated either with vehicle (Ctrl), with 200 pM palmitate alone, or together with a
326 combination of 0.3 uM PIK-75 + 0.3 uM TGX-221 (Inhib.1) or 1 uM PIK-75 + 1 uM TGX-221 (Inhib.2)
327 for 10 h. The medium was then exchanged for additional 2 h against serum-free medium containing
328 the same fatty acid concentrations, but without the PI3K inhibitors. Insulin (Ins) was added to the
329 cells (final conc. 10 nM), 30 min before cell lysis. Relative levels of pAKT were normalized to each
330 respective GAPDH protein level and the value of vehicle + Ins (Ctrl + Ins) was set to 1. Shown are
331 means +SEM of triplicates; * p < 0.05, ** p <0.01, ** p < 0.001.
332 PIK-75 and TGX-221 together at either 0.3 uM or 1 uM abrogated palmitate-induced insulin

333 resistance (p < 0.001 and p = 0.003 respectively). The data therefore show that temporary inhibition
334  of the PIBK/AKT pathway can attenuate palmitate-induced insulin resistance (Figure 7). This
335  suggests that that the pathological action of palmitate is related to its ability to increase pAKT protein
336  levels. Interestingly, the use of the higher concentration of inhibitors led to a smaller increase of pAKT
337 by insulin than the lower inhibitor concentration did (p = 0.017). This may reflect ongoing inhibition
338  of the PI3K/AKT pathway, following incubation with the higher inhibitor concentrations.

339

340 3.8 Influence of palmitate and docosahexaenoic acid on early inflammation

341 Several studies revealed that palmitate can induce pro-inflammatory signaling in neuronal cells
342 [15,22,23]. HFD-induced pro-inflammatory signaling has been shown to occur in different phases
343 [11]. To investigate the early phase of palmitate-induced inflammation and the protective effect of
344  DHA, we treated the cells either with palmitate or DHA alone, or in combination for 8 h or 12 h. This
345  experiment was done with or without stimulation by insulin. As markers for inflammation, the
346  protein levels of phosphorylated JNK and NF«kB-p65 were measured.

347
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350 Figure 8: Effects of palmitate and DHA on the protein level of pNF«B-p65 and pJNK after 8 h and 12
351 h of treatment. The effect of palmitate (PA) and DHA on pNFkB-p65 (Ser536) protein levels after 8 h
352 (a) and 12 h (b), and on pJNK (Thr183/Tyr185) protein levels after 8 h (c) and 12 h (d), was investigated
353 using Western blot analysis. mHypoA-2/30 cells were treated either with vehicle (Ctrl), 200 pM
354 palmitate, 200 pM DHA, or 200 uM of both DHA and palmitate for 8 h or 12 h. Insulin (Ins, 10 nM)
355 was added 30 min before cell lysis. Relative levels of pNFkB-p65 and pJNK were normalized to each
356 respective GAPDH protein level and the value of vehicle was set to 1. Shown are means +SEM of
357 triplicates; * p < 0.05, ** p <0.01, *** p < 0.001.
358 Palmitate led to an increase in the level of pNFxB-p65 by about 2.5 fold compared with control

359  after 8 h (p <0.001, Figure 8a). DHA alone had no effect on pNF«B-p65, and co-incubation of DHA
360  with palmitate did not prevent the palmitate-induced increase in pNFkB-p65 at this time point (p =
361  0.008 for PA + DHA vs. Ctrl). After 12 h, palmitate was still able to increase levels of pNFkB-p65 (p =
362  0.002), whereas DHA had no effect (Figure 8b). However, co-administration of DHA and palmitate
363  led to a decrease in levels of pNFkB-p65 to below the levels of control treated cells (PA + DHA vs.
364  PA: p <0.001; PA + DHA vs. Ctrl: p = 0.007). This result suggests that DHA prevents palmitate-
365  induced upregulation of pNFkB-p65.

366 Levels of pJNK protein were markedly increased (about 6 fold) after 8 h treatment with either
367  palmitate (p <0.001) or DHA (p <0.001) (Figure 8c). Combined treatment with both fatty acids further
368  increased the levels of pJNK by about 10 fold (p <0.001) (PA + DHA vs. PA: p = 0.014; PA + DHA vs.
369  DHA: p = 0.007). After 12 h of palmitate treatment the level of pJNK protein was similar to levels
370  observed at 8 h, about 6 fold higher than control (P <0.001) (Figure 8d). In the presence of DHA alone
371  levels of pJNK were lower compared to the palmitate treated cells, but did not return to baseline
372 (DHA vs. Ctrl: p = 0.004). Similar to the results for pNF«kB-p65, co-administration of both fatty acids
373 led to a more profound reduction in pJNK, however, levels remained higher than control (p = 0.009).
374  This suggests that DHA partially protects from palmitate-induced upregulation of pJNK.
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375  4.Discussion

376 We used an AgRP expressing hypothalamic cell line to study the time course of fatty acids
377  affecting insulin signaling and inflammatory pathways. Treatment of the cells with 200 uM palmitate
378  for 12 h led to insulin resistance at a molecular level as indicated by a decrease in protein levels of
379  phosphorylated AKT. Co-treatment with DHA or oleate (200 uM) prevented palmitate-induced
380  insulin resistance and the time course experiment with DHA revealed that DHA did not negatively
381  affect insulin-induced AKT phosphorylation. The potential prevention of palmitate-induced insulin
382  resistance by oleate has previously been reported in neuroblastoma cells (N2a) and primary rat
383  cortical neurons [22], in which preconditioning the cells with DHA, oleate or linoleate prevented
384  palmitate-induced cytotoxicity. This effect was strongest for preconditioning with oleate, followed
385 by DHA and linoleate. Further observations of a beneficial effect of DHA and oleate against
386  palmitate-induced insulin resistance have come from investigations in peripheral cell models,
387  especially from muscle cells [17-21,24].

388 We found that 200 uM palmitate induced insulin resistance in a time-dependent manner, with
389  reduced insulin responses 12 h after palmitate treatment. Time-dependent development of palmitate-
390  induced insulin resistance is consistent with observations by Mayer et al. [15], who observed that it
391  required 24 h of treatment for insulin resistance to develop in a similar hypothalamic cell line, but
392 did not included a 12 h time-point in their study. They determined insulin resistance by measuring
393 pAKT in relation to total protein (G-protein ). Their western blot showed no alterations of total AKT
394  protein. Furthermore, they found that treatment of the cells for 24 h with 200 M palmitate did not
395  affect cell morphology as determined by light microscopy, while higher palmitate concentrations
396  showed cytotoxic effects. This finding is in-line with our observation that treatment of the cells for 6
397  hor 12 h with 200 uM palmitate had no significant effect on cell proliferation compared with vehicle
398  treated cells. A more recent study in the hypothalamic cell line mHypoA CLU192, using palmitate at
399 250 uM, found a 60% reduction in pAKT at 6 h, increasing to about 80% reduction at 12 h and 24 h
400  [25]. The discrepancy between the studies might be explained by the use of a higher palmitate
401  concentration in the latter study, which might accelerate the development of insulin resistance.

402 The unexpected observation that palmitate increased pAKT levels independently of insulin
403  suggests that palmitate might activate the PI3K/AKT pathway. It is therefore plausible that activation
404  of this pathway by palmitate might lead to the development of insulin resistance through a negative
405  feedback loop mechanism, the result of which is that insulin is not able to increase pAKT protein
406  levels. Palmitate increased pAKT in a time-dependent manner. To our knowledge, this is the first
407  report of palmitate-induced increase of pAKT in hypothalamic neurons, but time-dependent or
408  transient effects of palmitate have been reported in rodent adipocytes [26,27] and skeletal muscle cells
409  [28]. Pu et al. investigated the acute effects of palmitate on glucose uptake in skeletal muscle tissue
410  and cell lines, and found that palmitate induced translocation of the glucose transporter GLUT4 to
411  the cell membrane via activation of the PI3K/AKT pathway [28]. A transient increase of pAKT began
412 within minutes after treatment, peaked after about 45 min, fell rapidly after 1 h and was undetectable
413 after 3 h. More consistent with our observations, a transient effect of palmitate on pAKT has been
414  reported in 3T3 L1 adipocytes [29]. Using this cell line, Guo et al. detected a palmitate-induced
415  increase in pAKT after 6 h of treatment, while this effect was absent after 12 h and 24 h [29]. These
416  data indicate that a time-dependent or transient palmitate-induced elevation of pAKT may not be
417  restricted to hypothalamic neurons.

418 Like palmitate, DHA also increased pAKT protein levels, with the strongest effect detected after
419 4 h of treatment. However, the magnitude of increase was lower compared than that following
420  palmitate treatment, and lasted only 6 h before returning to basal levels. Administration of 200 pM
421  DHA together with 200 M palmitate led to an increase of pAKT levels similar to those induced by
422  palmitate alone, at 4 h and 6 h after administration, but unlike in the cells treated with palmitate
423 alone, there was almost no difference relative to control after 8 h. These data indicate that DHA is
424 able to increase pAKT independently of palmitate. After 8 h, the presence of DHA may reverse
425  palmitate-induced activation of pAKT, as cells treated with both fatty acids have levels of pAKT
426  similar to controls. This more rapid return to baseline levels may explain the beneficial effects of DHA
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in preventing palmitate-induced insulin resistance. Consistent with this time-dependent effect of
DHA, a different study reported that DHA or palmitate increases the expression of gonadotropin-
releasing hormone (Gnrh) mRNA through a mechanism dependent on the PI3K signaling pathway
[30]. In those studies treatment of the hypothalamic cell line mHypoA-GnRH/GFP with 100 uM DHA
for 5 min increased pAKT by about 1.5 fold. Furthermore, inhibition of PI3K via the PI3K inhibitors
LY294002 (50 pM) or wortmannin (1 pM) for 1 h, followed by co-incubation of the cells with either
100 nM DHA or palmitate for 2 h, reduced the effect of both fatty acids on Gnrh mRNA expression.
This result indicates that both fatty acids are able to activate the PI3K pathway, and that this
activation is involved in the DHA- and palmitate-mediated increase of Gnrh mRNA expression [30].
In another study the same group reported that pretreatment of the hypothalamic cell line rHypoE-7
with 100 uM DHA for 1 h prior to TNFa treatment for 10 min led to an increase in pAKT protein level
of about 3.5 fold [16]. The time-dependent and opposing effects of DHA on pAKT levels and on
palmitate-induced elevation of pAKT remain unexplained; further studies are needed to better
understand the modulation of the PI3K pathway by DHA.

Our observation that temporary inhibition of the PI3K/AKT pathway via inhibition of PI3K by
PIK-75 and TGX-221 prevented palmitate-induced insulin resistance after 12 h indicates that the effect
of palmitate to increase pAKT levels might contribute to the palmitate-induced insulin resistance. A
possible explanation for this phenomenon comes from studies of hyperinsulinemia. Several in vivo
and in vitro studies have shown that prolonged hyperinsulinemia is correlated with attenuated
insulin signaling [31-35]. Using an immortalized hypothalamic cell line, Mayer et al. found that long-
term incubation with high concentrations of insulin induced insulin resistance [31]. This
hyperinsulinemia-induced insulin resistance was found to be caused by mTOR-S6K1-mediated
insulin receptor substrate 1 (IRS-1) phosphorylation at Ser1101, and the reduction of insulin receptor
(IR) and IRS-1 protein levels. Since palmitate seems to have “insulin-like” effects, it is therefore
possible that palmitate-induced insulin resistance might develop through a mechanism similar to
that reported for hyperinsulinemia. A temporary inhibition of the PI3BK/AKT pathway might
therefore be beneficial to circumvent prolonged activation of this pathway. The mechanism of
palmitate-induced insulin resistance, which develops over time, might be interrupted.

Our experiments revealed a protective effect of DHA against palmitate-induced inflammation
which was time-dependent. While palmitate increased the level of pNF«B-p65, DHA alone did not.
Combined administration of palmitate and DHA required 12 h of treatment to reverse the effect of
palmitate, whereas 8 h of treatment had no effect. A similar phenomenon was observed for pJNK
levels within 12 hours of treatment, but after 8 hours, combined administration of palmitate and DHA
increased protein levels of pJNK to levels higher than observed after treatment with either of these
fatty acids alone. Nevertheless, our findings suggest that co-treatment with DHA for 12 h protects
against palmitate-induced pro-inflammatory signaling via the NFiB-p65 and JNK pathways.

Some cell culture experiments addressing the influence of fatty acids on hypothalamic
inflammation and insulin resistance have been performed. A palmitate-induced increase of pJNK has
been described by Mayer et al. [15]. By treating mHypoE-44 hypothalamic neurons with 200 pM
palmitate they observed an increase of about 1.5 fold of pJNK protein levels after 4 h and 24 h of
treatment and an increase of about 3 fold after 8 h of treatment. Although the authors found inhibition
of JNK via the inhibitor SP600125 to be sufficient to prevent palmitate-mediated endoplasmic
reticulum (ER) stress, the inhibition failed to prevent palmitate-induced insulin resistance.
Interestingly, they neither observed an increase in the protein level of phosphorylated inhibitor of
nuclear factor kappa-B kinase subunit beta (pIKK{), a process which occurs prior to the
phosphorylation of NFkB-p65 during signal transduction of the NF«B signaling cascade, nor an
inhibition of the palmitate-induced insulin resistance after administration of an IKKf inhibitor. In
another study, the same group investigated the influence of DHA on TNFa-induced inflammation in
rHypoE-7 hypothalamic neurons [16]. They reported that pretreatment of the cells with 100 uM DHA
for 1 h prevented TNFa-induced inflammation as examined by several inflammatory markers,
including protein levels of pTAK1 or mRNA levels of I[ixBa. Furthermore, they found the interaction
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479  of DHA with GPR120 to be responsible for the anti-inflammatory effect of DHA. One study using the
480  neuroblastoma cell line N2a revealed that pJNK as well as pNF«B-p65 protein levels were increased
481  with time after exposure of the cells to 300 uM palmitate for different time periods between 0 h and
482 24 h [22]. For the time periods of 8 h and 16 h of palmitate treatment they observed a 2 to 3 fold
483  increase for the protein levels of pJNK as well as of pNFkB-p65. Pretreatment of the N2a cells with
484 300 uM oleate for 24 h, followed by incubation with 300 uM palmitate for another 24 h, revealed a
485  protective effect of oleate against palmitate-induced inflammatory responses, indicated by the
486  complete inhibition of palmitate-induced increase of pERK1/2, pJNK and pNFkB-p65 protein levels.
487 Taken together, our data confirm the potential of palmitate to induce pro-inflammatory
488  responses, and insulin resistance, in hypothalamic neurons. While other studies have focused on the
489  protective effects of preconditioning with PUFAs and MUFAs against palmitate-induced
490  inflammatory responses, we investigated the effect of co-incubation of palmitate with the PUFA
491  DHA. Similar to the reported effects of preconditioning with DHA or oleate, we observed a protective
492  effect of DHA co-incubation, in palmitate-induced pro-inflammatory responses in hypothalamic
493 neurons. Our unexpected finding that co-incubation with palmitate and DHA showed even lower
494 levels of inflammatory markers than DHA treatment alone, remains to be investigated. Our findings
495  show time-dependence in the development of palmitate-induced hypothalamic inflammation and
496  insulin resistance, and time-dependence in the protective effect of DHA. That DHA itself markedly
497 increased pJNK protein levels after 8 h, but not after 12 h, and was able to reduce the effect of
498  palmitate after 12 h, suggest a bidirectional effect of DHA in early phases of inflammatory response
499  induction.

500 Our finding that the development of palmitate-induced insulin resistance requires PI3K
501  activation, and that palmitate increased pAKT protein levels in the absence of insulin, suggests that
502  a direct influence of palmitate on the insulin signaling pathway may contribute to the pathogenic
503  influence of palmitate on insulin signaling, and the development of type 2 diabetes.
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