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DIETARY N-6 POLYUNSATURATED FATTY ACID DEPRIVATION
INCREASES DOCOSAHEXAENOIC ACID METABOLISM IN RAT
BRAIN

Miki lgarashil, Hyung-Wook Kim, Lisa Chang, Kaizong Ma, and Stanley |. Rapoport
Brain Physiology and Metabolism Section, National Institute on Aging, National Institutes of
Health, Bldg. 9, Room 1S126, Bethesda, MD 20892, USA

Abstract

Dietary n-6 polyunsaturated fatty acid (PUFA) deprivation in rodents reduces brain arachidonic
acid (20:4n-6) concentration and 20:4n-6-preferring cytosolic phospholipase A, (CPLA-IVA) and
cyclooxygenase (COX)-2 expression, while increasing brain docosahexaenoic acid (DHA,
22:6n-3) concentration and DHA-selective Ca2*-independent iPLA,-VIA expression. We
hypothesized that these changes are accompanied by upregulated brain DHA metabolic rates.
Using a fatty acid model, brain DHA concentrations and kinetics were measured in unanesthetized
male rats fed, for 15 weeks post-weaning, an n-6 PUFA “adequate” (31.4 wt% linoleic acid) or
“deficient” (2.7 wt% linoleic acid) diet, each lacking 20:4n-6 and DHA. [1-14C]DHA was infused
intravenously, arterial blood was sampled, and the brain was microwaved at 5 min and analyzed.
Rats fed the n-6 PUFA deficient compared with adequate diet had significantly reduced n-6 PUFA
concentrations in brain phospholipids but increased eicosapentaenoic acid (EPA, 20:5n-3),
docosapentaenoic acidn-3 (DPAN-3, 22:5n-3) and DHA (by 9.4%) concentrations, particularly in
ethanolamine glycerophospholipid. Incorporation rates of unesterified DHA from plasma, which
represent DHA metabolic loss from brain, were increased 45% in brain phospholipids, as was
DHA turnover. Increased DHA metabolism following dietary n-6 PUFA deprivation may increase
brain concentrations of antiinflammatory DHA metabolites, which with a reduced brain n-6 PUFA
content, likely promote neuroprotection. (199 words)
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INTRODUCTION

The brain has high concentrations of arachidonic acid (20:4n-6) and docosahexaenoic acid
(DHA, 22:6n-3). These long chain polyunsaturated fatty acids (PUFAS) serve as constituents
of cell membranes and as signaling molecules, and can be metabolized to bioactive
eicosanoids and docosanoids, respectively (Uauy & Dangour 2006, DeGeorge et al. 1991,
Jones et al. 1997, Rapoport 2008, Bazan 2007, Serhan et al. 2008). They cannot be
synthesized in vertebrates de novo, but must be obtained through the diet or be elongated
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and desaturated (primarily in the liver) from their respective nutritionally essential
precursors, linoleic acid (18:2n-6) and a-linolenic acid (18:3n-3) (Holman 1986, DeMar et
al. 2005, Jump et al. 2005, Nakamura & Nara 2003, Sprecher 2000, Igarashi et al. 2005).

We reported (lgarashi et al. 2009) effects in rats fed an n-6 PUFA deficient diet lacking
20:4n-6 or DHA and containing 18:2n-6 at 9.9 wt% of the daily estimated requirement, 1200
mg/100 g (Bourre et al. 1990), which was n-3 PUFA adequate with regard to organ
composition and function. In rats fed the n-6 PUFA deficient compared with an n-6 PUFA
adequate diet for 15 weeks, 20:4n-6 concentrations were decreased in serum (-86%), while
concentrations of eicosapentaenoic acid (EPA, 20:5n-3) and DHA were elevated. The serum
concentration of eicosatrienoic acid (20:3n-9), a marker of 18:2n-6 deficiency (Lundberg
1980, Bazinet et al. 2003), also was increased. The total n-3 PUFA concentration in brain
was increased by 15%, reflecting largely an 11% increased DHA concentration (lIgarashi et
al. 2009). Expression of enzymes of the 20:4n-6 cascade, cytosolic phospholipase A,
(cPLA)) IVA and COX-2, was downregulated, while expression of DHA-preferring
calcium-independent iPLA, VIA (Strokin et al. 2004, Basselin et al. 2011, Garcia & Kim
1997, Ramadan et al. 2010) and of 15-lipoxygenase (LOX) was upregulated (Kim et al.
2011).

In view of the reported elevation in brain DHA concentration and expression of DHA-
metabolizing iPLA,-VIA in the n-6 PUFA deprived animals, we predicted that rates of brain
DHA metabolism also would be upregulated. To test this prediction, in the present paper we
used our in vivo fatty acid infusion model to determine incorporation rates, turnovers and
half-lives of DHA in brain lipids of rats that had been fed, for 15 weeks post-weaning, a diet
deficient or adequate in n-6 PUFA content (Robinson et al. 1992, Rapoport 2001, Bourre et
al. 1990, lgarashi et al. 2009). Unanesthetized rats were infused intravenously with
[1-14C]DHA, arterial plasma was sampled, the brain was subjected to high energy
microwaving after 5 min of infusion, then chemically analyzed (Rapoport 2001, Robinson et
al. 1992, Chang et al. 1999). We found that dietary n-6 PUFA deprivation increased the rate
of incorporation of unesterified DHA from plasma into and DHA turnover within brain
phospholipids as well as brain DHA concentration.

MATERIALS AND METHODS

Materials

Animals

[1-14C]DHA in ethanol was purchased from Moravek Biochemicals (Brea, CA, USA). Its
specific activity was 54 mCi/mmol and its purity was > 95%, as determined by high
performance liquid chromatography (HPLC) and scintillation counting. Diheptadecanoate
phosphatidylcholine (di-17:0 PtdCho), free heptadecanoic acid (17:0), and thin-layer
chromatography (TLC) standards for cholesterol, triacylglycerol, and cholesteryl esters were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Standards for fatty acid methyl esters
(FAMEs) for gas chromatography (GC) and for HPLC were obtained from NuChek Prep
(Elysian, MN, USA). 6-p-Toluidine-2-naphthalene sulfonic acid was from Acros Organics
(Fair Lawn, NJ, USA). Liquid scintillation cocktail (Ready Safe™) was purchased from
Beckman Coulter™ (Fullerton, CA, USA). Solvents were HPLC grade and were purchased
from Fisher Scientific (Fair Lawn, NJ, USA) or EMD Chemicals (Gibbstown, NJ, USA).
Other chemicals and reagents were purchased from Sigma-Aldrich or Fisher Scientific.

The protocol was approved by the Animal Care and Use Committee of the Eunice Kennedy
Schriver National Institute of Child Health and Human Development and followed the
National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH
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Publication No. 80-23). Fischer-344 (CDF) male rat pups (18 days old) and their surrogate
mothers, purchased from Charles River Laboratories (Portage, MI, USA), were housed in an
animal facility having regulated temperature, humidity, and a 12 h light/12 h dark cycle. The
pups were allowed to nurse until weaning at 21 days of age. Lactating rats had free access to
water and rodent chow formulation NIH-31 18-4, which contained 4% (wt/wt) crude fat
(Zeigler Bros., Gardners, PA, USA) and whose fatty acid composition has been reported
(Igarashi et al. 2007b, Igarashi et al. 2007d). 18:3n-3, EPA, and DHA contributed 4.7%,
2.1% and 2.8% of total fatty acid (wt%), respectively, whereas 18:2n-6 and 20:4n-6
contributed 48.3 wt% and 0.3 wt%, respectively. After weaning, the pups were divided
randomly into two groups, fed an n-6 PUFA adequate (n = 8) or deficient (n = 8) diet for 15
weeks (see below). They had free access to food and water, and their food was replaced
every 2 or 3 days.

n-6 PUFA adequate and deficient diets

Surgery

The n-6 PUFA adequate and deficient diets were prepared by Dyets Inc. (Bethlehem, PA,
USA) based on the AIN-93G formulation (Reeves et al. 1993, Igarashi et al. 2009), and each
contained 10% fat. The n-6 PUFA adequate diet contained hydrogenated coconut oil (6 g/
100 g diet), safflower oil (3.23 g/100 g) and flaxseed oil (0.77 g/100 g) (Supplementary
Table 1). The n-6 PUFA deficient diet contained hydrogenated coconut oil (8.73 g/100 g),
flaxseed oil (0.77 g/100 g), and olive oil (0.5 g/100 g), but not safflower oil.

The n-6 PUFA adequate diet contained 18:2n-6 at 14.8 mg/g diet (31.4 wt% of total fatty
acid; 3.3% energy), whereas the deficient diet contained 18:2n-6 at 1.2 mg/g (2.7 wt%;
0.27% energy) (lgarashi et al. 2009), which is 10% of the minimum requirement for rodents
(12 mg/g) (Bourre et al. 1990) (Supplementary Table 2). Both diets contained a-LNA at
2.4-2.5 mg/g (5.0-5.7 wt%), which is close to the minimum requirement for dietary n-3
PUFA adequacy in rodents (Bourre et al. 1989a, Bourre et al. 1989b), and oleic acid
(18:1n-9) at 3.8-4.1 mg/g (8.7-8.9 wt%). Other n-3 and n-6 PUFAs were not found in either
diet (Igarashi et al. 2009).

A rat was anesthetized with 1-3% halothane (Shirley Aldred & Co., South Yorkshire, Great
Britain). Polyethylene catheters (PE 50, Intramedic™, Clay Adams™, Becton Dickinson,
Sparks, MD, USA) filled with heparinized saline (100 1U/ml) were surgically implanted into
the right femoral artery and vein, then the skin was closed with staples and treated with 1%
lidocaine (Hospira, Lake Forest, IL, USA) for pain control. The rat was wrapped loosely in a
fast-setting plaster cast taped to a wooden block, and allowed to recover from anesthesia for
3-4 h. Body temperature was maintained at 36-38 °C using a feedback-heating element with
a rectal probe (Indicating Temperature Controller, Yellow Springs Instruments, Yellow
Springs, OH, USA). The animal was provided food the night prior to surgery but not on the
morning of surgery.

Radiotracer infusion

The unanesthetized rat was infused via the femoral vein catheter with 150 uCi/kg
[1-14C]DHA (DeMar et al. 2005, Chang et al. 1999). An aliquot of [1-14C]DHA in ethanol
was dried under nitrogen, and the residue was dissolved in HEPES buffer (pH 7.4)
containing 50 mg/ml fatty acid-free bovine serum albumin. The mixture was sonicated at 40
°C for 20 min and mixed by vortexing. A computer-controlled variable speed pump (No. 22;
Harvard Apparatus, South Natick, MA, USA) was used to infuse 1.3 ml tracer solution at a
rate of 0.223 (1+e"1-92) ml/min (t in min) to rapidly establish steady-state plasma
radioactivity (Washizaki et al. 1994, Igarashi et al. 2007c, DeMar et al. 2005). Arterial
blood (180 ul) was collected in centrifuge tubes (polyethylene-heparin lithium fluoride-
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coated, Beckman) at 0, 0.25, 0.5, 0.75, 1.5, 3, 4, and 5 min after starting the infusion. The
samples were centrifuged at 10,000 g for 1 min, and plasma was collected and stored at -80
°C. After 5 min of infusion, the rat was euthanized with an overdose of sodium pentobarbital
(Ovation Pharmaceuticals, Deerfield, IL, USA) (100 mg/kg i.v.). The head was subjected
immediately to high-energy focused beam microwave irradiation (5.5 kW, 4.8 sec) (Model
S6F, Cober Electronics; Stamford, CT, USA) to interrupt brain metabolism (Deutsch et al.
1997), and the brain was removed, weighed and stored at -80 °C until it was used chemical
and radioactive measurements (see below).

Separation and analysis of lipids in plasma and brain

Approximately 0.8 g brain (one half-brain) or 150 ul plasma was used for lipid extraction by
the Folch procedure (Folch et al. 1957). The aqueous extraction phases were washed once
with an equal volume of chloroform to remove residual lipid, and radioactivity in the
aqueous and total lipid fractions was counted (see below). Total lipid extracts from plasma
and brain were separated into neutral lipid subclasses by TLC on silica gel 60 plates (EM
Separation Technologies, Gibbstown, NJ, USA) using heptane /diethyl ether /glacial acetic
acid (60:40:3, v/v/v) (Skipski et al. 1968). Total lipid extract from brain was separated into
phospholipid classes by TLC on silica gel 60 plates using chloroform/methanol/glacial
acetic acid/water (60:40:1:4, v/vIviv) to separate ethanolamine glycerophospholipids
(EtnGpl), choline glycerophospholipids (ChoGpl), phosphatidylserine (PtdSer), and
phosphatidylinositol (Ptdins) (Skipski et al. 1967). Authentic standards of triacylglycerol,
cholesterol, cholesteryl ester and unesterified fatty acids for neutral lipid separation, and
individual phospholipids for phospholipid separation, were run on the plates to identify
lipids. Plates were dried, sprayed with 0.03% 6-p-toluidine-2-naphthalene sulfonic acid in
50 mM Tris-HCI buffer (pH 7.4) (w/v), and lipid bands were visualized under ultraviolet
light. The bands were scraped, and the silica gel was used to directly quantify radioactivity
by scintillation counting, to prepare FAMES and to analyze individual phospholipid
concentrations (described below).

Lipid concentrations

An aliquot of total brain lipid extract, prepared as described above, was dried to prepare for
digestion to measure the total phospholipid concentration in brain. To measure an individual
phospholipid concentration, total lipid extracts were separated by TLC as described above.
Dried total lipid extract or scraped silica gels were added to 0.5 ml of water and 0.65 ml of
perchloric acid (70%) for digestion, and were treated at 180 °C for 1 h (Rouser et al. 1970).
After the sample was cooled to room temperature, 0.5 ml of ascorbic acid solution (10%, w/
v), 0.5 ml of ammonium molybdate solution (2.5%, w/v), and 3.0 ml of water were added.
The mixture was boiled for 5 min to develop color, and absorbance was read at 797 nm after
sample cooling. Standards for this assay were purchased from Sigma, and phosphorus
concentrations were determined using standard curves. To quantify concentrations of total
cholesterol and triacylglycerol, the lipid extract was dried, and the residue was dissolved in
0.1% Triton X-100. Total cholesterol was determined with a cholesterol/cholesteryl ester
quantitation kit (BioVision Research Products, Mountain View, CA, USA). Triacylglycerol
was determined with a free glycerol determination kit (Sigma-Aldrich).

Radioactivity

Samples for measuring radioactivity were placed in scintillation vials and dissolved in liquid
scintillation cocktail (Ready Safe™ plus 1% glacial acetic acid). Radioactivity was
determined using a liquid scintillation analyzer (2200CA, TRI-CARB®, Packard
Instruments, Meriden, CT, USA).
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Fatty acid methyl ester preparation

Unesterified and esterified fatty acids (total phospholipids, individual phospholipids,
triacylglycerol, and cholesterol esters) were transmethylated to FAMES with 1% HySOg4-
methanol for 3 h at 70 °C (Makrides et al. 1994, DeMar et al. 2004). Before
transmethylation, an appropriate quantity of di-17:0 PtdCho (for phospholipids,
triacylglycerol and cholesteryl esters) or of 17:0 fatty acid (for unesterified fatty acids) was
added as an internal standard. The prepared FAMEs were analyzed by GC and HPLC, as
described below.

GC analysis

Fatty acid concentrations (nmol/g brain wet wt) in brain and plasma lipids were determined
using a GC (6890N, Agilent Technologies, Palo Alto, CA, USA) equipped with an
SP™-2330 fused silica capillary column (30 m x 0.25 mm i.d., 0.25 um film thickness)
(Supelco, Bellefonte, PA, USA) and a flame ionization detector (DeMar et al. 2004). Peaks
were identified from retention times of the standards for the FAMEs. Concentrations were
calculated by proportional comparison of peak areas to the area of the added 17:0 internal
standard.

HPLC analysis

To determine fatty acid radioactivity in brain and plasma lipid samples, FAMESs were
quantified by HPLC by the method of Aveldano et al. (Aveldano et al. 1983) with
modifications. Total lipids were alkalinized with KOH solution, and extracted twice with n-
hexane. The hexane phase was dried and transmethylated as described above. FAMEs were
dissolved in acetonitrile, and the solution was fractionated by reversed phase column-HPLC
using a pump (System GOLD 126, Beckman Coulter, Fullerton, CA, USA) outfitted with a
UV detector (UV/VIS-151, Gilson, Middleton, WI, USA) and an on-line continuous
scintillation counter detector (B-RAM Model 2, IN/US Systems, FL, USA) mixing in liquid
scintillation cocktail (IN-FLOW™ 2:1, IN/US Systems). The reversed-phase column, Luna
5 uC18 (2) (5 um particle size, 4.6 x 250 mm), was obtained from Phenomenex (Torrance,
CA, USA). For brain FAME samples, HPLC eluate was collected every 30 sec and
subjected to liquid scintillation counting to obtain a radioactivity profile. Chromatography
was performed using a linear gradient system of water and acetonitrile. The acetonitrile was
held at 85% for 30 min, increased to 100% over 10 min, and held at 100% for 20 min. The
flow rate was 1.0 ml/min. The UV detector was set at 205 nm.

Eight samples were pooled equally to analyze HPLC profiles of FAMEs. Analyses were
carried out in duplicate. Peaks were identified from retention times of the standards for the
FAMEs. Percentages of radioactivity in DHA and other fatty acids in the brain and plasma
total lipid fractions were determined from these HPLC profiles.

Long chain acyl-CoAs

Long chain acyl-CoAs were extracted from brain using an affinity chromatography method
with slight modification (Deutsch et al. 1994). After an appropriate amount of
heptadecanoyl-CoA (17:0-CoA) was added as an internal standard to ~0.5 g of brain, the
sample was sonicated in 25 mM KH,PO, for 30 sec on ice with a probe sonicator (Model
W-225, Misonix, Farmingdale, NY, USA). To the homogenate was added 2 ml of 2-
isopropanol and the sample was sonicated for 30 sec. 0.25 ml of saturated (NH,4),SO,4 was
added to the homogenate to precipitate protein, and 4 ml of acetonitrile was added before the
sample was mixed vigorously for 5 min at 3,000 rpm. The supernatant was diluted with 1.25
vol of 25 mM KH,PO,. The solution was passed 3 times through an oligonucleotide
purification cartridge (ABI Masterpiece™, OPC®, Applied Biosystems, Foster City, CA,
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USA), and the cartridge was washed with 10 ml of 25 mM KH,PO4. Acyl-CoA species
were eluted with 0.4 ml of isopropanol /1 mM glacial acetic acid (75:25 v/v)

Extracted acyl-CoAs were separated on a reversed phase HPLC column (Symmetry, 5 um
particle size, 4.6 mm x 250 mm, Waters Corporation, Milford, MA, USA), using a pump
coupled with a UV/VIS detector (System Gold, Model 168, Beckman). Chromatography
was performed using a linear gradient system of 75 mM KH,PO, and acetonitrile. At the
start, acetonitrile was 44% and held for 1 min, then was increased to 49% over 25 min,
increased to 68% over 10 min, held at 68% for 4 min, returned to 44% over 6 min, and held
for 6 min (52 min total run time). The flow rate was 1.0 ml/min. UV detection was set at 260
nm for integration of concentrations and at 280 nm for identifying acyl-CoAs (260/280 =
4:1) (Deutsch et al. 1994). Peaks were identified from retention times of acyl-CoA
standards. The acyl-CoA standards for a-LNA, EPA and DHA were prepared from the free
fatty acids and the free CoA by an enzymatic method (Taylor et al. 1990). Endogenous acyl-
CoA concentrations (nmol/g brain) were calculated by direct proportional comparison with
the peak area of the 17:0-CoA internal standard. The DHA-CoA peak was collected in each
sample, and its radioactivity was counted with a liquid scintillation counter.

Calculations

Pulse-labeling equations for determining in vivo kinetics of brain fatty acid metabolism
following intravenous infusion with a radiolabeled fatty acid (Robinson et al. 1992,
Rapoport et al. 2001, DeMar et al. 2005), were applied in the rats fed an n-6 PUFA adequate

or deficient diet and infused with [1-14C]JDHA. Incorporation coefficients &, (ml/sec/g
brain), representing transfer of unesterified [1-14C]JDHA from plasma into brain lipid i
(phospholipid, triacylglycerol or cholesteryl ester), were calculated as:

% _ CorainiDHA) () (Eq.
iDHA) ™~ T

* 1

f 0 CplumnDHA )df )

where ¢, .. ous (T) (nCilg brain) is DHA radioactivity in i at time T (5 min) after starting
tracer infusion, t is time after starting infusion, and C:,L,A,,,l,(,),m (nCi/ml plasma) is radioactivity
of unesterified plasma DHA (DeMar et al. 2005).

The incorporation rate of unlabeled unesterified DHA from plasma into brain lipid i,
Jin, i(oHA), Was calculated in units of nmol/s/g brain,

* Eq.
J in,i(l)HAr:Ki(DH,\ )Cp[mnm(DHA) ( d
2)
where Cpjasma(pHa) IS the concentration (nmol/ml) of unlabeled unesterified DHA in plasma.
A “dilution factor” Apna-coa equals the steady-state ratio of brain DHA-CoA specific
activity to specific activity of unesterified DHA in plasma,
l _ C:min(DHA—(‘oA) /cbmim'DHA——(‘mU (Eq
“*DHA-CoA ™ *
plasma(DHA) / Cplasma(DHA) 3)

The rate of incorporation Jea, jipHa) Of unlabeled DHA from the brain DHA-CoA pool into
brain lipid i equals, in units of nmol/g/sec,
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J."AJ(DHA):‘liuj(I)H/\)/ /IDHA—C 0A ( 2)
Turnover Fea, jipHa) of DHA within brain lipid i equals,
F _ J, FA(DHA) (Eq.
FAi(DHA) ™~
‘ : Clvru[n‘l( DHA) 5)

where Cprain, i(DHA) IS the concentration of total DHA in i. The corresponding half-life of
DHA in i equals,

t =0.693/F (Eq.

1/2,i{DHA) FAi(DHA)
6)

Statistical analysis

RESULTS

Data are expressed as mean + SD (n = 8). An unpaired Student’s t-test was used to compare
means in 2 groups having possible equal variance with the Levene-test. The Welch test was
used to compare the means of 2 groups having unequal variances. p < 0.05 was used as a
cutoff for statistical significance.

Growth and tissue weight

Body and brain weights did not differ significantly between animals on the n-6 PUFA
adequate and deficient diets. Initial body weight at 21 days of agewas29+1gand31+2g
in the two groups, respectively (p = 0.13), whereas body weight after 15 weeks on a diet
equaled 385 + 14 g and 383 + 14 g, respectively (p = 0.92). Brain weights after 15 weeks
were 1.5+ 0.1 gand 1.4 £ 0.3 g in the adequate and deficient groups, respectively (p =
0.40).

Lipid concentrations in plasma

Fifteen weeks of n-6 PUFA deprivation compared with control decreased the mean
unesterified plasma concentration of n-6 PUFAs by 84% (Table 1). The change in the total
unesterified n-3 PUFA concentration was statistically insignificant, although unesterified
DHA and EPA concentrations with the deficient diet were increased by 53% and 79%,
respectively. The unesterified n-6/n-3 PUFA concentration ratio in plasma was reduced from
52t01.2.

n-6 PUFA deprivation also significantly reduced esterified n-6 PUFA concentrations in
plasma phospholipid, triacylglycerol and cholesteryl ester, and significantly increased n-3
PUFA concentrations in phospholipid (Table 1), giving a final esterified n-6/n-3 PUFA
concentration ratio of 1.0 compared with 5.9 with the adequate diet. Other changes,
summarized in Table 1, are comparable to prior results (Igarashi et al. 2009).

Structural lipids in brain

Brain concentrations of phospholipids, cholesterol and triacylglycerol did not differ
significantly between rats on the n-6 PUFA deficient compared with adequate diet (Table 2).
Concentrations of total n-6 PUFAs, and of 18:2n-6, 20:4n-6, and docosatetraenoic acid
(22:4n-6), were decreased significantly by 11-49% in EtnGpl, ChoGpl, PtdSer, and PtdIns
(Table 3). Docosapentaenoic acid n-6 (DPAN-6, 22:5n-6) was not detected in these lipids in
rats fed the deficient diet.
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The total esterified n-3 PUFA concentration was increased significantly in brain EtnGpl by
13% and in ChoGpl by 13%, respectively, in rats fed the deficient compared with adequate
diet, whereas DHA was increased in EtnGpl by 9.4% (Table 3). Increments in EPA,
DPAnN-3, and 20:3n-9, were significant in each of the four phospholipids examined. EPA
was detected in brain only in rats on the deficient diet.

Plasma radioactivity during infusion

Mean radioactivity in the total lipid and aqueous phases of plasma during the 5-min
[1-14C]DHA infusion in rats on each of the two diets is shown in Figure 1. Steady-state
radioactivity was achieved within 1 min in both groups, and at 5 min > 95% of radioactivity
was in the total lipid phase while < 5% was in the aqueous phase. Integrated plasma
radioactivity during infusion equaled 207748 + 16227 nCi.sec/ml and 201149 + 56491
nCi.sec/ml in the n-6 PUFA adequate and deficient groups, respectively, and did not differ
significantly between groups.

In each diet group after 5 min of [1-14C]DHA infusion (Fig. 2), > 92% of radioactivity was
in the unesterified fatty acid pool of total plasma lipid, and the remaining 8% was in
phospholipids, triacylglycerol, cholesterol and cholesteryl esters. At 5 min, > 97% of plasma
total lipid radioactivity was [1-4C]JDHA in both diet groups (HPLC chromatogram not
shown), indicating minimal metabolism.

Brain radioactivity

Radioactivity in different brain lipids after the 5-min [1-14C]DHA infusion is given in the
first two data columns of Table 4. More than 86% of brain radioactivity was in the total lipid
fraction in both dietary groups, less than 14% in the aqueous fraction. In the total lipid
fraction, > 96% of radioactivity was [1-14C]DHA. Less than 2% was labeled palmitic acid
(16:0), which likely was produced by recycling of radiolabeled carbon following B-oxidation
of [1-14C]DHA (chromatograms not shown). Of net brain lipid radioactivity, > 78% was in
total phospholipid, 2% in cholesteryl ester, 10% in triacylglycerol, and 8% in cholesterol. Of
total phospholipid radioactivity due to [1-14C]JDHA, 40% was in EtnGpl, 30% in ChoGpl,
23% in PtdIns, and 7% in PtdSer. There was no statistically significant group difference in
these values.

DHA incorporation coefficients and rates in stable brain lipids

*

Incorporation coefficients k... of plasma unesterified DHA into brain lipids i, were

i(DHA)
calculated by dividing radioactivity in lipid i by integrated plasma radioactivity in the same
experiment (Eq. 1) (the second two data columns in Table 4). For PtdIns and PtdSer, k:DH,U
was increased significantly by 1.2- and 1.3-fold, respectively, in rats fed the deficient
compared with adequate diet, but it was not changed significantly for EtnGpl or ChoGpl.

k. also was increased significantly into cholesteryl ester.

i(DHA)

Incorporation rates Ji, jipHa) Of unesterified plasma DHA into brain lipids i were calculated

by multiplying &, by the unesterified unlabeled plasma DHA concentration, determined
prior to [1-1%C]DHA infusion (Table 1) (Eq. 2). Jin, i(oHa) Was increased significantly into
total phospholipid (by 45%), triacylglycerol (by 74%), and individual phospholipids EtnGpl
(39%), PtdIns (69%), PtdSer (83%) and ChoGpl (49%) in rats fed the n-6 PUFA deficient
compared with adequate diet (third pair of data columns in Table 4)
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Brain acyl-CoA concentrations and dilution coefficients Appa-coa

HPLC separation of the aqueous brain extract yielded unlabeled and radiolabeled acyl-CoA
species (Table 5). Dietary n-6 PUFA deprivation significantly decreased unlabeled 18:2n-6-
CoA and 20:4n-6-CoA concentrations by 70% and 64%, respectively (Table 5), but did not
change concentrations of the other measured acyl-CoAs. DHA-CoA radioactivity was not
affected by diet (Table 5). Mean values for the dilution coefficient, Apna—coa, the steady-
state ratio of brain DHA-CoA specific activity to plasma unesterified DHA specific activity
at the end of the 5-min infusion (Eq. 3) (Robinson et al. 1992), equaled 0.024 + 0.007 and
0.025 £ 0.004 in the n-6 PUFA adequate and deprived rats, respectively, and did not differ
significantly (Table 5).

DHA turnover and half-life in brain phospholipids

Jin, i(oHA) for each experiment was divided by A pHa-coa to calculate the incorporation rate
JrA, i(pHa) of DHA from the precursor brain DHA-CoA pool into brain lipid i, using Eq. 4
(Table 6). n-6 PUFA deprivation significantly increased Jra, i(pHa) into total phospholipid
by 1.4-fold, into PtdIns by 1.7-fold, into PtdSer by 1.9-fold, and into ChoGpl by 1.5-fold,
but did not change Ja, jpHa) into EtnGpl.

DHA turnover in phospholipid i, Fga, jipHa), Was calculated by Eq. 5 using individual
values of Jga, jipHa) and of the unlabeled DHA concentration in phospholipid i (Table 6).
Dietary n-6 PUFA deprivation significantly increased DHA turnover in Ptdins by 1.6-fold,
in PtdSer by 1.8-fold, and in ChoGpl by 1.3-fold. Corresponding DHA half-lives were
shortened by 21-46% in the deprived compared with adequate group (Table 6).

DISCUSSION

Fifteen weeks of dietary n-6 PUFA deprivation following weaning in rats produced multiple
changes in plasma and brain PUFA concentrations, in agreement with a previous study
(Igarashi et al. 2009). In plasma, these changes represented an 84% reduction in the net
unesterified n-6 PUFA concentration, including an 83% decline in unesterified 20:4n-6,
compared with 50-80% increments in unesterified DHA and EPA concentrations. The result
is decline in the plasma unesterified n-6/n-3 PUFA concentration ratio from 5.2 to 1.2. In the
n-6 PUFA deficient brain, esterified n-6 PUFA concentrations were decreased by 11-49% in
individual phospholipids, while esterified n-3 PUFAs were increased by 13% in ChoGpl and
EtnGpl, the change in EtnGpl including a 9.4% increase in DHA (Igarashi et al. 2009).
Concentrations of less abundant EPA, DPAN-3 and 20:3n-9 also were increased in
individual brain phospholipids.

Brain PUFA content largely depends on incorporation of unesterified PUFAS from plasma,
because of the inability of the vertebrate brain to synthesize PUFAs de novo, and its very
limited ability to elongate or desaturate 18:2n-6 or 18:3n-3 (Holman 1986, Igarashi et al.
2007a). The increases in n-3 PUFA kinetics and concentrations in brain phospholipids with
deprivation were related to increased n-3 PUFA availability in plasma, due to their increased
hepatic synthesis, and to the reduced availability of n-6 PUFAs in plasma for brain
incorporation (Robinson et al. 1992, DeMar et al. 2004, Smith & Nagura 2001, Gao et al.
2011).

Our hypothesis that brain DHA metabolism would be increased in the n-6 PUFA deprived
rats was based on evidence of an increased brain DHA concentration and increased
expression of DHA-selective iPLA,-VIA (Igarashi et al. 2009, Kim et al., Strokin et al.
2004, Garcia & Kim 1997) in such deprived rats. Consistent with the hypothesis
incorporation rates Jiy jipHa) Of unesterified plasma DHA were increased into total brain
phospholipid (45%), triacylglycerol (74%), EtnGpl (39%), PtdIns (69%), PtdSer (83%) and
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ChoGpl (49%) in rats fed the n-6 PUFA deficient compared with adequate diet, and DHA
turnovers (deacylation-reacylation) (Robinson et al. 1992, Lands & Crawford 1976) were
increased as well. Jin jpHa) represents net replacement by plasma DHA of brain DHA that
has been lost by metabolism, since DHA cannot be resynthesized de novo in vertebrates and
less than 1% of plasma a-LNA taken up by brain is elongated to DHA (Holman 1986,
DeMar et al. 2004, DeMar et al. 2005, Rapoport et al. 2001). Thus, the 45% increments in
Jin, i(oHA) demonstrate that the deficient diet markedly increased brain DHA metabolism and
loss.

In rats fed the n-6 PUFA adequate diet, the DHA incorporation rate was highest in EtnGpl
followed by ChoGpl followed by Ptdins followed by PtdSer (Table 4), and the DHA
concentration was highest in EtnGpl (Table 3), in agreement with studies in rats fed other
PUFA-adequate diets (DeGeorge et al. 1989, Nariai et al. 1994). Taking into account DHA
concentrations and the incorporation coefficient Appa-coa, Which corrects for the difference
in steady-state specific activity between the precursor brain DHA-CoA pool and plasma
DHA (Robinson et al. 1992), DHA turnover was in the following order: Ptdins > ChoGpl >
EtnGpl> PtdSer (Table 6). These results identify Ptdins, ChoGpl and EtnGpl as having the
most active DHA metabolism, probably associated with phospholipase A,-mediated
deacylation and reacylation (Lands & Crawford 1976, Robinson et al. 1992, Purdon &
Rapoport 1998), and PtdSer as having the least. The infusion method assumes rapid (within
5 min) pulse-labeling of phospholipid by plasma-derived radioactive fatty acid, and
equilibration of specific activity between the plasma and brain precursor pool. The data
suggest that pulse labeling is least applicable to PtdSer, which is synthesized from EtnGpl
by a head group exchange reaction (Vance 2008). Delayed labeling of PtdSer following
labeling of EtnGpl in rat brain has been demonstrated directly during intravenous [1-14
C]20:4n-6 infusion (Washizaki et al. 1994).

DHA can be hydrolyzed from the sn-2 position of EtnGpl (which includes ethanolamine
plasmalogen) by iPLA, VIA, whose brain expression is increased in rats fed the n-6 PUFA
deficient diet (Strokin et al. 2004, Basselin et al. 2011, Garcia & Kim 1997, Kim et al.
2011), or by a plasmalogen-specific PLA, selective for ethanolamine plasmalogen (Farooqui
et al. 2006, Farooqui & Horrocks 2001). In agreement, of [P(H]DHA incorporated into neural
membranes in vitro, most was in the sn-2 position of EtnGpl (Farooqui & Horrocks 2001).
Studies using intravenous infusion of [1,1-3H]hexadecanol in unanesthetized rats have
shown that plasmalogens turn over rapidly in brain (Rosenberger et al. 2002).

DHA incorporation rates from plasma Jin jipHa) Were increased significantly in all
phospholipids in rats on the n-6 PUFA deficient compared with adequate diet (by 39 to 82%,
Table 4), and DHA turnovers were increased in all phospholipids (by 29 to 84%, Table 6)
but EtnGpl. These large statistically significant elevations in incorporation rates and
turnovers in the different phospholipids, compared with the slight although statistically
significant 9.4% increment in DHA concentration only in EtnGpl, show that the kinetic
analysis using radiolabeled DHA infusion provided more compelling evidence of changes in
active brain DHA metabolic processes with deprivation than did measuring unlabeled brain
DHA concentrations.

DHA can be lost from brain by B-oxidation, by conversion to bioactive docosanoids such as
resolvins, docosatrienes, and neuroprotectins by enzymes such as 15-LOX, and by other
metabolic pathways (Hong et al. 2003, Gleissman et al. 2009, Robinson et al. 1992, Bazan
et al. 2010, Groeger et al. 2010, Arnold et al. 2010, Gavino & Gavino 1991). The n-6 PUFA
deficient diet did not affect B-oxidation, however, since the diet did not significantly change
radioactivity in the brain aqueous fraction after the 5-min [1-14C]DHA infusion (Figure 1,
Table 4) (Igarashi et al. 2007a, lgarashi et al. 2007c). Thus the measured increments in
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incorporation and turnover likely corresponded to increased production of bioactive DHA
metabolites, many of which have anti-inflammatory and anti-apoptotic properties (Bazan
2007, Basselin et al., Serhan et al. 2004). In contrast, 20:4n-6 incorporation and turnover,
and production of proinflammatory eicosanoids, likely were reduced in the n-6 PUFA
deficient rats, in view of the reduced plasma and brain 20:4n-6 concentrations and brain
expression of 20:4n-6-selective cPLA,-1VA and of COX-2 (lgarashi et al. 2009, Kim et al.,
Farooqui et al. 2007, Six & Dennis 2000), but this remains to be confirmed experimentally
(Rapoport 2003).

The n-6 PUFA deficient diet also increased brain concentrations of EPA and DPAN-3.
DPAnN-3 has physiological effects, and is metabolized to 11- and 14-hydroxy DPA in human
platelets (Sprecher 1986, Kanayasu-Toyoda et al. 1996). EPA like DHA can be converted
by lipoxygenases (e.g. LOX-15) to 17-hydroxy metabolites, including resolvins and
neuroprotectins that have antiinflammatory properties (Hong et al. 2003, Serhan et al. 2008).
In view of the increases in brain DHA turnover and incorporation in the n-6 PUFA deprived
rats and in brain concentrations of n-3 PUFAs, and the functional relevance of n-3 PUFA
metabolites, we predict that brain n-3 PUFA metabolite concentrations are elevated
following n-6 PUFA deprivation, and that the brain would have increased resistance to
neuroinflammatory and other insults.

The diet of our ancestors contained approximately equal amounts of n-6 and n-3 PUFASs,
while the n-6/n-3 PUFA concentration ratio approximates 10 to 1 in the current “Western”
diet (Simopoulos 2000, Kris-Etherton et al. 2000). Some argue that this higher ratio
increased the incidence of a number of human brain diseases, thus that current dietary n-6
PUFA content should be reduced (Hibbeln et al. 2006, Bazan et al. 1995, Simopoulos 2000).
Our data suggest that such reductions also would be beneficial by reducing the brain 20:4n-6
content and expression of 20:4n-6-metabolizing enzymes (e.g. cPLA,-IVA and COX-2),
that are upregulated in inflammatory and excitotoxic brain disease, and by increasing brain
concentrations of DHA and its bioactive metabolites (McGeer & McGeer 2006, Chang et al.
2008, Basselin et al., Kim et al. 2011). A balanced diet containing n-6 PUFAS is desired,
however, because 20:4n-6 is necessary for optimal brain function. For example, dietary
20:4n-6 supplementation in aged rats improved membrane fluidity, synaptic plasticity and
spatial cognition (Okaichi et al. 2005, Kotani et al. 2003, Fukaya et al. 2007).

Because integrated plasma radioactivity during the 5-min [1-14C]DHA infusion did not
differ significantly between the two dietary groups, the plasma half-life and thus the rate of
disappearance of unesterified DHA from plasma also did not differ (Rapoport et al. 1982).
Furthermore, since the n-6 PUFA deficient diet was DHA-free, the elevated plasma DHA
concentration in the deficient group likely reflected increased hepatic DHA synthesis from
circulating shorter-chain n-3 PUFA precursors, particularly a-LNA (Gao et al. 2009a, Gao
et al. 2009b, Igarashi et al. 2007c, Gao et al. 2011). Of these, the plasma concentration of
unesterified a-LNA was reduced while concentrations of EPA and DPAN-3 were increased
with dietary deficiency (Table 1).

DHA and 20:4n-6 can be elongated and desaturated from 18:2n-6 and 18:3n-3 respectively
through a series of enzymatic steps in the liver, whereas rates of brain and heart conversion
are much less and unresponsive to diet (Nakamura & Nara 2003, Jump 2004, lgarashi et al.
20073, Igarashi et al. 2005, Igarashi et al. 2008, Gao et al. 2009a, Gao et al. 2009b, Hagve &
Sprecher 1989). Competition between the precursors for the hepatic enzymes helps to
determine the rates of formation of 20:4n-6 and DHA, in addition to changes in enzyme
expression (Yoshikawa et al. 2002, Tu et al. 2010). This makes it likely that the 95%
reduction in plasma unesterified 18:2n-6 and in concentrations of other shorter-chain
unesterified n-6 PUFASs in the deprived animals caused the increases in hepatic synthesis
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and plasma DHA concentration (Gao et al. 2011). In the addition, B-oxidation of n-3 PUFAS
likely is downregulated in n-6 PUFA deprived rats (Igarashi et al. 2009). Consistent with
enzyme competition, n-6 PUFA deprivation increased plasma 20:3n-9, which is synthesized
from oleic acid (18:1n-9) through the same pathway and is a marker of 18:2n-6 deficiency
(Lundberg 1980, Bazinet et al. 2003).

The data on the rats fed the n-6 PUFA adequate diet are comparable to data in rats fed other
PUFA “adequate” diets (Contreras et al. 2000, DeMar et al. 2004). In one such study,

Jin, bHa for total phospholipids equaled 22 nmol.gt.s™t x 104, Apya_coa equaled 0.03, and
DHA turnover equaled 0.9%/h (Contreras et al. 2000), close to the respective values in the
n-6 PUFA adequate animals in this study (Tables 4-6). In another, intracerebral
[4,5-3H]DHA injection gave Jin pHa as 28.9 x 104 g"L.s' in rats fed a PUFA adequate diet
for 15 weeks (DeMar et al. 2004), close to rates obtained following intravenous infusion. It
also is possible to measure Jj, pHa in humans when infusing [1-11C]DHA intravenously and
using positron emission tomography for brain imaging (Umhau et al. 2009).

In summary, fifteen weeks of dietary n-6 PUFA deprivation post-weaning increased brain
EPA, DPAN-3 and DHA concentrations, DHA incorporation rates from plasma and the brain
DHA-CoA pool into brain phospholipids, and DHA turnover within phospholipids of adult
male rats, while decreasing brain n-6 PUFA concentrations. The increments in DHA kinetic
parameters were proportionately greater than the slight increment in DHA concentration,
demonstrating the utility of the kinetic approach to better characterize brain metabolic
changes during dietary PUFA manipulation.
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Abbreviations

COX
cPLA,
iPLA,
DHA
DPA
EPA
FAME
GC
HPLC
PUFA
EtnGpl
ChoGpl
PtdSer
PtdIns
sn
TLC

cyclooxygenase

cytosolic phospholipase A,
calcium-independent phospholipase A,
docosahexaenoic acid
docosapentaenoic acid
eicosapentaenoic acid

fatty acid methyl ester

gas chromatography

high performance liquid chromatography
polyunsaturated fatty acid
ethanolamine glycerophospholipids
choline glycerophospholipids
phosphatidylserine
phosphatidylinositol

stereospecifically numbered

thin layer chromatography
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(B) Deficient —e— Total lipid

—o— Aqueous

Infusion time (min)

Radioactivity in total lipids (e) and aqueous (o) phase from plasma of n-6 PUFA adequate
and deficient rats during i.v. infusion of [1-14C]DHA. Values are mean + SD (n = 8 for both

groups).
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Figure 2.

Radioactivity of plasma lipids in n-6 PUFA adequate and deficient rats after a 5-min i.v.
infusion of [1-14C]DHA. Abbreviations: UFA, unesterified fatty acid; TG, triacylglycerol;
PL, phospholipid; CE, cholesteryl ester; Chol, cholesterol. VValues are mean = SD (n = 8 for
both groups).
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Brain lipid concentrations in rats after 15 weeks on n-6 PUFA adequate or deficient diet

Table 2

Lipids Dietary groups
Adequate Deficient
umol/g brain
Total phospholipids 57.4+104 65.2+58
Ethanolamine Glycerophospholipids ~ 22.5 + 2.0 21623
Phosphatidylinositol 3.7+07 33+04
Phosphatidylserine 9.6+05 9.7+1.2
Choline glycerophospholipids 26014 25626
Sphingomyelin 23+0.8 3.0+09
Total cholesterol 426+9.0 489+119
Triacylglycerol 0.27+0.08 0.27 +£0.08

Values are mean + SD (n = 8 for both groups)
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Acyl-CoA concentrations and radioactivity and Appa_coa from dietary n-6 PUFA adequate and deficient rats

Table 5

following 5 min of i.v. [1-14C]DHA infusion

Diet

Adequate Deficient

Concentration (nmol/g brain)

14:0-CoA, 18:3n-3-CoA, EPA-CoA 1.1+04 15+04
16:0-CoA 12.0+23 11.8+39
18:0-CoA 35+05 36+14
18:1-CoA 13.2+22 129+45
18:2n-6-CoA 0774031  23+018™*
20:4n-6-CoA 17+08  (g1+022""
DHA-CoA 1.3+05 15+04
Radioactivity (nCi/g brain)
DHA-CoA 1.69 £ 0.62 1.31+0.37
ADHA_CoA 0.024 +0.007  0.025 + 0.004

Values are mean + SD (n = 8 for both groups).

*:

*
p<0.01,

Fk

<0.001, differs significantly from mean in adequate group.
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