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Abstract

Hypoxia is involved in many neuronal and non-neuronal diseases, and defining the mechanisms

for tissue adaptation to hypoxia is critical for the understanding and treatment of these diseases.

One mechanism for tissue adaptation to hypoxia is increased glutamine and/or glutamate (Gln/

Glu) utilization. To address this mechanism, we determined total Gln/Glu incorporation into lipids

and fatty acids in both primary neurons and a neuronal cell line under normoxic and hypoxic

conditions and compared this to non-neuronal primary cells and non-neuronal cell lines.

Incorporation of Gln/Glu into total lipids was dramatically and specifically increased under

hypoxia in neuronal cells including both primary (2.0- and 3.0- fold for Gln and Glu, respectively)

and immortalized cultures (3.5- and 8.0- fold for Gln and Glu, respectively), and 90% to 97% of

this increase was accounted for by incorporation into fatty acids (FA) depending upon substrate

and cell type. All other non-neuronal cells tested demonstrated decreased or unchanged FA

synthesis from Gln/Glu under hypoxia. Consistent with these data, total FA mass was also

increased in neuronal cells under hypoxia that was mainly accounted for by the increase in

saturated and monounsaturated FA with carbon length from 14 to 24. Incorporation of FA

synthesized from Gln/Glu was increased in all major lipid classes including cholesteryl esters,

TAGs, DAGs, free FA, and phospholipids, with the highest rate of incorporation into TAGs.

These results indicate that increased FA biosynthesis from Gln/Glu followed by esterification may

be a neuronal specific pathway for adaptation to hypoxia.
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INTRODUCTION

Hypoxia is an important pathological condition of many neurological and non-neurological

diseases, including stroke, head trauma, brain injury, tumor development, toxicosis, heart

disease, vascular inflammation, atherosclerotic and ischemic vascular disease, aging, and

neurodegenerative diseases (Gallagher & Hackett 2004, Wilson et al. 2009, Lin et al. 2013,
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Raymond et al. 2011, Clambey et al. 2012, Kirby et al. 2012). Functional and behavioral

deficits associated with nervous system damage from hypoxia are associated with neuronal

damage in the hippocampus and cortex (Hartman et al. 2005, Maiti et al. 2007, Hota et al.

2008). The tissue adapts to these conditions through activation of anaerobic metabolism in

order to protect the nervous system from further damage. Thus, defining molecular

mechanisms for tissue adaptation to hypoxic conditions is critical for the understanding and

pharmacological treatment of many pathophysiological processes in the nervous system

where hypoxia is involved.

One of the mechanisms for tissue, including brain and tumor, adaptation to anaerobic

conditions is increased glutamine and/or glutamate (Gln/Glu) consumption (Chen & Russo

2012, Pascual et al. 1998, DeBerardinis et al. 2007, Schippers et al. 2012) at levels

exceeding that required for protein biosynthesis (DeBerardinis et al. 2007). In addition, the

relative contribution of Gln/Glu utilization for lipogenic acetyl-CoA through reductive

carboxylation of α-ketoglutarate is increased under hypoxia in all cell types tested (Leonardi

et al. 2012, Metallo et al. 2012, Gameiro et al. 2013), indicating that lipid synthesis from

Gln/Glu might be increased under hypoxia. Although the relative contribution of Gln versus

glucose for lipogenic acetyl-CoA synthesis is increased under hypoxia (Leonardi et al. 2012,

Metallo et al. 2012, Gameiro et al. 2013), to the best of our knowledge, the absolute

incorporation of Gln/Glu into lipids and fatty acids (FA) under hypoxic conditions in

neuronal cells has not been previously determined.

In the present study, we determined the incorporation of Gln/Glu into lipids and FA in a

neuronal cell line and primary neurons under hypoxic conditions, and compared the results

to non-neuronal cell lines and primary cell cultures. The total incorporation of Gln/Glu into

total lipids was dramatically and specifically increased in neuronal cells, while it was

decreased or unchanged in all non-neuronal cells tested. Incorporation into total (esterified

and free) FA accounted for 90% to 97% of the substrate incorporation into neuronal lipids

depending upon substrate and cell type. These results indicate that FA biosynthesis from

Gln/Glu might be a specific adaptation pathway for neuronal cells under hypoxia.

MATERIALS AND METHODS

Materials

SH-SY5Y and BV2 cell lines were a gift from Dr. Colin Combs. All other cell lines were

purchased from the American Type Culture Collection (ATCC, Manassas, VA). E-18

primary rat cortical neurons, E-19 primary rat astrocytes, horse serum, Dulbecco’s Modified

Eagle Medium/F-12 (DMEM/F-12), Minimum Essential Medium (MEM) with and without

L-glutamine and Neurobasal media were purchased from Life Technologies (Grand Island,

NY). Fetal Bovine Serum (FBS) was purchased from Serum Source International (Charlotte,

NC). L-[U-14C] glutamine (Gln, 275 mCi/mmol), L-[U-14C] glutamic acid (Glu, 260 mCi/

mmol), D-[U-14C] glucose (Glc, 289 mCi/mmol), L-[U- 14C] aspartic acid (Asp, 200 mCi/

mmol) and [1,14C] glycerol trioleate (50 mCi/mmol) were purchased from PerkinElmer

(Waltham, MA). Throughout the text, the fatty acids are represented by “number of

carbons : number of double bonds”, and where this is relevant to the discussion, the position

of the first double bond from the methyl terminus is indicated by “n-x”, where × is the first
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double-bonded carbon atom counting from the methyl terminal end of the chain. Unlabeled

fatty acid standards were purchased from Nu-Check Prep (Elysian, MN). Palmitic acid-d4

(16:0-d4) was purchased from Cambridge Isotope Laboratories (Tewksbury, MA).

Arachidonic acid-d8 (20:4-n6-d8) and linoleic acid-d4 (18:2-n6-d4) were purchased from

Cayman Chemicals (Ann Arbor, MI). Mouse monoclonal antibodies to hypoxia inducible

factor (HIF) 1α (ab16066), HIF2α (ab157249), β-Actin (ab8226), and HRP conjugated

Goat polyclonal to mouse IgG (ab97023) were purchased from Abcam (Cambridge, MA).

All solvents used for LC-MS analysis were LC-MS grade and were purchased from Fisher

Scientific (Waltham, MA).

Cell Culture

All cells except primary neurons were plated on a six well cell culture plate (CELLSTAR,

Greiner Bio-One, Monroe, NC) at a density of 1.5 million cells per well three days before

the experiment and maintained at 5% CO2 at 37°C in DMEM/F-12 with 10% FBS and 5%

Horse Serum. For experiments with primary cortical neurons, cells were seeded on a six

well poly-d-lysine coated plate (Becton Dickinson, Franklin Lakes, NJ) at a density of 1

million cells per well and maintained at 5% CO2 at 37°C in neurobasal medium containing 2

% B-27 Supplement (Life Technologies) and 0.5 mM Glutamax (Life Technologies). Half

of the medium was replaced 24 hr after plating and every third day thereafter. Neurons were

used for experiments after 10 days in culture.

Cell Counts and Cytotoxicity

To count cells, cells were trypsinized with 1mL 0.25% trypsin-EDTA (Gibco) for 10 min.

The trypsin was inactivated by adding 1 mL DMEM/F12 with 10% FBS and 5% horse

serum. The medium was triturated to wash cells off the plate, and the cell suspension was

collected in a microfuge tube. A 100 µL aliquot was mixed with 10 µL trypan blue (0.4 % in

PBS) and 10 µL was placed on a haemocytometer. Cells excluding trypan blue were counted

in four fields of view and averaged to determine viable cells. The results were averaged

across 3 cell culture wells.

Cytotoxicity was measured as a lactate dehydrogenase (LDH) percent release from cells

(Korzeniewski & Callewaert 1983) using an enzymatic kit (BioVision, Milpitas, CA).

Cytotoxicity was expressed as (LDHmedium/LDHmedium+cells)×100%.

Cell treatment with hypoxia and radioactive substrates

The growth medium was replaced with serum-free MEM and cells were incubated at 5%

CO2, 37°C, and 100% humidity in either 19% O2 (normoxia) or 1% O2 (hypoxia) 24 hours

before treatment with lipogenic substrates. The medium used was not pre-equilibrated under

1% oxygen, however the incubation time under hypoxic conditions significantly exceeds the

time required for oxygen removal from media that was estimated to be 2 h (Goldberg et al.

1986). The induction of hypoxia inducible factors HIF1α and HIF2α confirmed that cells

were under hypoxic conditions (Fig 1, B and C). Hypoxic conditions were maintained using

a Galaxy 48R incubator (Eppendorf, Hamburg, Germany) which controls oxygen levels by

purging with nitrogen. After 24 h of preconditioning, the medium was replaced with either 2

mL serum-free MEM to determine total fatty acids in normoxic versus hypoxic cells by
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mass spectrometry or 2 mL serum-free MEM containing a radiolabeled substrate to

determine incorporation of specific substrates into lipids. Replacing the medium at 24 h

ensures no nutrients were depleted during the preconditioning phase. The amounts of

radiolabeled substrates used per cell culture well (2mL of medium) were: 2 µCi of

[U-14C]glucose (Glc, 3.5 µM in addition to 5.5 mM of unlabeled from MEM), 2 µCi

[U-14C]aspartate (Asp, 5 µM), 2 µCi [U-14C]glutamine (Gln, 3.6 µM in addition to 2 mM of

unlabeled from MEM), or 2 µCi [U-14C]glutamate (Glu, 3.8 µM). The cells were treated

with substrate under normoxic or hypoxic conditions for an additional 18 h. The medium

was then removed and the cells were washed two times with ice cold PBS prior to lipid

extraction.

Lipid Extraction

The cells were scraped into 0.5 mL methanol twice and transferred into a silanized

(Sigmacote, Sigma Chemical Co., St. Louis, MO) screw top glass test tubes. For MS

analysis, 100 ng of 16:0-d4, 18:2n6-d4, and 20:4n6-d8, were added to the plates as internal

standards before scraping. The lipids were extracted using the Folch procedure (Folch et al.

1957). Briefly, an additional 1 mL of methanol and 4 mL of chloroform were added to cells.

The mixture was vortexed, sonicated, and centrifuged at 2000 g for 10 min. The supernatant

was transferred into a new silanized screw top tube. The extract was washed once with 1.2

mL 0.9% NaCl and the upper phase was washed twice with 1.2 mL chloroform : methanol :

water (3 : 48 : 47). The combined extract was dried under nitrogen and redissolved in 1 mL

of hexane : 2-propanol (3 : 2) with vortexing. One hundred microliters was transferred into a

20 mL scintillation vial containing 10 mL Cytoscint™ (MP Biomedicals; Solon, OH)

scintillation cocktail and counted in a scintillation counter (LS-6500, Beckman Coulter,

Pasadena, CA). Another aliquot (450 µL) was subjected to saponification to release FA.

Radiolabeled saponified samples were separated by thin layer chromatography (TLC) and

analyzed for total FA radioactivity. Non-radiolabeled saponified samples were analyzed by

UPLC-MS for total FA mass.

Saponification

Cell lipid extracts were transferred into screw-top test tubes, evaporated under nitrogen, re-

dissolved in 180 µL methanol and 20 µL 5 M KOH in water, and saponified at 60°C for 60

min in a water bath. The solution was neutralized with the addition of 20 µL 5 M HCl

followed by the addition of 780 µL 0.9% NaCl. The free fatty acids were extracted with 2

mL hexane 3 times. The hexane extracts were combined in a new silanized screw top tube.

Saponification and extraction conditions were validated using [1,14C] glycerol trioleate. The

recovery of radio labeled free FA after separation by TLC was 94.8 ± 3.3 % (n=3).

Thin Layer Chromatography

To determine radioactivity in different lipid fractions including triacylglycerols (TAG),

diacylglycerols (DAG), monoacylglycerols (MG), free FA, cholesterol (Ch), Cholesteryl

esters (CE), and phospholipids (PL), the extracts were separated by TLC. The TLC plates

(Partisil® LK6, Silica Gel, 60 Å, 250 µM, 20x20cm, Whatman, Maidstone, UK) were

activated by heating to 110°C overnight. The sample was evaporated under nitrogen and re-
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dissolved in 100 µL chloroform. Fifty microliters of the sample (22.5% from total lipid

extract) was spotted on the plate. The plates were heated to 100°C for 5 min and placed in a

TLC tank containing petroleum ether : diethylether : acetic acid (75 : 25 : 1.3 by volume) for

1hr (Marcheselli et al. 1988). The plates were visualized in iodine vapors. The bands

corresponding to each lipid fraction were scraped and transferred into a scintillation vial

with 1 mL methanol. Ten milliliters of Cytoscint™ scintillation cocktail was added and the

samples were counted in a scintillation counter.

Fatty acid quantification with UPLC-MS Analysis

To prepare the saponified extracts for MS analysis, the extracts were evaporated under

nitrogen and transferred to silanized microinserts (Agilent, Santa Clara CA; part #5181–

8872) using two washes of 130 µl hexane. The samples in the microinserts were then

evaporated under nitrogen and re-dissolved in 30 µl of acetonitrile : 2-propanol : water (1 :

1.28 : 1.28 by volume).

The LC system consisted of a Waters ACQUITY UPLC pump with a well-plate autosampler

(Waters, Milford, MA) equipped with an ACUITY UPLC HSS T3 column (1.8 µM, 100 A

pore diameter, 2.1×150 mm, Waters) and an ACUITY UPLC HSS T3 Vanguard precolumn

(1.8 µM, 100 A pore diameter 2.1 × 5 mm, Waters). Two microliters of a sample was

injected onto the column. The column temperature was 55°C and the autosampler

temperature was 8°C.

The flow rate was 0.3 mL/min. Solvent A consisted of acetonitrile : water (40 : 60) with 10

µM ammonium acetate and 0.025% acetic acid. Solvent B was acetonitrile : 2-propanol (10 :

90) containing 10 µM ammonium acetate and 0.02% acetic acid. Solvent B was initially held

at 40% for 0.1 min and was then increased to 99% over 10 min using a linear gradient.

Solvent B was held at 99% for 8 min before returning to initial conditions over 0.5 min. The

column was equilibrated for 2.5 min between injections.

Fatty acids were quantified using a quadrupole time-of-flight mass spectrometer (Q-TOF,

Synapt G2-S, Waters) with electrospray ionization in negative ion mode as described

previously (Brose et al. 2013). The cone voltage was 20 V and the capillary voltage was

1.51 kV. The source and desolvation temperatures were 110 °C and 350 °C respectively.

The analyzer was operated with extended dynamic range at 10,000 resolution (fwhm at m/z

554) with an acquisition time of 0.1s. MSE mode was used to collect data with the T-wave

element alternated between a low energy of 2V and high energy states where the transfer T-

wave element voltage was from 10–25 V (Bateman et al. 2002). The cone gas flow rate was

10 L/h and the desolvation gas flow was 1,000 L/h. Leucine enkephalin (400 pg/µl, ACN :

water, 50 : 50 by volume) was infused at a rate of 10 µl/min for mass correction. MassLynx

V4.1 software (Waters) was used for instrument control, acquisition, and sample analysis.

Saturated FA were quantified against 16:0-d4, mono- and di- unsaturated FA were quantified

against 18:2-d4, and polyunsaturated FA were quantified against 20:4n6-d8 using a

generated standard curve. Total FA was calculated as the sum of 6:0, 7:0, 8:0, 9:0, 10:0,

11:0, 12:0, 13:0, 14:0, 15:0, 16:0, 17:0, 18:0, 19:0, 20:0, 21:0, 22:0, 24:0, 16:1, 18:1, 20:1,

22:1, 24:1, 18:2, 20:2, 22:2, 18:3, 20:3, 22:3, 20:4, 20:4, 22:4, 22:5, 22:5, and 22:6.

Brose et al. Page 5

J Neurochem. Author manuscript; available in PMC 2015 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
Western blot—Cells were lysed in RIPA buffer (20 mM Tris, pH 7.4, 150 mM NaCl, 1

mM Na3VO4, 10 mM NaF, 1 mM EDTA, 1 mM EGTA, 0.2 mM phenylmethylsulfonyl

fluoride, 1 % Triton X-100, 0.1 % SDS, and 0.5% deoxycholate) with protease inhibitors (1

mM AEBSF, 0.8 µM Aprotinin, 21 µM Leupeptin, 36 µM Bestatin, 15 µM Pepstatin A, and

14 µM E-64, Sigma Chemical Co). Total protein concentration was measured using a dye

binding assay with bovine serum albumin as a standard (Bradford 1976) using Bio-Rad

Protein Assay (Bio-Rad, Hercules, Ca). The samples were diluted 1 : 1 with 2× Laemmli

Sample Buffer (Bio-Rad) containing 5% β-Mercaptoethanol and heated to 95 °C for 5 min.

Fifteen micrograms of protein was loaded onto a 10 % acrylamide gel (Mini-Protean TGX,

Bio-rad) and separated for 40 min at 150 V using a running buffer consisting of 25 mM Tris,

192 mM Glycine, 0.1 % SDS; pH 8.3. The proteins were transferred to a polyvinylidene

fluoride membrane (Pall Co.; Pensacola, Fl) by electroblotting at 300 mAmp for 1 h in

transfer buffer (25 mM Tris, 192 mM Glycine, 12% MeOH). After transfer, the membrane

was blocked with 3% BSA in TBS-T (50 mM Tris, 150 mM NaCl, 0.1 % Tween-20; pH 7.6)

for 30 min at room temperature. The blocking solution was replaced with the primary

antibody in TBS-T with 3% BSA and incubated overnight at 4 °C. The primary antibody

solution was removed, rinsed for 10 min in TBS-T three times. The HRP conjugated

secondary antibody was prepared in TBS-T containing 5% powdered milk. The membrane

was incubated in the secondary antibody solution for 1.5 h followed by two 10 min TBS-T

rinses. The membrane was visualized using the luminol based Amersham™ ECL™ Prime

detection reagent (GE Healthcare, Buinghamshire, UK) and imaged using an Omega Lum G

imager (Aplegen, Santa Barbara, CA). Optical density of the bands was quantified using

VisionWorksLS 7 (UVP; Upland, CA) and normalized to actin.

Statistics

Statistical analysis was performed using GraphPad Prism 5 (GraphPad, San Diego; CA).

Statistical comparisons were determined using a two-way, unpaired Student’s t test or

ANOVA with Tukey’s post hoc test with statistical significance defined as <0.05. All values

are expressed as mean ± SD. The sample size (n) represents independent measurements

from (n) independent cell culture wells.

RESULTS

FA are increased in neuronal cells under hypoxia

FA levels are increased in various tissues under hypoxic conditions (Filipovic & Buddecke

1971, Yatsu & Moss 1971, Chabowski et al. 2006, Rankin et al. 2009, Boström et al. 2006),

however the mechanisms for FA increase are still not completely understood. FA increase

under hypoxia might be the result of decreased lipid oxidation or increased lipid

biosynthesis (Whitmer et al. 1978, Filipovic & Buddecke 1971, Rankin et al. 2009, Boström

et al. 2006). To address the contribution of biosynthesis to FA increase in neuronal cells, we

first quantified total FA changes in the neuronal SH-SY5Y cell line (Fig. 1, A). Consistent

with other model systems (Filipovic & Buddecke 1971, Yatsu & Moss 1971, Chabowski et

al. 2006, Rankin et al. 2009, Boström et al. 2006), the neuronal total FA were significantly

increased after 24 h and 42 h under hypoxia (1.2 and 1.3 fold, respectively, as compared to
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the same incubation time under normoxia). The total FA mass increase was mainly

accounted for by the increase in saturated and monounsaturated FA with carbon length from

14 to 24 (Table 1). Although shorter chain FA (10:0 and 12:0) were also significantly

increased under hypoxia, the absolute mass for these FA was much lower compared to

longer chain FA, decreasing their contribution to total FA increase.

Western blots were performed for HIF 1α and HIF 2α in order to confirm that cells were

under hypoxia. (Fig 1, B and C). HIF 1α and HIF 2α were elevated 2.4- and 5.9- fold,

respectively, at 1% oxygen compared to 19% oxygen indicating that the cells were

responding to the hypoxia.

Incorporation of lipogenic substrates into FA under hypoxia in neuronal cell line

Next, we quantified the incorporation of different lipogenic substrates into lipids and FA in

SH-SY5Y under hypoxic and normoxic conditions (Fig. 2). Because oxygen deprivation

limits ATP production through oxidative phosphorylation under hypoxia, FA synthesis

which requires ATP consumption for malonyl-CoA formation was expected to be decreased.

Consistent with this assumption, glucose and aspartate incorporation into total lipids and FA

was significantly decreased. Surprisingly, Gln and Glu incorporation into total lipids was

significantly and dramatically increased 3.5- and 8.0- fold, respectively. Upon saponification

of the [U-14C]Glu labeled lipid extracts, 87.3% and 97.1% of radioactivity was recovered in

the form of FA under normoxic and hypoxic conditions, respectively (Fig. 2, A and B),

indicating that Glu was mainly used for acyl group synthesis in lipids.

Analysis of the radioactivity distribution between lipid classes indicates that synthesis of all

lipid classes from Glu was proportionally increased under hypoxia except for TG which

were increased to a higher extent, while Ch radioactivity was decreased (Fig. 3). The relative

decrease in Ch synthesis resulted in a higher (97.1%) relative recovery of radioactivity in the

form of FA upon saponification. The relative TG radioactivity increase upon hypoxia might

be associated with increased deposition of newly synthesized FA in lipid droplets. In

addition, the decrease of relative radioactivity in the non-acyl containing fraction Ch is

consistent with predominant synthesis of FA with further esterification into acyl-containing

lipids under hypoxia.

Interestingly, Glu was a preferred substrate for incorporation into FA compared to Gln as the

incorporation rate for Glu was 10.0 fold higher as compared to Gln (Fig. 2). Because of the

known excitatory and toxic effects of Glu on neuronal cells (Croce et al., Choi et al. 1987,

Olney & Sharpe 1969), we confirmed that the Glu concentration used (3.8 µM) was not

toxic (Fig. 4, A), and did not affect the rate of incorporation of the other substrate Gln (Fig.

2, A and B). Glu concentration used (3.8 µM) was based on the specific activity of

radiotracer L-[U-14C] Glu, (260 mCi/mmol) to allow for a measurable incorporation of

radiolabel into lipids. In addition, hypoxia did not affect the number of cells within the time

of experiment for all cell types tested (42 h, Fig. 4, B), thus providing a rational to normalize

the incorporation rates by the cell number. These data are consistent with primary neurons

and astrocytes survival under hypoxia conditions with sufficiently supplied glucose

(Goldberg et al. 1986, Haun et al. 1993, Haun et al. 1992).
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Incorporation of lipogenic substrates into FA under hypoxia in primary cortical neurons

Because of the known differences in metabolism between cell lines and primary cell cultures

(Sandberg & Ernberg 2005, Pan et al. 2009), we tested if primary cortical neurons also

increase FA synthesis from Glu and Gln under hypoxia. Consistent with the cell line,

primary neurons significantly increased lipid synthesis from Glu and Gln (3.0- and 2.0- fold,

respectively, Fig. 5, A and B) under hypoxia, that was mainly (by 90.9%) accounted for by

the increased FA synthesis (Fig. 6). Also consistent with neuronal cell line, the primary

neurons preferred Glu versus Gln for FA synthesis (Fig. 5, A and B).

FA biosynthesis is specifically increased in neuronal cells

Next, we addressed the universal nature of the increased FA synthesis from Glu and Gln

under hypoxia. Because the reductive decarboxylation of Glu is relatively increased under

hypoxic conditions for FA synthesis as a universal mechanism for all cell lines previously

tested (Leonardi et al. 2012, Metallo et al. 2012, Gameiro et al. 2013), we determined if FA

synthesis from Gln/Glu is also increased in cell types other than neuronal cell lines and brain

primary glial cells. Surprisingly, in non-neuronal cells analyzed Gln and Glu incorporation

into FA under hypoxia was significantly reduced in BV2 (mouse microglial), PC12 (rat

adrenal medulla pheochromocytoma), HepG2 (human liver hepatocellular carcinoma), and

A549 (human lung alveolar adenocarcinoma) cell lines and primary rat cortical astrocytes,

or was unchanged in A431 (human epidermoid carcinoma) and 786-O (human renal

adenocarcinoma) (Fig. 5, A and B).

DISCUSSION

To address the mechanism for neuronal cells adaptation to hypoxia, we determined FA

biosynthesis from different lipogenic substrates in neuronal and non-neuronal cell lines and

primary cell cultures under hypoxia. Hypoxia dramatically and specifically induced FA

synthesis from Gln/Glu in a neuronal cell line and primary neurons. In contrast, FA

synthesis from Gln/Glu was decreased or unchanged in all non-neuronal cells tested under

hypoxia. These results indicate that FA biosynthesis from Gln/Glu might be an adaptation

pathway for neuronal cells to hypoxia.

The increase in both shorter and longer chain FA under hypoxia indicates that both de-novo

synthesis and FA elongation are activated in neuronal cells. Although 8:0 and 10:0 were also

increased, their contribution to total FA increase was lower because of the low relative mass

in the cells (Table 1). However, this smaller pool of shorter chain FA is an intermediate pool

in the de-novo FA synthesis. Together with a terminal product of de-novo synthesis (16:0)

increase, these data further supports that de-novo FA synthesis is increased under hypoxia in

neuronal cells. Interestingly, very long chain FA (22:0, 22:1, 24:4, and 24:1) which are

produced through elongation and de-saturation pathways were also significantly increased

under hypoxia. Because sphingolipids are known to be enriched in very long chain saturated

and monounsaturated FA including 22:0, 22:1, 24:0, and 24:1 (Merrill 2011), this increase

might indicate the formation of sphingolipids. Although the distribution of radioactivity in

total PL was not changed under hypoxia (Fig. 3), this does not preclude the possibility that

more sphingolipids were synthesized at the expense of glycerophospholipids. Importantly,
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sphingolipids might modulate various intracellular pathways including pro- and anti-

apoptotic signaling (Senkal et al. 2010, Thamiiselvan et al. 2002, Smyth et al. 1996), and

further studies might be of interest to address FA incorporation into sphingolipids under

hypoxia in neuronal cells.

Intriguingly, FA are known to be rapidly oxidized during uptake in brain tissue with more

than 50% incorporation into brain aqueous phase (Golovko et al. 2005, Golovko & Murphy

2006), and ~75% of brain aqueous radioactivity is recovered in the form of Glu and Gln

upon i.v. infusion of 14C labeled 16:0 (Miller et al. 1987). In the present study we report, for

the first time, an incorporation of Gln/Glu carbons back into FA. This might represent

another type of carbon units recycling between lipids and neuromediators, and similar to FA

β-oxidation/synthesis cycle, the shift of this cycle might be dictated by brain energy and/or

neurotransmitter requirements.

A number of mechanisms might account for activation of FA biosynthesis under hypoxia

including regulation of gene expression, phosphorylation, and allosteric regulation for rate

limiting enzymes, and substrate availability. Activation under hypoxia may be controlled

through the sterol regulatory element-binding proteins (SREBP) family. The likely candidate

is SREBP-1 family, because it is known to activate transcription of genes mainly involved in

FA, TG, and PL biosynthetic pathways including acetyl-CoA carboxylase (ACC), fatty acid

synthase (FAS), and glycerol-3-phosphate acyltransferase (GPAT) (Pai et al. 1998, Horton

et al. 2003). In contrast, activation of SREBP-2 mainly activates transcription of cholesterol

biosynthesis genes (Pai et al. 1998, Horton et al. 2003). Importantly, FAS expression is

increased under hypoxia (Tsui et al. 2013, Furuta et al. 2008), and hypoxia up-regulates the

synthesis of SREBP-1, but not SREBP-2 (Li et al. 2007, Furuta et al. 2008). Putative

involvement of SREBP-1 in this regulation is consistent with our finding that synthesis of all

acyl-containing lipid classes, but not Ch was increased in neurons under hypoxia. Because

SREBP is regulated differently in neurons and astrocytes (Pierrot et al. 2013), this provides

a rational that increased FA synthesis from Gln/Glu in neurons, but not astrocytes, is up-

regulated through SREBP-1 under hypoxia. In addition, FA synthesis is regulated through

modulation of ACC activity, which is regulated by phosphorylation through the AMPK

pathway (Munday 2002, Brownsey et al. 2006). Phosphorylation decreases its activity

(Munday 2002, Brownsey et al. 2006), but Glu increases ACC activity by increasing

phosphatase activity toward phosphorylated ACC (Baquet et al. 1993, Gaussin et al. 1996).

In addition, ACC activity is enhanced by allosteric regulation by citrate and glutamate

(Vagelos et al. 1963, Boone et al. 2000). Thus, our observed increase in neuronal FA

synthesis is consistent with increased ACC activity via stimulation of phosphatase by Glu.

In addition, under hypoxia aconitase expression may be increased (Tsui et al. 2013). The

elevated expression of aconitase may increase conversion of isocitrate to citrate further

stimulating increased ACC activity in neurons. However, hypoxia decreases uptake of Glu

by astrocytes (Murugan et al. 2013, Boycott et al. 2007, Rao et al. 1990), and promotes Glu

efflux from astroglia (Danbolt 2001, Malarkey & Parpura 2008, O'Shea 2002), thereby

potentially reducing its allosteric regulation of ACC activity in astrocytes during hypoxia.

Thus, hypoxia may account for both decreased Glu availability for FA synthesis and
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decreased ACC activity in astrocytes, resulting in decreased FA synthesis in astrocytes

observed in the present study.

The importance for FA biosynthesis from Gln/Glu under hypoxic conditions could be

explained through different mechanisms. Because hypoxia did not affect the cell number in

neuronal cell lines and primary cell cultures within the time frame of experiment, it is

unlikely that increased FA synthesis is required for synthesis of membrane lipids to support

cell proliferation as was speculated to explain increased lipogenesis in tumor cells

(Porstmann et al. 2009). Alternatively, the FA synthesis might be required to balance Glu

concentrations in neuronal tissue under hypoxia, thus protecting neurons from Glu induced

excitotoxicity. It is well documented that Glu levels are dramatically (20- to 160- fold)

increased in brain tissue upon ischemia (Hagberg et al. 1985, Takagi et al. 1993), and this

increase might account for neuronal damage (Ankarcrona et al. 1995). This might also

explain the higher levels of incorporation of Glu into FA compared to Gln which is not

cytotoxic. However, astrocytes which are known to regulate Glu levels in the nervous

system (McLennan 1976), decreased Glu utilization for FA synthesis under hypoxia. This

might indicate that this is not a primary mechanism for Glu regulation in the whole nervous

tissue, but rather a local mechanism associated with neurons under hypoxia. Although

astrocytes actively uptake Glu from media and convert it to Gln, aspartate, and lactate

depending upon exogenous Glu concentration under normoxic conditions (McKenna et al.

1996), hypoxia prevents uptake of Glu by astrocytes through downregulation of excitatory

amino acid transporters (Murugan et al. 2013, Boycott et al. 2007, Rao et al. 1990), thus

limiting astrocytic role in preventing Glu excitotoxicity under hypoxia. In line with this

discussion, other studies demonstrated reverse the function of glutamate transporters under

hypoxia that further facilitates astroglial Glu release (Danbolt 2001, Malarkey & Parpura

2008, O'Shea 2002). In addition to the decreased capacity of astrocytes to deplete

extracellular Glu under hypoxia, the decreased Glu uptake in astrocytes might account for

decreased Glu availability for FA synthesis that is consistent with decreased FA synthesis

under hypoxia observed in the present study. Further studies are required to address the role

of Glu transport in regulating substrate availability for FA synthesis in astroglia versus

neurons under hypoxia.

In addition, our data indicate that Glu is a much preferred substrate for incorporation into

FA than Gln under both normoxic and hypoxic conditions. This may indicate a substrate

competition between Gln and Glu for reductive carboxylation which is known to be the

major pathway for Gln utilization for lipogenic Acyl-CoA production (Leonardi et al. 2012,

Metallo et al. 2012, Gameiro et al. 2013). To be utilized for FA synthesis, Gln first needs to

be converted to Glu by glutaminase which is localized in the mitochondria (Roberg et al.

2010), thus adding an extra step for Gln utilization and defining Glu as a preferred substrate.

In addition, the compartmentalization of Glu and Gln metabolism (McKenna et al. 2000,

Zielke et al. 1998) will prevent mixing Glu and Gln product pools, thus each substrate might

be channeled to FA synthesis through different enzymatic systems at different rates. If a free

mixing of Glu and Gln metabolites occurs, than one would expect a significant dilution of

radiolabeled products from Glu (3.8 µM) with unlabeled Gln (2mM). Because a similar

concentration of radiolabeled Gln (3.6 µM) was used as alternative substrate, the same
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specific activity of immediate precursor for FA synthesis (malonyl-CoA) would be expected

for both substrates, and thus the same radioactivity of synthesized FA would be observed for

both Glu and Gln in neuronal cells. Because the observed radioactivity of FA was much

higher in the case of labeled Glu, these data support the earlier proposed

compartmentalization for Glu and Gln metabolism (McKenna et al. 2000, Zielke et al.

1998). The assumption made in this discussion is that there is no preference for uptake of

Glu versus Gln, and this assumption is consistent with the preferred Gln (but not Glu)

utilization in neurons that is supplied by astrocytes (Zwingmann & Leibfritz 2003, McKenna

et al. 2000).

Furthermore, increased FA biosynthesis in neuronal cells under hypoxia might be important

for utilization of reduced cofactors (NADH2
+, NADPH2

+, FADH2). One of the most

important consequences of hypoxia is the decreased oxygen availability required for energy

production through oxidative phosphorylation. As a result, ATP levels are decreased, while

the reduced cofactors are significantly increased, limiting both energy and oxidative

potential in cells. The tissue adapts to these conditions by switching to anaerobic glycolysis

that yields 2 moles of ATP per mole of Glc. However, this pathway leads to further

accumulation of reduced cofactors (2 moles of NADH2
+). Because of the limited availability

of oxidized cofactors in cells (NAD, NADP, FAD), it is essential to transfer hydrogen to

other cellular acceptors to support anaerobic glycolysis and oxidative reactions. One of these

acceptors is pyruvate (2 moles from one Glc), which are converted into lactate (2 moles per

mole Glc) during anaerobic glycolysis. However, the high lactate levels (pKa=3.86)

produced from glucose (pKa=12.28) rapidly decrease cellular pH, leading to neuronal death

(Malisza et al. 1999, Payen et al. 1996). Thus, FA synthesis might be an alternative

mechanism to utilize hydrogen and end-products of anaerobic glycolysis with much higher

capacity and limited effect on pH as opposed to lactate accumulation. In fact, each mole of

acetyl-CoA produced from 1 mole of Gln/Glu will utilize 2 moles of NADH2
+ during

incorporation into FA. In addition, reductive carboxylation which is the major pathway for

Gln utilization for lipogenic Acyl-CoA production (Leonardi et al. 2012, Metallo et al. 2012,

Gameiro et al. 2013) also consumes one reduced cofactor, further normalizing cellular

reductive potential under hypoxia. It is reasonable to speculate that the amino group from

Glu is used for pyruvate amination produced from glycolytic pathway, thus preventing pH

drop. Alanine aminotransferase (ALAT; EC 2.6.1.2) that catalyzes amino group transfer

between Glu and pyruvate is found in primary neurons and brain tissue (McKenna et al.

2000, Westergaard et al. 1993, Ruščák et al. 1982). However, the cytosolic pathway for FA

synthesis requires malonyl-CoA production from acetyl-CoA which requires 1 mole of ATP

per mole of malonyl-CoA. Thus, cytosolic FA biosynthesis will have a zero ATP balance

when coupled to glycolysis. The mitochondrial FA synthesis is an alternative to the

cytosolic pathway (Whereat & Rabinowitz 1975, Hiltunen et al. 2010, Hinsch et al. 1976,

Seubert & Podack 1973, Hinsch & Seubert 1975, Podack & Seubert 1972). The free energy

of the mitochondrial pathway is favorable for fatty acid biosynthesis without ATP

consumption, and this pathway does not require malonyl-CoA and thus ATP for fatty acid

biosynthesis (Hinsch et al. 1976, Seubert & Podack 1973, Hinsch & Seubert 1975, Podack

& Seubert 1972), therefore leading to a positive ATP balance when linked to glycolysis.
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Further studies are required to clarify if FA biosynthesis under hypoxia supports cellular

reductive potential only, or energy charge, or both.

In summary, we demonstrated that FA biosynthesis from Glu and Gln is dramatically and

specifically increased in neuronal cells and correlates with total FA increase under hypoxia.

These results indicate that FA biosynthesis from Gln/Glu might be an adaptation pathway

for neuronal cells survival under hypoxia.
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DAG diacylglycerol
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Fig. 1. Total fatty acid mass increase under hypoxic conditions in neuronal cell line
SH-SY5Y cells were incubated in serum-free MEM medium under normoxic (19% O2) or hypoxic (1% O2) conditions. Medium

was changed for fresh serum-free medium after the first 24 h of incubation. A: Lipids were extracted from cells after 24 and 42 h

of incubation using chloroform/methanol by the Folch protocol, saponified with KOH, and fatty acids extracted with hexane

were analyzed using the UPLC-MS method as described in the Methods section. a – statistically different as compared to 0h; b –

statistically different as compared to 19% O2 at 24h; c – statistically different as compared to 19% O2 at 42h using ANOVA

with Tukey’s post-test. Values are mean ± SD, n=6. B: A Western blot analysis of SH-SY5Y cell lysate at 42 h as described in

the Methods section to confirm cell response to hypoxic conditions. C: Quantification of optical densities of the Western blots. *

– statistically different as compared to 19% O2 using Student’s t test. Values are mean ± SD, n = 3.
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Fig. 2. Incorporation of radiolabeled substrates into total lipids and total fatty acids in a neuronal cell line
Incorporation of radiolabeled substrates into total lipids (A) and total (free + esterified) fatty acids (B) upon incubation of SH-

SY5Y cells with 2 µCi of [U-14C]glucose (Glc), [U-14C]aspartate (Asp), [U-14C]glutamine without non-labeled glutamate (Gln),

[U-14C]glutamine with 3.8 µM non-labeled glutamate (Gln+Glu), or [U-14C]glutamate (Glu) for 18h under 19% O2 (normoxia)

and 1% O2 (hypoxia). Cells were preconditioned in serum-free medium for 24 h under normal or hypoxic condition, and for

another 18 h with radiolabeled tracer. At the end of incubation, lipids were extracted from cells using chloroform/methanol by

the Folch protocol. An aliquot of the extract was analyzed for total lipid radioactivity (A). Another aliquot of the lipid extracts

was saponified with KOH and separated by TLC for total fatty acid radioactivity analysis (B). Insets represent Glc, Asp, Gln,

and Gln + Glu incorporation at a smaller scale. Addition of non-labeled aspartate (0.5 mM) did not affect the 14C incorporation

rates from all substrates. * - significantly different as compared to 19% O2. Values are mean ± SD, n=3.
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Fig. 3. Incorporation of glutamate radioactivity into lipid classes upon hypoxia in neuronal cell line
SH-SY5Y cells were preconditioned in serum-free MEM medium under normoxic (19% O2) or hypoxic (1% O2) conditions for

24 h, and for another 18 h with 2 µCi of [U-14C]glutamate. Lipids were extracted from cells after 42 h of incubation using

chloroform/methanol by the Folch protocol, separated by TLC and radioactivity of individual lipid classes was analyzed by

liquid scintillation counting. Abbreviations are: CE, cholesteryl esters; TG, TAGs; FFA, free fatty acids; DAG, diacylglycerols;

Ch, cholesterol; PL, phospholipids; * - significantly different as compared to 19% O2. Values are mean ± SD, n = 3.
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Fig. 4. Glutamate cytotoxicity and effect of hypoxia on the number of cells
Cytotoxic effect of glutamine substitution with glutamate in a neuronal cell line (A) and the effect of hypoxia on number of cells

(B). A: SH-SY5Y cells were incubated in MEM medium (5.5 mM glucose and 2 mM glutamine) for 72 h, for another 24 h in

serum-free MEM, and then for 18 h in MEM containing an indicated concentration of glutamate. Glutamine concentration was

decreased by the indicated amount of glutamate added. Cytotoxicity was measured by LDH percent release. * - significantly

different as compared to control (0 µM glutamate). Data are mean ± SD, n=6. B: BV2 (mouse microglial cell line), A431

(human epidermoid carcinoma cell line), PC12 (rat adrenal medulla pheochromocytoma cell line), 786-O (human renal

adenocarcinoma cell line), HepG2 (human liver hepatocellular carcinoma cell line), A549 (human lung alveolar adenocarcinoma

cell line), SH-SY5Y (human neuron-like neuroblastoma cell line), rat cortical astrocytes (Astr), or rat primary cortical neurons

were incubated in serum-free medium under normoxic or hypoxic condition. After 24h of incubation, medium was changed for

a fresh serum-free medium and cells were incubated for another 18 h under the same conditions. The cells were counted at the

end of incubation. Data are mean ± SD, n=3.
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Fig. 5. Incorporation of radiolabeled glutamine and glutamate into lipids in cell lines and primary cell cultures
Incorporation of radiolabeled [U-14C]glutamine (2 µCi of, A) and [U-14C]glutamate (2 µCi of, B) into total lipids under 19% O2

(normoxia) and 1% O2 (hypoxia). Cells were preconditioned in serum-free medium for 24 h under normoxic or hypoxic

conditions, and for another 18 h with radiolabeled tracer. At the end of incubation, lipids were extracted from cells using

chloroform/methanol by the Folch protocol and analyzed for radioactivity. * - significantly different as compared to 19% O2.

Values are mean ± SD, n=3.
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Fig. 6. The effect of hypoxia on incorporation of radiolabeled glutamate into total lipids and total fatty acids in primary rat cortical
neurons

Primary rat cortical neurons were preconditioned in serum-free medium for 24 h under normal (19% O2) and hypoxic condition

(1% O2) or, and for another 8 h with radiolabeled [U-14C] glutamate (2 µCi). At the end of incubation, lipids were extracted

from cells using chloroform/methanol by the Folch protocol and analyzed for radioactivity. An aliquot of lipid extract was

saponified with KOH and separated on TLC for fatty acid analysis. * - significantly different as compared to 19% O2. Values

are mean ± SD, n=3.
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