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The effectsof essential fattyacid (EFA) deprivation
Essential fatty acid (EFA1) deficiencyis characterized by a
on the arachidonate content andphospholipid compo- decrease in (n-6)and (n-3) fatty acids and by an accumulation
sition of differenttissues are quite diverse. When of (n-9) fattyacids (1).In particular, EFA deficiency leads to
C 5 7 3 1 mice were placed on a fat-free diet, hepatic
an accumulation of 203(n-9) (termed Mead acid), a fatty acid
liquids were readilydepleted of arachidonate. Incon- which is not presentin normal tissues (2). The ratioof 203(ntrast, the renal cortex
tenaciously retained arachidon- 9) to arachidonate is used to define the deficiency state: a
ate, whereas surprisingly the heart
showed a doubling ratio of greater than 0.4 is the biochemical criterion of EFA
of its content of arachidonate. This increase in cardiacdeficiency (3). Since there is a decrease in tissue levels of
arachidonatewasdueto
a four-foldincrease
in arachidonate, EFA deficiency is useful in attempting to dearachidonylphosphatidylethanolamine(PE). The renal termine the role of arachidonic acid and its metabolites ( i e .
cortex showed preservation of its arachidonate content the prostaglandins and leukotrienes) in various pathophysioin PE, phosphatidylserine, and phosphatidylcholine. logic states. The accumulated triene, 203(n-9), cannot be
Only phosphatidylinositol was depleted of arachidon- metabolized to prostaglandins (4)or leukotriene B3 (5), alate in heart or renalcortex. Using an in vivo labeling though it can be metabolized to leukotriene Cs (6). EFA
deficiency has been shown to prevent murine lupus nephritis
technique, it was shown that the liver incorporated
most of the [ l-14C]arachidonate initially following in- (7), cause salt-dependent hypertension (8), inhibit chronic
traperitoneal injection. Over 11 days, as levels of la- inflammation (9), and impair reproductive and epidermal
beled arachidonatefellinliver,the
EFA-deficient function (lo), thus implicating arachidonate and/or its meheart accumulated arachidonate selectively in PE (8- tabolites as importantmediators in these situations.
There are, however, few studies which relate the biochemfold greater than control), and EFA-deficient
the
renal
cortex accumulated arachidonate in PE,phosphatidyl- ical changes of EFA deficiency with the biological effects of
serine, and phosphatidylcholine(2-3-fold greater than the deficiency state. Evidence suggests that theeffect of EFA
control).This uptake was shown tobespecific for deficiency on the arachidonate content of different tissues is
arachidonate over20:3(n-9).Despite the conservation different, and thatphospholipids vary markedly in theirabilof cardiac and renal arachidonateseen with EFA de- ity to retain arachidonate (11, 12). Consequently, the relationship between the fatty acid changes in EFA deficiency
ficiency, prostaglandin production by the isolated perand the biological effects of this state may be complex. An
fused EFA-deficient heart and kidney was markedly
decreased relative to control in response to specific understanding of the biochemical changes in different tissues
agonist stimulation with angiotensin
11,although it was and indifferent phospholipid pools caused by EFA deficiency
equivalent to control in response nonspecific
to
stimu- and their relationshipto changes in arachidonate metabolism
lation by ischemia. These data suggest that the liver is a key element in both understandingthe role of arachidonserves tosupply other tissues with arachidonate in
EFA ate in normal physiology and interpreting experiments using
deficiency, and that the heart and renal cortex both EFA deficiency as atool.
contain mechanismsto accumulate arachidonateselecMATERIALS AND METHODS
tively in certain phospholipids. However, phosphatidylinositol, whichis uniquely depletedof arachidonate
Reagents and Materials-Polyunsaturated fatty acid methyl esters
in heart and renal cortex EFA
withdeficiency, appears (PUFA mix No. 1)for gas chromatography standards were purchased
to be the principal source of arachidonate in response from Supelco, Inc. (Houston, TX). Heneicosanoic acid and itsmethyl
ester, the methyl ester of 22:6(n-3), methyl palmitoleate, and phosto receptor-mediated agonists.

pholipid standards were purchased from Sigma. Methyl esters of
20:3(n-9), 22:5(n-3), and 22:5(n-6) were prepared using previously
described techniques (13). [1-l4C]Arachidonate(60 Ci/mol) was purchased from Amersham Corp. [1-14C]203(n-9)was synthesized as
previously described (14). Silica gel plates for the isolation of fatty
* This work was supported by National Institutes of Health Grants acid methyl esters (20 X 20 cm, 0.25 mm) were purchased from
HL-14397, HL-17646, and HL-20787. The costs of publication of this Analabs (North Haven, CT). Silica gel plates for phospholipid sepaarticle were defrayed in part by the payment of page charges. This ration (10 X 20 cm, high performance grade) were purchased from
article must therefore be hereby marked “advertkemnt” in accord- MCB Reagents (Gibbstown, NJ). Scintillation mixtures for aqueous
and organic samples (3a70 and 4a20, respectively) were purchased
ance with 18 U.S.C. Section 1734 solelyto indicate this fact.
$ Supported by Clinical Investigator Award KO8 HL-01313 from
‘The abbreviations used are: EFA, essential fatty acid, EFAD,
the National Institutes of Health.
II To whom correspondence and reprint requests should be ad- essential fatty acid deficiency; PC, phosphatidylcholine; PE, phosdressed: Dept. of Pharmacology, Washington University Medical phatidylethanolamine; PS, phosphatidylserine; PI, phosphatidylinositol.
School, 660 S. Euclid, St. Louis, MO 63110.
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from Research Products (Mt. Prospect, IL). Other chemicals were mixture. Samples were counted on a Beckmann LS-3133 T liquid
scintillation spectrometer. Background was 1cpm/mg of tissue. Phosreagent or high performance liquid chromatography grade.
Dietary Studies-Three diets were used in this study and were pholipid phosphate contents were also determined using the method
purchased from Purina Test Diets (Richmond, IN). The control diet of Vaskovsky et al. (18).
Perfused Organ Studies-Hearts from control animals or animals
contained casein (vitamin-free; 2l%), sucrose (15%), non-nutritive
fiber (3%),corn oil (5%), lard (5%), dextrin (43.65%), DL-methionine on a fat-free diet were removed, and the aortawas cannulated with
(0.15%),vitamin mixture (2%),choline chloride (0.20%), and mineral polyethylene tubing (50 gauge). The isolated heart was perfused with
mixture (5%). A diet that was partially deficient in essential fatty oxygenated Kreb's-Henseleit buffer at a rate of 1ml/min. After a 30acids was obtained by substituting 10% coconut oil for the lipid in min equilibration period, the heartswere, stimulated with angiotensin
the control diet. An EFA-deficient diet was obtained by omitting the I1 (24 nmol), and 15 min later subjected to 6 min of ischemia. The
lipid entirely and using extracted casein. The caloric value of the conversion and reacylation of exogenous arachidonate was then delipid component was met by increasing the content of sucrose to termined by injecting 0.3 and 3.0 pg of cold arachidonate with 40,000
68.85% and eliminating the dextrin. All diets were reanalyzed for cpm of [14C]arachidonateadded. Basal and post-stimulation samples
fatty acid content using the methods outlined below prior to use. The of effluent were analyzed for prostacyclin concentration by a specific
radioimmunoassay as described previously (19). Results areexpressed
control diet contained 20mgof linoleate/g of food and 0.1mgof
as the difference between the stimulated samples and the basal
arachidonate/g of food. The partially EFA-deficient diet contained
1.8 mg of linoleate/g of food and no detectable arachidonate. The samples. Kidneys from control animals or animals on a fat-freediet
EFA-deficient dietcontained9
pgof linoleate/g of food and no were also removed, and therenal artery was cannulated with polyethdetectable arachidonate. Diets were fed to weanling C57B1 male mice ylene tubing (10 gauge). The kidneys were treated identically to the
(Jackson Laboratories, Bar Harbor, ME) for 8 weeks before animals hearts except that theischemia time was only 2 min, and theconversion of exogenous arachidonate was determined to 1- and 10-pg
were used for analyses.
Total Lipid Analysis-Tissues to be analyzed were removed from boluses. The effluents were analyzed for prostaglandin EZ content
animals, weighed, and extracted by the method of Bligh and Dyer using a lZ5Iradioimmunoassay. 1251-prostaglandinEz was prepared by
(15). Lipids were then resuspended in chloroform:methanol2:1 (v/v) the method of Maclouf et al. (20). The antiserum to prostaglandin E2
at a uniform concentration, and the lipid from 10 mg of tissue was has been previously described (19). The assay was performed as
used for analysis. Heneicosanoic acid was added as an internal stand-follows: either standards or samples were added to 50 mM phosphateard for quantification. Fatty acids were transmethylated by heating buffered saline containing 0.01 M EDTA, 0.3% bovine y-globulin,
the lipid extract in 14%BF3 in methanol (Sigma) with benzene added 0.005% Triton X-100, and 0.05% sodium azide (pH 6.8) to a total
as a solvent. Methyl esters were extracted using hexane and isolated volume of 160 pl. Twenty microliters of antiserum (final dilution
using thin-layer chromatography (solvent system hexane:diethyl 1:40,000) was added, followed by 20 pl of '251-prostaglandinEZconetheracetic acid 75:5:1, R F of 0.4). The band containing fatty acid taining 10,000 dpm. After overnight incubation at 4"C, 16% polyethmethyl esters was located by co-migration with methyl palmitoleate. ylene glycol in 50 mM phosphate-buffered saline was added. The
Fatty acid methyl esters from samples were eluted from the silica gel precipitated bound tracer was separated by centrifugation at 3,000
rpm for 30 min and decanting the supernatant. The tubes were
with 5 ml of hexane.
Methyl esters were separated and quantified using a Varian 3700 counted in aMicromedic Systems Apex automatic y-counter.Results
gas chromatograph containing aglass column (6 ft by 4 mm) packed are again expressed as the difference between the stimulated and
with 10% SP-2340 on 100/120 Chromosorb (Supelco, Houston, TX). basal samples.
Statistical Analysis-Results are expressed as themean & standard
The nitrogen flow rate was 40 ml/rnin, and the injector and flame
ionization detector were maintained at 280°C. The column was op- error.
erated isothermally a t 200 "C. Fatty acid methyl esters were identified
by co-migration with authentic standards. Fatty acid methyl ester
RESULTS
retention times and quantification were computed by a Varian 4270
integrator interfaced with the gas chromatograph.
Effect of EFA Deficiency on Tissue 20:3(n-9)to20:4(n-6)
Phospholipid Analysis-The phospholipids from lipid extracts of Ratios-Animals placed on an EFA-free diet (restriction of
tissues were separated by the method of Kennerly et al. (16). Briefly, linoleic acid to less than 0.05% of the control diet) were
the lipid from 20 mg of tissue was applied to the corner of a high
clinically and biochemically fatty acid-deficient after 8 weeks.
performance silica gel plate and separated using two-dimensional
short bed continuous development thin-layer chromatography. Sys- They were growth-retarded (21 -+ 1 g uersus 29 k 1 g for
tem 1 consisted of ch1oroform:methanol:ammonium hydroxide controls), had hairloss, poorly formed coats, and scaly paws.
(58%):water 65:35:5:0.6 (v/v). System 2 consisted of chloroform: The serum ratio of 203(n-9) to 20:4(n-6) was4.66 k 0.93
acetone:methanol:glacial acetic acidwater 45:191015:4 (v/v). Phos- (Table I). Somewhat surprisingly, the ratios of 20:3(n-9) to
pholipid spots were located using rhodamine G 0.012%. The internal arachidonate in the various tissues were quite different, alstandard was then added directly to thephospholipid spots. The spots though all were above the accepted cutoff value of 0.4 (3)
were scraped into siliconized tubes and extracted with 0.4 ml of
(Table I): the ratio in liver was highest, followedby renal
chloroform. Fatty acids were transmethylated by adding 0.5 N NaOH
medulla,
heart, and renalcortex.
in methanol and then quenching the reaction 10 min later with 6 N
HC1. The fattyacid methyl esters were extracted into thechloroform
phase and analyzed using gas chromatography as noted above.
TABLE
I
Separation of Diacyl and Plasmalogen forms of PhosphutidylethaEffect of partial andmaximal EFA deprivation on the 20:3(n-9)/
nolamine (PEJ-Separation of diacyl and plasmalogen P E was accom20:4(n-6) ratio in various tissues
plished by a slight modification of the method of Blank et al. (17).
The lipid from 10mgof tissue .(or 100 p1 of serum) was transAfter tissue lipids were separated using System 1above, the silica gel methylated using 14% BF3 in methanol, and the resultant fatty acid
plate was exposed to thevapor from 12 N HC1 for 10 min. The plate
methyl esters were characterized and quantified using gas chromatogwas then thoroughly dried and rerun inSystem 2 above. Exposure to raphy. Identity of fatty acid methyl esters was established by the use
HC1 hydrolyzed the 1-vinyl ether linkage of the plasmalogen form of of authentic standards. No 203(n-9) was detected in controls. n = 4
P E while leaving the diacyl form intact. Rechromatography with
for the partially deficient diet (10%linoleate relative to control), and
System 2 left the resultant 1-lyso-PE at the origin while the diacyln = 3 for the maximally deficient diet (0.05% linoleate relative to
P E migrated as usual.
control).
Radiochemical Experiments-Tissue uptake of arachidonate and
Tissue 203(n-9)/204(n-6) ratios
20:3(n-9) was determined by injecting 0.5 pCi/g of body weight of the
appropriate [l-14C]labeled fatty acid intraperitoneally into animals
Partiallv
deficient
Maximallv
deficient
fed a fat-freediet. Individual organ uptake was calculated at intervals
Serum
0.04
0.90
4.66 k 0.93
after labeling by counting an aliquot of the tissue lipid extract. Uptake
Liver
0.58 f 0.02
1.95
k 0.18
into individual phospholipid pools within an organ was calculated by
Heart
1.16
k 0.22
0.41 & 0.05
subjecting the tissue lipid extract to thephospholipid isolation proRenal medulla
2.00
rt 0.26
0.23 f 0.02
cedure detailed above, locating the phospholipid spots with iodine
Renal cortex
0.18 f 0.02
0.70 k 0.13
vapor, and then scraping the spots into vials containing scintillation
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Animals on the partially EFA-deficient diet (restriction of pg/mg of tissue in animals onthe maximally deficient diet).
linoleic acid to 10% of the control diet)were clinically normal,
The heart showed an even greater avidity for arachidonate:
although hair loss did occur in some animals after 6 months. tissue levels of arachidonate actually increased by a factor of
These animals also displayed a range of 20:3(n-9)to 204(n- two with partial andmaximal EFA deprivation (Fig. 1A). Per
6 ) ratios in different tissues: the serum showed the greatest cent composition increased from 6.2 f0.3% in control animals
ratio, followed by liver, heart, and renal medulla and cortex to 12.0 zk 1.0% in animals on the fat-free diet. Quantitative
(Table I). The order of the ratios in the partially deficient analysis also showed a doubling of arachidonate content in
animals was different from the more deficient animals: the these animals: 0.63 -I- 0.08 pg/mg of tissue in control animals
renal medulla exhibited a much lower ratio relative to the versus 1.22 & 0.09 pg/mg of tissue in animals on the maximally
other tissues. In thepartially deficient animals the ratios also EFA-deficient diet. Additionally, the hearts from animals on
spanned the usual cutoff value of 0.4. Thus, although the the partially deficient diet accumulated substantial amounts
serum, liver, and heart indicated a deficient status as previ- of 22:5(n-6) (4.1 2 0.4%),, which is normally present in only
ously defined, the renal cortex and medulla did not.
trivial amounts (0.5 f 0.1%). Consequently, in animals from
Effect of EFA Deficiency on Tissue FattyAcid Composition this group, the percentage of cardiac (n-6)fatty acids actually
and Content-The effect of EFA deficiency on the tissue level increased despite a 90% reduction in the dietary content of
of arachidonate varied widely with the tissue studied. In the linoleate (26.3 +. 1.3% in the partially deficient animals uersus
liver, the percentage of arachidonate progressively fell with 20.8 -I- 1.0% in the controls).
increasing restriction of dietary linoleate (Fig. lA),reaching
Tissue levels of linoleate were modified in a more predicta level of 20% of control with the most severe restriction of able fashion. As dietary linoleate was reduced, tissue levels of
18:2(n-6)after 8 weeks. Quantitatively, hepatic arachidonate this fatty acid fell, although the liver was more completely
fell from 1.21 f 0.17 pg/mg of tissue in control animals to depleted than other tissues (Fig. 1B). With respect to (n-9)
0.52 f 0.06 pg/mg of tissue in animals on the maximally fatty acids, oleic acid increased in all tissues with EFA depdeficient diet.
rivation but most strikingly in the liver, where the level of
The renal medulla also showed a depletion of arachidonate this fatty acid increased from 24.5 f 0.8 to 60.6 f 0.5% (Fig.
but of a more modest degree than theliver and only with the 1D). Correspondingly, 203(n-9) increased with increasing
most severe restriction of dietary linoleate (Fig. lA). The dietary restriction of linoleate in all tissues; however, in this
percentage of arachidonate fell to 50% of the control level case, the liver showed only a modest accumulation of this
after 8 weeks on the fat-free diet. Quantitativeanalysis dem- fatty acid, whereas theother tissues accumulated much
onstrated similar results: medullary arachidonate fell from greater amounts (Fig. 1C).
1.89 f 0.35 pg/mg of tissue in control animalsto 0.67 f 0.07
Effect of EFA Deficiency on Phospholipid Fatty Acid Compg/mg of tissue in animals on the maximally deficient diet.
order to elucidate how the renal
position and Content-In
The renal cortex, however, was much more resistant to cortex and the heart maintained, and even augmented, their
depletion of arachidonate despite reductions in the level of arachidonate content with maximal EFA restriction, the disdietary linoleate (Fig. lA). The percentage of arachidonate tribution of arachidonate in the individual lipid pools within
was the same in the renal cortices from animals on the control each tissue was determined. Fractionation of the liver lipids
diet, on the partially deficient diet, or on the maximally EFA- into individual lipid pools (Table 11)showed that thedepletion
deficient diet: 15.5 f 1.0, 18.7 f 1.6, and 15.3 zk 1.1%, respec- of liver arachidonate stores was due mainly to a depletion of
tively. Quantitative analysis gave the same results (1.21 -I- arachidonate from phosphatidylcholine (PC) andfrom phos0.02 pg/mg of tissue in the control animalsuersm 1.54 f 0.23 phatidylinositol (PI).PC, however, represented a much larger
pool of arachidonate than PI: 0.75 2 0.12 pg/mg of tissue and
0.10 2 0.03 pg/mg of tissue in control animals, respectively;
and 0.14 f 0.01 pg/mg of tissue and 0.03 zk 0.02 pg/mg of
tissue in EFA-deficient animals, respectively. PE showed no
change in the percentage of arachidonate or arachidonate
content (0.75 -I- 0.12 pg/mg of tissue incontrol animals uersus
0.56 f 0.03 pg/mg of tissue in EFA-deficient animals). Phosphatidylserine (PS) exhibited a doubling of the percentage of
arachidonate, but, like PI, was a minor pool quantitatively
(0.02 f 0.01 pg/mg of tissue in control animalsuersus 0.04 +.
0.01 pg/mg of tissue in EFA-deficient animals). Depletion of
linoleate occurred inall lipid classes as did depletion of
docosahexaenoic acid, the only (n-3) fatty acid present in
substantial amounts. Accumulation of (n-9) fatty acids occurred in all lipid classes. Consequently, 203(n-9) to 20:4(n6 ) ratios were quite high in PC and PI but very low in PE
FIG. 1. Changes in fatty acid composition effected by EFA and PS.
deficiency. C57B1 mice were fed one of three diets for 8 weeks: a
Cardiolipin in theliver of control animals contained ahigh
control diet, a partially EFA-deficient diet (linoleate content 10% of percentage of linoleate and very small amounts of other
control), and afat-free diet (linoleate content 0.05% of control).
Organs were then removed, the lipids extracted, and the constituent polyunsaturated fattyacids (Table 11).EFA deficiency lead to
fatty acids transmethylated using 14% BF, in methanol. Fatty acid a decrease in linoleate and an increase in oleate. Only a trivial
methyl esters were isolated by thin-layer chromatography, then char- amount of 203(n-9) accumulated in this lipid pool. Neutral
acterized and quantified by gas chromatography. Panel A shows the lipids in theliver of control animals containedlarge amounts
changes in arachidonate (20:4(n-6));panelB , the changes in linoleate of oleate and linoleate, and only minor amounts of other
(18:2(n-6));panel C , the changes in 203(n-9); and panel I), the
changes in oleate (181(n-9)). n = 6 for controls, n = 4 for the partially unsaturated fatty acids, As with cardiolipin, EFA deficiency
caused a decrease in linoleate and an increase in oleate. An
EFA-deficient diet, and n = 3 for the fat-free diet.
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TABLEI11
TABLEI1
Effect of EFA deprivation on the fatty acid composition of individual
Effect of EFA deprivation on t k fatty acid composition of individual
lipid classes in renal medulla
lipid classes in liver
Renal medullary lipids were fractionated into phospholipids and
The lipid from 20 mg of liver was separated into phospholipids,
cardiolipin, and neutrallipids using two-dimensional thin-layer chro- the constituent fatty acids transmethylated and analyzed as outlined
matography (System 1: ch1oroform:methanol:ammonium hydrox- in thelegend to Table 11.
ide:water 65:35:5:0.6, System 2: ch1oroform:acetone:methanol:acetic
Fatty acid composition
acidwater 45:19:1015:4). Lipids were visualized using rhodamine G,
Phosphatidylsolubilized in chloroform, and transmethylated using 0.5 N NaOH in
Phosphatidylcholine
ethanolamine
methanol quenched with 6 N HC1. Fatty acid methyl esters were
characterized using gas chromatography. n = 3 for all groups.
Control
EFAD
Control
EFAD
Fatty acid composition
Phosphatidylcholine

EFAD
Control

EFAD
Control

(n-6)
182
20:4
(n-3)
22:6
(n-9)
181
203
203(n-9)/
20:4(n-6)

mol %

mol %

16.8 f 0.92.0
f 0.3
3.2 f 0.5
11.3 f 0.5

5.9 f 0.1
1.1f 0.2
21.0 f 1.024.7
f 1.3

13.2 f 1.2

0.9 f 0.1

23.9 f 1.8

2.3 f 0.2

13.6 f 0.5
0.0
0.0

40.1 f 0.7
14.7 f 0.9
4.8 f 0.7

10.5 f 0.8
0.0
0.0

24.7 f 1.2
13.0 f 2.0
0.5 f 0.1

Phosphatidylserine

Phosphatidylinositol

EFAD
Control

EFAD
Control
~~

~

mol %

mol %

(n-6)
182
204
(n-3)
22:6
(n-9)
181
203
203(n-9)/
204(n-6)

0.0

2.5 f 0.5

1.3 f 0.7

16.8 f 2.85.2

3.5 f 0.6
0.4 f 0.4
0.0

7.5 f 0.5
36.1 f 2.5
5.4 f 1.6

3.5 f 0.6
0.0
0.0

f 4.1

Cardiobpin
EFAD
Control

f 0.7

8.0 f 0.7
4.6 f 0.6
0.2 f 0.0

Neutral lipids
EFAD
Control

mol %

(n-6)
182
20:4
(n-3)
2.4-C
22:6
(n-9)
181
203

1.2 f 0.5
0.0
12.8 f 3.324.5 f 1.0

1.3 f 0.1
35.4 f 4.09.0

mol %

68.3 f 1.5 13.6 f 1.6 15.4 -C 1.1
2.4
+. 0.71.7
f 0.3
1.6 f 0.6
0.1

1.2 f 0.7

5.1 f 0 . 6

mol %

mol %

Phosphatidylethanolamine

0 . 8 f 0.1
0.2 f 0.0
0.0

(72-6)
182
204
(n-3)
22:6
(n-9)
181
203
203(n-9)/
20:4(n-6)

9.6 f 0.1
14.5 2 0.7

0.5 f 0.1 2.2 -C 0.1
0.0
5.0 f 1.1 41.4 f 0.222.3 f 2.1

9.8 f 1.40.7
17.7 f 0.4
0.0
0.0

f 0.2

6.8 f 0.7

1.3 f 0.1

39.8 f 1.6 16.0 f 0.5
0.0
11.8 f 0.3
2.6 f 0.5
0.0

27.7 f 0.7
19.5 f 1.7
0.9 f 0.2

Phosphatidylinositol
EFAD
Control

Phosphatidylserine
EFAD
Control

mol %

mol %

(n-6)
182
204
(n-3)
226
(n-9)
181
203
203(n-9)/
20:41n-6)

2.6 f 0.1
30.02 2.2
2.8

0.0
3.2 f 0.1
f 0.4
26.6
f0.7

6.3 f 1.0

0.0

4.5 f 0.6

4.7f 0.6
0.0
0.0

16.1 f 1.4
19.3 f 1.3
7.0 f 1.4

13.8f 0.4
24.6
0.0
0.0

Cardiolipin

0.0
7.7 f 0.1
0.0
f 0.5
7.7 f 0.1
1.2 +. 0.4

Neutral lipids

~

EFAD
Control
EFAD
Control

mol %

mol %

(n-6)
182
204
(n-3)
22:6
(n-9)
181
203

57.7 f 2.4
12.4
1.8 f 0.2
1.0
0.0
1.2 f 0.1
0.0

f0.8
f 0.1

0.1 f O . l
0.6 f 0.4

0.0
0.0

0.0

f 1.9
25.7 f 0.969.9
0.0 0.0 0.5
0.0 f 0.0

2.1 f 0.75.2

f 1.2

renal medulla were similar to those in the liver. Additionally,
PC and PI exhibited higher 20:3(n-9) to arachidonate ratios
than PE and PS as seen in liver, although the ratio in PI was
severalfold greater than in PC.
The effects of EFA deficiency on cardiac phospholipids are
insignificant amount of 203(n-9) was present in neutral
lipids
shown in Table IV. It is evident that the increase in total
with EFA deficiency.
cardiac stores of arachidonate is due to a 4-fold increase in
Depletion of renal medullary arachidonate was even more
the percentage of arachidonate in PE.Quantitatively, cardiac
generalized than inliver (Table 111):PI was the phospholipid
arachidonate inPE increased from 0.26 f 0.02 pg/mg of tissue
which exhibited the greatest decrease in the percentage of
in control animals to 1.29 f 0.08 pg/mg of tissue in EFAarachidonate, although PC, PE, and PS exhibited decreases deficient animals. This increase in arachidonate was seen in
as well. Quantitatively, the depletion of PE was the largest boththe diacyl and plasmalogen forms of P E (datanot
(2.01 f 0.21 pg/mg of tissue in control animalsversus 0.75 f shown). The percentage of arachidonate in PC and PS was
0.10 pg/mg of tissue in EFA-deficient animals) although the maintained despite EFA deprivation. The arachidonate condepletion of PC was also substantial (0.89 & 0.12 pg/mg of tents of PC and PS
were 0.43 f 0.04 pg/mg of tissue and0.01
tissue in control animals versus 0.22 f 0.05 pg/mg of tissue +. 0.00 pg/mg of tissue in control animals, respectively; and
in EFA-deficient animals). PI was a much smaller pool (0.18 0.45 f 0.09 pg/mg of tissue and 0.01 f 0.00 Mg/mg of tissue
+- 0.04 pg/mg of tissue in control animals versus 0.01 f 0.01 in EFA-deficient animals, respectively. Only PI showeda
pg/mg of tissue in EFA-deficient animals) as was PS (0.31 f decrease in thepercentage of arachidonate and arachidonate
0.11 pg/mgof tissue in control animals uersus 0.04 f 0.01 pg/ content (0.19 f 0.08 pg/mg of tissue incontrol animals versus
mg of tissue in EFA-deficient animals). Changes in other (n- 0.04 & 0.02 pg/mg of tissue in EFA-deficient animals). As
3), (n-6),and (n-9) fatty acids in the lipid subclasses of the observed in liver, cardiac linoleate and 22:6(n-3) decreased in
16.0 +- 1.3 63.7 f 0.333.0
f 1.665.6
f 0.8
0.0
0.9 f 0.5
0.0
1.0 f 0.0
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TABLE
IV
Effect of EFA deprivation on the fatty acid composition of individual
lipid classes in heart
Cardiac lipids were fractionated into phospholipids and the constituent fatty acids transmethylated and analyzed as outlined in the
legend to Table 11.

TABLEV
Effect of EFA deprivation on the fatty acid composition of individual
lipid classes in kidney cortex
Renal cortical lipids were separated into phospholipids and the
constituent fatty acids transmethylated and analyzed as outlined in
the legend to Table 11.

Fatty acid composition
Phosphatidylcholine
Control

EFAD

Control

mol %

(72-6)
182
20:4
(n-3)
22:6
(n-9)
181
20:3
20:3(n-9)/
204(n-6)

5.2 2 0.3
7.4 t 0.5

EFAD

Control

2.5 f 0.3
6.1 f 0.4

0.7 f 0.1
26.8 f 0.9

f 0.3

44.9 f 3.1

5.7 f 0.8

27.0 f 0.7
19.1 f 1.8
2.1 f 0.6

7.1 f 0.1
0.0
0.0

17.6 f 0.8
11.8 f 1.9
0.5 f 0.1

Phosphatidylinositol

(n-6)
182
20:4
(n-3)
22:6
(n-9)
181
20:3
203(n-9)/
204(n-6)

Phosphatidylserine
Control

EFAD

EFAD

Phosphatidylethanolamine
Control

mol %

2.2 f 0.5
10.1 f 1.9

Control

~

Phosphatidylcholine

mol %

36.6 -t 2.71.4
7.2 f 0.4
0.0
0.0

Fatty acid composition

Phosphatidyl.
ethanolamine

11.0 f 0.42.5
f 0.5
10.1 f 1.2 10.3 k 1.4

2.8 f 0.5

20.2 f 1.8

11.5 f 0.629.6
2 1.3
0.0
10.9 f 1.0
0.0
1.1 f 0.2
Phosphatidylinositol

EFAD

Control

EFAD
mol %

EFAD

3.8 f 0.22.0
31.7 f 0.829.7

f 1.4

f 1.0

18.1 f 1.64.6

f 0.3

10.6 f 0.415.9 f 0.8
0.0
10.9 f 1.3
0.0
0.4 f 0.0
Phosphatidylserine
Control

EFAD
~

mol %

(n-6)
182
204
(12-3)
22:6
(n-9)
181
20:3
203(n-9)/
204(n-6)

2.5 f 0.1
41.0 f 3.7

0.3 2 0.2
12.3 f 2.6

4.0 f 1.3

1.6 f 0.4

2.7 f 0.7
0.0
0.0

12.8 f 2.5
25.7 f 3.8
2.2 f 0.4

0.0
5.2 f 1.3

3.6 f 0.3
0.0
0.0

f 1.2

8.9 f 0.7
5.8 f 3.7
0.7 f 0.3

(n-6)
182
20:4
(n-3)
226
(n-9)
181
20:3
203(n-9)/
204(n-6)

Neutral lipids

EFAD

Control

mol %

(12-6)
182
204
(n-3)
22:6
19.7
(n-9)
181
20:3

0.0
7.1 f 2.0

36.8 f 0.711.4

Cardiolipin
Control

mol %

mol %

1.5 f 0.20.9
f 0.7
26.3 f 3.2 13.9 f 2.8

4.6 f 1.6
1.0 t 0.7
20.6 f 3.5 27.0 f 2.2

mol %

2.1 f 0.8
0.0
0.0

f 0.4
6.3

8.5 f 0.8
29.9 f 0.7
2.4 f 0.4

Cardiolipin

EFAD

Control

mol %

22.1 f 2.4
f 0.7
1.4

14.7 f 3.3
f 0.2

0.3 f 0.1
f 0.1

f 1.2

3.1 f 0.3

6.7 f 1.0

0.0

f 3.29.6
f 1.4
0.0
0.7 f 0.1

all lipid pools, whereas oleic acid and 20:3(n-9) tended to
increase in all lipidpools. Also as inliver, P E and PS displayed
rather low 20:3(n-9) to 20:4(n-6) ratios, while PC and PI
displayed much higher ratios.
In therenal cortex, arachidonate was maintained at normal
levels in all lipid pools with the notable exception of PI, in
which the percentage of arachidonate decreased by 50% (Table V). The absolute amounts of arachidonate in the various
phospholipid pools in control animalswere 1.35f 0.14 pg/mg
of tissue inPE, 0.54 k 0.06 pg/mg of tissue in PC, 0.11 f 0.03
pg/mg of tissue in PS, and 0.12 f 0.03 pg/mg of tissue in PI.
Arachidonate in PI decreased to 0.07 f 0.02 pg/mg of tissue
in EFA-deficient animals. The changes in linoleic acid, 22:6(n3), and the (n-9)fatty acids were again similar to those in the
liver. In renal cortex, however, PI showed the highest 20:3(n9 ) to 20:4(n-6) ratio, more than twice that seen in PC. PE
and PS again exhibited very modest 20:3(n-9) to 20:4(n-6)
ratios. This disparity in 20:3(n-9)to arachidonate ratios was
similar to thatseen in the renal medulla.
These changes in lipid composition were not species-specific. A similar conservation of cardiac and renal cortical
arachidonate content at the expense of hepatic arachidonate

(12-6)
182
204
(n-3)
5.1
22:6
(n-9)
181
203

EFAD

57.6f 1.4
25.3
3 . 5 f 0.4
2.4

+.1.3
0.7

f 2.1

1.8 f 0.9

6.9 f 1.2
0.0
0.0

10.8 f 1.3
9.9 f 1.9
0.4 f 0.1

Neutral lipids

mol %

57.5 f 0.7
1.2 f 0.2
5.7

14.0 f 0.943.8
f 2.818.4
0.0
1.1f 0.3

8.1 f 1.4
1.0

Control

EFAD
mol %

f 2.4
f 0.4
4.2

3 . 4 2 1.4
0.7
f 0.3
f 2.3
1.1 f 0.5

f 0.2

2 . 6 f 0.6

19.9 f 1.1 50.4 f 3.86.3
0.0
0.7 f 0.2

0.0

f 1.1 14.9 f 6.9
0.0
1.6 f 0.3

content was also seen in rat. Additionally, a 2-fold accumulation of arachidonate in cardiac PE was seen (datanot
shown).
In sum, these datashow that theliver (which is a substantial
reservoir of arachidonate) is well depleted of (n-6) fatty acids
in EFA deficiency, and that the heart and renal cortex are
able to retain arachidonate tenaciously despite EFA deprivation. Furthermore, they show that PE in the heart is an avid
pool for arachidonate in the deficiency state, as are PE, PS,
and (to a lesser extent) PC in the renal cortex. These data
suggest the following hypotheses: (a)the liver serves to supply
other organs with arachidonate when the animal is deprived
of dietary essential fattyacids; and ( b ) the heart andthe renal
cortex both contain mechanisms to accumulate arachidonate
specifically over other polyunsaturated fatty acids (particularly 20:3(n-9))in PE in the heart, and in PE, PS, and PC in
the renal cortex.
Inter- and Intratissue Distribution of [l -14C]Arachidonate
and [l -14C]20:3(n-9)-In order to test these hypotheses, control animals and animalsfed a maximally EFA-deficient diet
were giventrace amounts of [l-14C]arachidonateparenterally
to examine the distribution of this fatty acid between tissues
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and within an individual tissue’s phospholipids. As expected,
the liver of the EFA-deficient animals initially took up the
majority of the label (Fig. 2 A ) . Gradually, over a period of 11
days, the liver was depleted of arachidonate, with the largest
decrease occurring in PC (Fig. 2A). Additionally, PI was
depleted (81-15 cpm/mg of tissue over the 11days) but was a
minor pool. PS was relatively conserved (66 cpm/mg of tissue
on day 0 versus 45 cpm/mg of tissue on day 11)but also was
a minor pool. This pattern of distribution and elimination
was paralleled by the normal animal(Fig. 2B), although initial
uptake was lower.
Of the otherorgans tested, only depot fat showed a decrease
in activity over the 11-day period (2921 cpm/mg of tissue to
1254 cpm/mg of tissue in EFA-deficient animals over the 11
days). Tissues such as skin, skeletal muscle, brain, and lung
accumulated less than 250 cpm/mg of tissue on day 1 and
showed minimal changes over the 11 days in EFA-deficient
animals (data not shown). Spleen and intestine accumulated
more activity (approximately 1000 cpm/mg of tissue on day
1)but also showed no change over the 11days. Renal medulla
from EFA-deficient animals exhibited an increase in activity
over the 11-day period but was only slightly greater than
control (993 cpm/mg of tissue inEFA-deficient animals versus
597 cpm/mg of tissue in control animalson day 11).
The EFA-deficient heart showed a marked ability to accumulate arachidonate (Fig. 3). Over a period of 11 days the
amount of label in the heartincreased %fold (477cpm/mg of
tissue to 1424 cpm/mg of tissue), reaching a level that was 5fold greater than control. Most of the accumulation was seen
in PE,which showed a 10-fold increase over the 11-day period,
reaching a level 8 times that of control. Minimalaccumulation
of the tracer was seen in P S in the EFA-deficient heart (5
cpm/mg of tissue on day 0 versus 26 cpm/mg of tissue on day
11).Accumulation of the tracer in EFA-deficient heart PC
changed little over the 11-day period and was only slightly
greater than control. Incorporation into PI was similar in
EFA-deficient and control heart: 11cpm/mg of tissue on day
0 and 26 cpm/mg of tissue on day 11 in EFA-deficient heart
versus 13 cpm/mg of tissue onday 0 and 30 cpm/mg of tissue
on day 11for control heart.
When cardiac P E was separated into the diacyl and plasmalogen forms, it was noted that incorporation of labeled
arachidonate into both forms was increased with EFA deficiency (Fig. 4). Incorporation of tracer was 8-fold greater than
control for both classes of phospholipid.
A, EFA-deficienf
L
l

0

5

FIG. 3. Cardiacaccumulationof
[l-14C]arachidonatein
EFA-deficient(A) and control(B)animals. Animals were endogenously labeled with [l-14C]arachidonate as outlined in the legend to
Fig. 2. The heartswere removed on days 0,1,5, and11as before, and
incorporation of labeled arachidonate was quantified as stated.
A. Diacyl-PE

8. Alknylocyl-PE

FIG. 4. Incorporationof [l-14C]arachidonate
into diacyl-PE
(A) and alkenylacyl-PE (B) in heart. PE from thehearts of

animals (both EFA-deficient and control) endogenously labeled with
[l-14C]arachidonate as outlined in the legend to Fig. 2 was separated
into diacyl and plasmalogen forms using mild acid hydrolysis with
two-dimensional thin-layer chromatography. Incorporation of label
was quantified as stated.

A.EFA-deficient

1500t

B. Control

B Control
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FIG. 5. Renal cortical accumulation of [l-14C]arachidonate
in EFA-deficient (A) andcontrol (B) animals. Animals were

endogenously labeled with [l-14C]arachidonate as outlined in the
legend to Fig. 2. The renal cortices were removed on days 0, 1,5, and
11as before, and incorporation of labeled arachidonate was quantified
as stated.
TlME(doys)

FIG. 2. Hepaticaccumulationof[l-14C]arachidonatein
EFA-deficient (A) and control (B) animals. C57B1 mice fed a
control or fat-free diet were given 0.5 gCi/g of body weight [1-14C]
arachidonate intraperitoneally. Animals were killed on days 0, 1, 5,
and 11. The liver was removed, and the lipids were extracted and
separated into phospholipids using two-dimensional thin-layer chromatography (Systems 1 and 2 outlined under “Materials and Methods”). Incorporation of labeled arachidonate was quantified by liquid
scintillation spectrometry. Background was 1cpm/mg of tissue.

The renal cortex also showed a marked enhancement in the
uptake of arachidonate in EFA deficiency (Fig. 5). There was
a 5-fold increase in the accumulation of the tracer in EFAdeficient cortex over the period of 11 days, to a level 3 times
that of control. As with the heart, most of the accumulation
of the tracer inEFA deficiency was in PE, although PS also
showed a marked increase in uptake of the tracer: 194 cpm/
mg of tissue in EFA deficiency versus 44 cpm/mg of tissue in
control. Incorporation of label into PC was slightly higher in

CardiaclRenal Arachidonate Distribution
EFAin

15742

EFA deficiency (2-fold greater than controls). Uptake into
PI, however, was similar in EFA deficiency and in controls
(42 cpm/mg of tissue versus 36 cpm/mg of tissue on day 11
in EFA-deficient and control renal cortex, respectively).
To determine whether the accumulation of tracer in the
phospholipid pools of the heart and the
renal cortex was
specific for arachidonate, a parallel experiment was carried
out with [1-14C]203(n-9).Animals were given an equivalent
dose of this fatty acid and were killed after 11 days when, as
noted above, arachidonate accumulation was at a maximum
(Table VI). Tissues from control animals contained small
amounts of 203(n-9): 38 cpm/mg of tissue in heart and 65
cpm/mg of tissue in renal cortex. The total arachidonate
uptake in the heart andrenal cortex from control animals as
determined previously was 10-fold greater than the total
uptake seen with 203(n-9) for all four phospholipids.
EFA deficiency markedlyenhanced the ability of the heart
and renal cortex to accumulate 203(n-9) (Table VI). Uptake
by the heart increased from 38 to 594 cpm/mg of tissue,
whereas uptake by the renal cortex increased from 65 to 299
cpm/mg of tissue. Increased incorporation of 20:3(n-9) was
seen in all the phospholipid pools.
The accumulation of 203(n-9) into individual phospholipids in the heart and the renal cortex in EFA deficiency,
however, was distinctly different from the accumulation of
arachidonate (Table VI). When compared to the previous
uptake data for arachidonate in the heart, it was seen that
20:3(n-9) was incorporated to an equivalent degree in PI,PS,
and PC. However, the accumulation of arachidonate in PE
was more than 3-fold greater than that seen when 203(n-9)
was used. In the renal cortex, uptake of 203(n-9) was significantly less than thatpreviously determined for arachidonate
in all phospholipid pools except PI. Thus, in heart there
appeared to be a specific uptake of arachidonate inPE,
whereas in renal cortex arachidonate uptake was preferential
to 203(n-9)uptake in all phospholipids except PI.
Specific activities of the phospholipid pools in the heart
TABLEVI
Comparison of the tissue uptake of F4-C]-20:4(n-6) to
F4-C]-20:3(n-9)
Animals were given 0.5 &i/g of body weight labeled
fatty acid
intraperitoneally and killed after11days. Organs were removed, the
lipids extracted, and phospholipids separated using two-dimensional
thin-layerchromatography (Systems 1 and 2 as outlined in Table 11).
Phospholipids were located with I, vapor, and the spots scraped into
scintillation fluid. Incorporation of fatty acid was quantified on a
Beckmann liquid scintillation spectrometer. n = 3 for 20:4(n-6) in
EFA deficiency and control. n = 2 for 203(n-9) in EFA deficiency
and n = 1 for 20:3(n-9) incontrol.Backgroundwas 1 cpm/mg of
tissue. Additionally, phosphate determinations
were doneas described
under “Materials and Methods.” Specific activities are expressed in
Darentheses as counts/min/nanomole DhosDhate.
Incorporation of [““Clfatty acid
EFAD heart

26 f 4 (26)
24 +. 3 (28)
190 f 35 (7)
693 f 96 (30)

26,20 (23)
6,8 (8)
213,233 (9)
213.248 (10)

EFAD renal cortex

PI
PS
PC
PE

TABLEVI1
Prostaglandin production by EFA-deficient heart and kidney
Organs from EFA-deficient and control animals were removed and
perfusedwith Kreb’s-Henseleit buffer at 1 ml/min. Organswere
stimulatedwithangiotensin I1 (24 nmol) and then subjected to
ischemia (6 min for heart, 2 min for kidney). Conversion and reacylation of exogenous arachidonate was determined by bolus injection
of trace-labeled arachidonate. Effluents were analyzedfor prostacyclin (heart)or prostaglandin Ez (kidney) by specific radioimmunoassay as describedunder”MaterialsandMethods.”Resultsare
expressed as the stimulated value with the basal subtracted out. The
percentageofexogenousarachidonatereacylated
is expressedin
parentheses. n = 3 for kidney perfusions (both groups),
n = 8 for
control hearts, andn = 6 for EFA-deficient hearts. Statistical significance was calculated by Student’st test.

Control heart

cpm/mg tissue (or cpmlnmol phosphate)

PI
PS
PC
PE

and renal cortex were also calculated (Table VI). These data
corroborated the data based on total counts normalized for
tissue weight in showing specific uptake of arachidonate in
PE in heart and a more generalized preferential uptake of
arachidonate in renal cortex.
Effect of EFA Deficiency on Tissue Prostaglandin Production-The increase in total cardiac arachidonate elicited by
EFA deficiency,and thestriking differences in thearachidonate content of the individual cardiac phospholipids induced
by EFA deficiency, called into question the relationship between these changes and theavailability of membrane-bound
arachidonate in theEFA-deficientheart for the production of
prostacyclin. It was hypothesized that the effect of EFAdeficiency on cardiac prostacyclin synthesis might vary with
the stimulus used, since cardiac arachidonate was decreased
in PI but was conserved or increased in the other phospholipids. TOtest this assumption, mouse hearts from control
and EFA-deficient animals were perfused ex vivo and stimulated either with the receptor-mediated stimulus, angiotensin
11, or the more nonspecific stimulus of ischemia (21). Prostacyclin production in response to angiotensin I1 was greatly
attenuated in the EFA-deficient mouse hearts despite the
doubling of cardiac arachidonate; however, the production of
prostacyclin in response to ischemia was comparable in controls and EFA-deficient animals (Table VII). These differences were not attributable to differences in either cardiac
cyclooxygenase activity or reacylation ability (Table VII).
The effect of EFA deficiency on renal prostaglandin E2
synthesis was also examined. E x vivo perfused kidneys from
EFA-deficient animals similarly produced much less prostaglandin E2 than control kidneys in response to the receptormediated stimulus of angiotensin 11, whereas the production
of prostaglandin Ez inresponse to ischemia was no different
between control and EFA-deficient kidneys (Table VII). As
with the heart, these differences could not be attributed to

33 f 5 (32)
5 f 0 (6)
119 f 8 (5)
84 f 11 (4)

2 (2)
<l (C1)
9 (<1)
5 r<l)
Control renal cortex

20:4(n-6)

203(n-9)

203(n-9)
204(n-6)

39 +. 5 (33)
161 f 22 (115)
224 f 47 (16)
697 +. 93 (58)

17,23 (17)
14,18 (11)
52,68 (7)
85,115 (8)

42 f 3 (23)
48 f 2 (28)
102 & 9 (4)
287 k 24 (24)

Cardiac prostacycli production

Stimulus

203(n-9)
204(n-6)

203(n-9)
204(n-6)

Deficiency

5 (4)
2 (1)
8 (1)
9 (1)

EFAD
~~

Control
~

&ml-

Angiotensin 11
Ischemia
Arachidonate, 0.3 pg
3.0 pg
Stimulus

~

~~

1.0 f 0.2
1.1 f 0.2
1.3 f 0.5 (83%)
10.8 f 2.3 (67%)
Renal prostaglandin ESproduction

0.3 0.1“
0.7 f 0.1
1.6 +. 0.5 (84%)
10.0 f 2.0 (66%)
WAD

Control
ndml

Angiotensin I1
0.6 f 0.3”
Ischemia
4.0 f 0.8
Arachidonate, 1.0 pg
2.3 +. 0.3 (98%)
10.0 pg
4.1 f 0.1 (99%)
‘p < 0.05 EFAD versus control.

2.7 f 0.6
4.7 f 0.1
3.0 f 0.1 (98%)
4.0 f 0.4(99%)
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differences in renal cyclooxygenase activity or reacylation
ability (Table VII).
Thus, although cardiac and renal cortical arachidonate were
both highly conserved in EFA deficiency, cardiac and renal
prostaglandin synthesis were both attentuated in this state
when the receptor-mediated stimulus of angiotensin I1 was
utilized.However,whenischemiawasused
as a stimulus,
cardiac and renal prostaglandin synthesis were no different
in EFA-deficient and control animals.
DISCUSSION

Despite long-standing recognition of the state of EFA deficiency and some of the corresponding alterations in tissue
polyunsaturated fatty acids, the tenacity with which the organism can conserve arachidonate has been underestimated.
The datapresented here show that animals are able to retain
arachidonate in membrane lipids in certain tissues to a remarkable degree despite maximal restriction of dietary essential fatty acids.Morespecifically, these data demonstrate
that: (a) different tissues respond differently to EFA deficiency manifesting a range of 20:3(n-9) to 20:4(n-6) ratios and
marked differencesin tissue levels of arachidonate: (b)hepatic
arachidonate is readily depleted by EFA deficiency and that
the depletion is seen in PC and PI with preservation of PE
and PS; (c) cadiac arachidonate increases with EFA deficiency
due to anincrease in arachidonate in PE,only PI is depleted
of arachidonate in the heart; (d) renal cortical arachidonate
is preserved in EFA deficiency dueto retention of arachidonate in all phospholipid pools except PI, (e) renal medullary
arachidonate is depleted in EFA deficiency dueto a decrease
in arachidonate in all four phospholipids, (f) tissue uptake of
203(n-9) and 20:4(n-6) is enhanced in EFA deficiency and
that specific mechanismsexist in both heart and renal cortex
to preserve arachidonate preferentially in certain phospholipid pools (PE inheart andPC, PE, andPS in renal cortex);
and (g) despite the conservation of renal cortical and cardiac
arachidonate in EFA deficiency,renal and cardiac prostaglandin production is markedlydecreased in response to the
receptor-mediated agonist, angiotensin 11, although in response to ischemia, renal and cardiac prostaglandin production is maintained.
These findings have clear implications regarding studies
which use EFA deficiency as a tool for probing the role of
arachidonate and its metabolites in various pathologic processes. Without demonstrating the biochemical responses of
the involved celltypes to thedeprivation of arachidonate it is
difficult to interpret the findings of these studies in a simple
manner. For example, in a study which examined the effect
of EFA deficiencyon murine lupus nephritis, the diet used to
produce EFA deficiency (20% coconut oil as the lipid component) was similar to that used in the present study to
produce the state of partial deficiency (7). Although hepatic
and renal arachidonate wereshown to bemarginally decreased, it is clear from the present study that individual
tissues vary widely in their response to EFA deficiency. Consequently, certain cell types involved in the inflammatory
injury mayhave exhibited 'very low 203(n-9) to 204(n-6)
ratios and shown arachidonate depletion in only limited pools.
For example,macrophagesfrom animals fed the partially
EFA-deficient diet in the present study showed 203(n-9) to
20:4(n-6) ratios of 0.2, undiminished levels of arachidonate,
and were able to produce amounts of leukotriene C4 comparable to controls.2However, macrophages fromanimals fed a
fat-free diet showed 203(n-9) to 204(n-6) ratios of 1, a 50%

* J. Lefkowith, unpublished results.

15743

decrease in membrane arachidonate, and showed a 75% reduction in leukotriene C4synthesis (22). These cells were also
able to utilize the accumulated 203(n-9) to form leukotriene
CS (22).
The present study also demonstrates that the heart has a
remarkable avidity forarachidonate. Although the conservation of cardiac arachidonate in PE appears to function to
preserve prostacyclin production in response to ischemia, it
is possible that arachidonyl-PE is not solely a storage pool
for metabolism.It has been shownthat cardiac mitochondria
become uncoupled with EFA deficiency(23), and that mitochondrial membranes are relatively enriched for PE (24).
Therefore, arachidonyl-PE may be an important structural
component of mitochondrial membranes and consequently
important for the coupling of oxidative phosphorylation.Additionally,cardiac sarcolemmahas been foundto contain ver9
high levelsof the plasmalogen formof 2-arachidonyl-PE (25).
The conspicuous enrichment of this electricallyexcitable
membrane for this species of phospholipid, and the tenacity
with whichthe heartpreserves arachidonate in PEwith EFA
deficiency, suggests that arachidonyl-PE may be critical for
cardiac electrical activity.
Likewise, the preservation of renal cortical arachidonate
content may be for structural purposes as well as to provide
arachidonate for metabolism. Renal cortex is particularly
metabolically active (26) and the proximal tubule contains
numerous mitochondria (27).As with heart, the preservation
of arachidonyl-PE maybe essential for maintaining mitochondrial integrity. The conservation of PS may also be a
result of the synthesis of PS from pre-existing PE via serineethanolamine exchange (28).
Arachidonyl-PC mayalsobe
an important pool in the
kidney. 1-0-alkyl 2-arachidonyl PC appears to be the precursor of platelet activating factor (29). Platelet-activating factor
has been shownto be released fromthe kidney in response to
calcium ionophore (30)and may play a role in blood pressure
regulation (31), although release maybemostlyfrom
the
medullary interstitial cells (31).
It is noteworthy that of all the phospholipids, onlyPI was
consistently depleted of arachidonate in the tissues studied.
Even in the heart, in which tissue arachidonate content
doubled, PI was depletedof arachidonate. Furthermore, in all
tissues studied, PI contained the highest percentage of 203(n9) of any of the phospholipids and, consequently, the highest
20:3(n-9) to 204(n-6) ratio of any of the phospholipids. It is
likewise striking that proqaglandin production in response to
the receptor-mediated agonist, angiotensin 11, in both heart
and kidney is depressed in EFA deficiency despite a conservation of total tissue arachidonate. These data suggest that
PI is the principal source of arachidonate for metabolism in
response to receptor-mediated stimulation in both heart and
kidney, despite the fact that PI is quantitatively a relatively
minor pool of arachidonate. These data tend to corroborate
studies in platelets (32) and mesangial cells (33) which also
suggest that PI is important in supplying arachidonate for
metabolism.
The mechanisms by which the heart and renal cortex are
able to conserve arachidonate remain speculative.An arachidonyl-specificCoA synthetase has been describedin platelets
(34) and lymphocytes (35). Such an enzyme would account
for the general preference for arachidonate over 203(n-9) in
the control tissues but would not explain the marked enhancement of arachidonate incorporation into certain phospholipids seenwith EFA deficiency.An acyl transferase which is
specific for essential fatty acids in heart has been described
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