
Vol. 38, No. 1, 1970 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

SEI.ECMVElXMPENING OFLIPCGENICENZYMES OFWVER 

BYEXOSENOUSPOWUNSATURATE D FATTY ACIIx;+ 

Yasutoshi Mutd'* and David M. Gibson 

Department of Biochemistry, IndianaUniversity SchoolofMedicine 

Indianapolis, Indiana 46202 

Received September 29, 1969 

SW: C&al adninistration of methyl esters of linoleic, linolenic and 

arachidcmic acids to rats maintained on a high-carbohydrate, fat-free diet 

bmughtaboutaprogressive dimuniticm of the activity of liverenzysms 

which participate in the synthesis of saturated and monounsaturated fatty 

acids: acetyl CoA carboxylase (CBX), fatty acid synthetase (FAS), citrate 

cleavage enzyme (WE), malic enzyme (ME), and gluccee-6-phosphate dehy- 

drcgenase (GGPKH). In the same three day experimentalperiodthe fatty acid 

composition of liver phospholipid and free fatQ acids reflected the ex- 

ogenous input of polyunsaturated fatty acids. 

4 * J( * * 9s 

It was previously reported by this laboratory that high-carbohydrate, 

law-fat alimentaticn by rats and mice was associated with severe deficiency 

in linoleic and arachidonic acids in total liver lipids in less than two 

days. Coincident with these canpcsitiaal changes was a striking adaptive 

rise in the activity of the key enzymes catalyzing fatty acid synthesis in 

liver: acetyl CoA carboxylase (CBX) and fatty acid synthetase (FAS) (1,2,3). 

Addition of methyl linoleate to the fat-deficient diet returned enzyme 

levels towardnormalandrestoredthe fatty acidspectmmseenwithbalanced 

diets. Methyl palmitate, methyl oleate, fats containing saturated fatty 
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acids, and cholesterol were virtually without effect in halting hyperlipe 

genesis. 

The presentstudywas undertalcentoexarnine this phenomena undermore 

controlled conditions, in relation to the metabolism of higher polymsatu- 

fated fatty acids in the rat, and to include other 'lipogenic' enzymes for 

canptison: citrate cleavageenzyme (ATP-citratelyase) (CCE),malicen- 

zyme (ME) and glucose-&phosphate dehydmgenase (G6PJ.H). Rats were adapted 

to a high-sume, fat-free diet for ten days and trained to accept supple- 

mentary treatient by stana& tube su& that I~KXI-I dcses of methyl esters of 

fatty acids couldbe delivered during the subsequent experimental period. 

The relative concentrations of fatty acids in the phcspholipid and free 

fatty acid fracticms of liver lipids were exaninedwith the sane specimens 

of liar used for enzyme activitqr determinations (4). 

MEIUOLS: Male Wistar strain rats weighing about 200 grams were kept cn a 

high-sucrose, fat-free diet (General Biochemicals) for ten days follcwing 

two days of starvation. Animalswerethen divided into three general groups: 

(a) animals switchedtonormalbalanoed chew diet over three days (ENS); 

(b) animals continued cn high carbohydrate diet and fed methyl esters of 

various fat@ acids by gastric intubaticn each morning for three days; 

(c) animals on high carbchydmte diet and intubated with physiol(&cal 

saline each morning for three days (F). Onthe fourthmoming animalswere 

killed by decapitation. The livers were removed, washed in cold physio- 

logical saline, and divided intohalves. 

One portion of liverwas hancgenized in twovol~~~~ ofbufferas&ain- 

ing 0.25 M sucrcse, O.lM potassium phosphate buffer (pH 7.4), 0.07 M KHCO3, 

l&l ELYFA, and 1 ti dithiothreitol. The soluble liversupematantwhichwas 

obtained by centrifuging the hancgenate at 105,000 x g for 60 minutes was 

used for determining the activity of five enzymes: CBX, FAS,ME,CCE,and 

GGPW, Four ern'ymes were assayed spectrophotcmetrically: FAS (S),ME (61, 

10 



Vol. 38, No. 1,197O BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

CCE (71, and G6PXi (8). Acetyl CoAcarbqlase (CBX) activitywasmeasured 

by follcwing l4 CO2 incorporation into malcnyl CoA according to Majerus 5 

al. (9). - 

The seccmd portion of each liver was used for determining the fatty 

acid composition of several lipid fractions. The liverwas extractedin 

chloroform methanol (2:l) according to Folch et al. (10) with the exception -- 

that 2.5 nM EDNA-Na2K2 and l/5 volume of 0.2% H2S0,+ were added in order to 

obtain accmplete recovery of free fatty acids (FFA) frunthe lawerphase. 

Phcspholipids were isolated on an acid-treated florisil column (95% recov- 

ery) (Ill. Free fat@ acids were separated on a florisil c0kmu-1 as de- 

scribed by Carroll (12). Further FFA purification was achieved by thin- 

layer chmnatcgrsphy. Overall recovery of FFAwas more than 80%. The 

lipid fractions obtained by these methods were methylated in redistilled 

methanol, oantaining 2% H2S0,+, under N2 gas for two hours at 70° C. The 

esters were separated by gas-liquid chrunatcgraphy (10% EGSS-X; calm 

temperature, 180° 0. Arachidic acid (Applied Science Lab., Inc.) served 

as an internal standard (30 pg/gr liver tissue). Ccnnnercial methyl esters 

of fatty acids used in these experiments (99% pure) were purchased frcm the 

Horse1 Institute, except for y-linolenic acid (CNO-Pharmaoeutical Co., 

Osaka, Japan). Peroxides were not detectable in the methyl esters of fatty 

acids, nor in the lipid extracts of liver after methyl esters were adnin- 

istered. Peroxide formation was determined by measuring diene conjugation 

absorpticPl (13). 

RESUUS: m: In Fig. lare shcwntheinducti~pattems of the five -- 

enzymes during high-carbohydrate, fat-free refeeding follaJing twodays of 

starvation. At the tenth day various methylesters of fat9 acids were 

intrcducedby stanachtube. Enzyme activities weremeasured at the tenth 

day andthree d~s later. The activity of the five lipcgenicensymes 

studied fell in response to oral administraticn of methyl esters of poly- 
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WUCTION OF LIPOGENIC ENZYMES IN RAT LIVER 
ON A FAT FREE DIET 
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Adaptive rise in the activity of five enzymes catalyzing fatty acid 
in rat liverduringhigh-carkhydrate, fat-m refeeding over 

fifteen days follming two days of starvatim. 

unsaturated fatty acids. The degree of fall infmqnns activitywas a fmc 

tion of the &se ofthe several esters emplayedandthelength ofthe ex- 

perimental period. 

In Fig. 2 activities ofthe five enzymss are pwsented afteradninistm- 

tim of 0.25 grms of various methyl estem (per 100 gram body weight) over 

three days. As&optimal dosewas selectedtoafford aamparkm of the 

several esters. The danpening effect appearadtobe prcportiomltothe 

unsaturatim in the fatty acid ester tasted, methyl amchidonate 

being the mcst effective in this series. Animals receiving abalaneddiet 
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Effect of oral administration of methyl esters of fatty acids cn 
e*activity of the five enzymes in Fig. 1. All activities are canpared 

with the level of EN3 (refed balanced diet) set equal to one. Thebase- 
line levelforthe five enzymeswere: GGPM, 196 runoles of NADPWmin./ 
liver; MF., 86 un-oles NAIPH/nCn./liver; FAS, XL.8 ~moles/rnin./liver; CCE, 
29 wles/min./liver; and CEX, 5.5 pmoles CD2/min./liver. 

ad lib over three days returned to a normal pattern. In the latter case, -- 

however, them was no control of lipid intake. The stock diet contained 

4.3% fat (w/w) with 39% linoleic acid in total fatty acids. The five lipo- 

genie enzymes behaved as accnstantproportionality set regardless of the 

kind ofnutritionalmanipulaticn. 

LIPICG: As previously observea (1,2,3) rats maintained cm a high-carbohy- 

drate, fat-free dietwere deficientinlinoleic and ara&idonic acids in the 

lipid fractions of liver. Fatty acids of the -9 series (eg. oleate) which 

can be synthesized de nova are elevated. Table I shcws the changes in fatty -- 

acid ccqcsiticn inthe free fatty acid fraction of liver follcwing oral 

adninistration of the sine n-ethyl esters indicated in Fig. 2. The polye 

saturated ccntentofthe free fat@ acids reflected the exogenous fatty acid 

input. Added saturated and mcnounsaturated esters had virtually no effect 

m the 'fat-free' pattern. A&inistmtion of the members ofthe ~6 fatty 

acid fanilytendedtorestorenomnal fatty acid patterns,%; the e-9 

serieswas diminishedandthe ~6 serieswas restored. Therewere individual 
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TABLE I 

Effect of Oral Adnrinistration of Methyl Esters of Fatty Acids cm the Percent 
Canposition of the Free Fatty Acids of Rat Liver. 

SERIES RN'S 14 16 16:l 18 18:l 18:2 20:3 20:4 22:5 22:6 
(w7) (u9) (~6) (to91 ((a61 (06) (03) 

F 

14:o 

16:0 

16:l 
(or71 

18:l 
(09) 

18:2 
h6) 

18:3 
(03) 

18:3 
(or61 

20:4 
(ldt5) 

m3 

N 

28 1.2 38.4 5.1 25.4 16.3 3.0 2.7 3.4 0.9 3.6 69 

4 3.2 38.9 5.8 24.9 18.3 2.3 1.0 3.0 0.9 1.7 64 

4 1.9 39.0 5.0 23.2 18.3 3.3 1.3 4.2 0.9 2.9 50 

4 2.0 34.8 6.5 22.4 19.3 4.4 1.7 4.7 0.9 3.3 66 

8 1.3 34.0 4.2 27.0 18.7 3.1 3.3 4.5 0.9 3.0 81 

12 1.8 34.1 4.1 25.7 13.2 7.6 1.2 7.5 1.5 3.2 70 

4 2.0 28.2 4.1 23.5 14.1 2.1 1.7 4.3 0.3" 6.9 72 

8 1.7 38.2 4.5 23.7 13.0 2.6 - 9.3 2.1 2.6 65 

4 1.2 45.5 3.3 21.7 Il.9 3.8 - 8.8 1.0 2.8 52 

16 1.6 32.6 3.3 28.0 10.3 9.0 - 8.4 1.0 4.8 50 

8 1.3 34.3 2.1 25.8 10.6 10.3 - 10.2 1.3 4.1 48 

* 20:5 (103) rose to 8.8%. 

differences in response,hcwe~r: linoleate (18:2) restored both 18:2 and 

arachidcmate (20:4) levels, whereas y-linolenate (18:3) restored cmly ara- 

chidcnatewithout affecting thelcw linoleate level. This relationship is 

consistent with the known metabolic convsrsicn of linoleate toy-linolenate 

to arachidcmate (14,151. Adninistratian of a-linolenate led to accunulatim 

of higher members of the 10-3 series. The relative cxznpositicn of fatty 

acids in the total lipidextract and the phcspholipid fracticmexhibitedthe 

same changes in pattern. 

DISCUSSION: Polyunsaturated fatty acids exert a specific effect in viva in -- 
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causing the lowering of activities of five enzymes concerned with the syn- 

thesis of saturated and mcnomaturated fatty acids in liver, This is coin- 

cider&with arapid reciprocal change in the relative amounts of w-6 and 

o-9 series fatty acids in the livar lipids. 

Examination ofthese five enzymes in vitrorewalsthat free fatty acids -- 
inhibit en- activity and that the polyunsaturated fatty acids are more 

potent in this respectthansaturated fatty acids. The concentration of 

ara&idcnate required for 50% inhibition of CBX is 7 x 10 -5 M (16, also see 

17,181. This is 3to 4 foldthemaximm concentrationof free arachidcnic 

acid achieved in whole liver (Table I>. It is also unlikely that free fatty 

acids directly inhibit these cytoplasmic enzymes in vivo, in view of the -- 
fact that 60% ormore of FFAare boundtotheparticulate elements of the 

liver cell (16). Otherstudies in our laboratory indicatethatthereis a 

net loss of enzyme protein during the adaptive fall in enzyme activity & 

Kivo. This would support the concept that polyunsaturated fatty acids (or 

acoqxxmntazntaining or deriwd frxnthem) may function as c~repressors 

in the synthesis of the lipogenic enzyme set (3). 
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