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- : ABSTRACT

'The tissue sites, reducing equivalents, and sources of cafbon for

et
. .

. de novo fatty. acid synthesils were investigated in the immature American '

eel, Anguilla rostrata'(LeSu;ur)._

The rates of in viﬁo and in vitro incorporation of ¥AC—ac¢tate into
lipids i;dicated ghaf’the liver and intestine are tﬁ; tissues mOSt
actively involved in fatty acid synthesis. Neithe; ;ed nor white muscle
incorporated significant label into-lipi&s,

The comparative ability of selected eeif;issdes t; prod;ce fatty.
acid; was fuéther evaluated Sy measuring the aétivity of cytoplasmic
*NADPH producing enzymes: isocitrate dehydrogensse (IDH), malic encyme
(ME), glucose—é—phospﬁate.dehydrogenase {G6PDH), and 6-phosphogluconate
deh&drogenase (GPGDﬁ): The liver had the greatést capacity to produce
reducing eqﬁivalents (ﬁADPH), although sigﬁificant activities were also

noted in the intestine.

The influence of diet and food-deprivation on I&vez eﬁzymes was
examined. There were no differences in enzyme activities between eels
fed beef-liver or fasted for 2 months. ‘Eels fed worms had significantly
greater GGPﬁE activity than those fasted for 4-6 months. Liver weight
and hepato—soﬁatic i;;ex decreased in fasted eels, but 1lipid content per
gram of liver or muscle-;ncreased.

In the liver, NADP-IDH had the lowest Km(NADP) and the highest activ
- ity of the four cytoplasmic NADP-dehydrogenases. Only low activities of
ATP-citrate lyase (CCE)} and ME were found. Aconitase was pfesent only
in the cytoplasm and %t had a Km(citrate) 20-times lower and an activify

at least 7-times higher than CCE. These results indicate that carbon

* flow from extramitochondrial citrate is towards isocitrate, and that IDH

iv . -



is-a'major source of reducing equivalents.

- As a consequence of the énzyme studies, particularly at the citrate

branchpoint the hypothesis that synthesis of fatty acid carbon in eel .

liver utilizes ketogenic precursors rather than glucogenic precursors
\

.

was tested with in vitro label experiments. v s
& . T
The rates of incorporation of the ketogenic .precursors, lic_acetate

and 14C—acetoacetate into fatty acids in eel liver slices were at least

4-times hHigher than rates of glucogenic precursor (1&C—lactate, citrate, )

- /
ispartate, glucose) incorporation. - ‘

Tritiated water was used to?measure rates of lipogenesis independ- &\
ent of carbon source. The mean rate of de novo fatty acid synthesis was
1.53 umoles of 3E,0 incorporatedlgrwet weight of liver/2 hr at 15%.

When l4C-precursor and 3850 (3EOH)Iincorporation were comoared in paired
experiments, acetate and gcetoacetate ware incorcorated into fatty acids
at 70% of the rate of 3H20 while lactate and other glucogenic precursors
did not exceed lOZ of the 3320 rate. Although lactate did not contribute
a significant amount of fatty acid carbou, it vas, nonetheless, required
to obtain maximal rates of de nove lipogenesis. )

. The overall pattern of de novo fatty acih synthesis iIn eel liver is
similar to that of ruminant adipose tissue and may be an adaptuation to
spare glucose and glucogenic precursors.

Foodwdeprivation for 4 months caused a S5-fold reductipn in the in
vitro rdte of fatty acid synthesis. Additional periods of starvation
reduced the rate sti1] further, and at 9 months a 30-fold decrease in

b
vivo was observed. -

The oxidation of 14C—oleate was measured to determine whether the

increased lipid coutent of the liver. in starved animals was due to



»

impaired lipid catabolism Rates of oleate oxidation were at least

+ 2-fold higher in starved compared to fed eels and thus decreased fatty

acid utilization was not the explanation for the higher 1lipid content.

N

vi



J T Sy

)

ACKNOWLEDGMENTS

&,
I wish to express my sincere gratitude to the following:

Dr. T. W. Moon, whose knowledgeable supervision was the major

'« factor that made this research experience worthwhile;

Dr. J. C. Fenwick for his enlightened supervision during
Dr. Moon's ssbhatical,, anm critical comments and moral support
during .all phases of this work; . _ , . \
° Dr. J. Armstrong and Dr. J . MeGarrity who enthusiastica:ll}'
provided inst:ru‘f:tion in lipid techniques during the early part of
this project; |
_l Mr. D. Wall anftl‘Dr. Van den Berg fér analyzing eel t;i.ssue
samples for acetate; - ’
Mr. B. Lanin and Mr. P. Liew of the Ontario Ministry of
Natural Resources, and the staff of the W.B. Saunders Bydroelectric
Dam, Commwall, Ontario, who provided the eels used in this study; and
Susan Aster for her assistance in the preparation of the
mant;.script.

\/ This work was supported by operating grants to Dr. T. W. Moon

from thé National Research Council of Canada (46944). i

vii



T e

ABBREVIATIONS

" G6PDH - glucose—GJphosphate deliydrogenase (EC 1.1.1.49)

6PGDH - 6-phosphogluconate deﬁydrogenase (EC 1.1.1.44) ° - )
. \ Ll .

ME -~ malic enzyme (EC 1.1.1.40) . BN

IDH -~ isocitrate dehydrogenase (EC 1.1.1.42)

CCE  -(citrate cleavage enzyme) ATP-citrate lyase (EC 6.}.3.8)‘——~5—*~44*

MDH - NAD-malste dehydrogenase (EC 1.1.1.37)

\h

Other abbrevistions and/or EC numbers are presented

In the text.-
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 INTRODUCTION

Fish lipids have.been of considerable scientific interest for well
over a2 half century, and much of this early work has been reviewed by
Love (1970) and Shul'man (1974). Recent studies have examined the roie
of lipids in temperature acclimation (Hazel and Sellner, 1979), the
effect of diets on lipid composition (Lin et al., 19771,b), and the
utilization of lipids during periods of energy depletion (Bilinski,
197;). Despite this continued interest, some of the most fundamental
aspects of the uptdkg,'synthésis, and utilization of lipids in £ish

tissues remain unclear (Patton et al., 1978).

I. -LiPID METABOLISM IN ANGUILLIFORM EELS

Some of the most intensively studied fishes in terms of lipid
ccmposition and utilization of energy stores during starvation are the
eels (dnguillic sp.), including the American, European, and Japanese
épecies. This group of catadromous fishes has provided a fertile
ground for physiolegical and biochemi&al studies. The immature,
freshwater yvellow American eel (4. rosirctz) is z relatively lean fish,
while the mature bronze of silver eel migrates sea;ard to spawn as a
fatty fish. 1In all 1ikelihood, it is upon these fat stores that this
mature, nénrfeeding‘animal depends for energy to reach its spawning

grounds in the scuthwest Atlmtic. The American eel slowly increases

[ SN

its 1ipid content with maturation (perscmal cbservation), as do many
other fishes (Love, 1970). It does not demonstrate seasenal fluctua-
tions related to development or reproductive cycles (Shul'’man, 1974),

except during the yeliow to silver transition Just prior to its seaward

>
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migfation (Lewander et al., 1974). In addition, eels undergo a natural -

~

low temperature winter fast (Nyman, 1972), so an experipental fast, ;
which is often used in studies of lipid synthesis, is not as‘abnormalxzd
perturbation as in some other animals studied in this regard. Therefore,
the eel represents a natural model for the study of lip;d synthesis.

Changes in body composition iﬁcluding lipids due éo the yvellow-
silver transformation and to starvation haQe been investigated primarily
in the European eel, 4. anguiila. Lewander et al. (1974) and Dave et
al. (1974) found surprisingly few differences between older vellow ecels
(340 g) and unewly transformed silver animals (420 g). The only changes
found by Wills and Hopkirk (1976) in the yellow—silvér transformation
of 4. cusinaiis were also quantitative rather than q;alitative.

More informative, though, on occ;sion, cenfusing, are the studies
of overwintering starvation in smaller (106-133 g) vellow eels by the
Swedish group (Larsson and Lewander, 1973; Dave et al., 1975). Eels
studied in the 1973 paper utilized liver triglycerides rather quickly,
while muscle triglycerides were only utilized after prolomged starvation,
concurrent with an increase in plasma free fatty acids (fFA). In the
1975 study both iiver aﬁd muscle triglycerides decreased from 47 to 96

days of starvatiom, but plasma FFA, though variable, did not increase

even after 164 days starvation. The utilization ‘of trigivcerides,

rather than protein, for ¥nergy after moderate starvation had previously

been shown in the work of 1 znd Oshima (1966) oo A. japoniea.

Eowever, Lovern (1639) that proteins were utilized during star-

vation in yellow A.

-

flla, resulting in a relative (possibly ¥

—

absolute) increase in 1lipid content. Supporting this latter work is

the finding of Renaud and Moon (1980b) that American eels increase



 i | _ 7 ) ,
thelr u:ilizatio; of protéﬁn for gluconeogenesis during starvatiom.

The results of Lovern (1939) and Renaud and Moon (1980b) ;re consistent
with those of Creach and Murat (1974 %or carp (Cyprimus carpio), '

Kluytmans and Zandee (1974) for nor ern‘p;ke (Esox lucius), and

rook trout (Salvelirus j“or:tz'.r.clis)..

Narayansingh and Eales (19%
These studies demonstrated n¢/ decrease in either the quantity of lipid

reserves or the extentﬂaf/;;bel incorporation into lipids during
- o

fasting. e
P Nie

Despite the inherent interest in_winte:'stifGation and develop-
mental phenomena, it is apparent that eels and btber_fish spend much of
fheir lives neither starf;ng nor transforming. It‘may, therefore, be
of considerable value tomdefine the general features of their lipid
metabolism, particularly lipid swvnthesis, during the rest of their
life cyele including perioés ofdnormal growth and feeding. This is of ~

§reat impertance, since the success of each animal in overwintering,

migration, and reproduction is likely to be critically linked to its

'y

mechanisn(s) of emergy accumulation and storage.

II. LIPID SENTEESIS

The de nmovo syuthesis of.lipids in the cytoplasm ef vgﬁtebrate
tissues requires (1) a cé;bcn-source for acetyl CoA, (2) reducing
equivalents (NADPE) produced by one or more of four cytoplasmic
dehvdrogenases, glucose—é-phosphate dehydrogenase, GSEFDE; é—phospho—
gluconate dehydrogenase, 6PGDH; isocitrate dehydrogemase, IDE; and
malic enzyme, Hé; and (3) glycerol-l-thSphafe for esterificarionm.

The Importance of different tissues to whole animal lipogemesis,
and the pathways utilized to provide acetyl CoAi and NADPH for the process

varies in different organisms. For example, adipose tissue is the



4
‘major site of lipogenesis in r\mina:;ts (Bauman et ai., 1976). Mice and ‘
.rats appear to ptilize both liver and ad,;po-se t:isgue for li‘p-ogenesis
(Clark et al., 1977; Baker et al., 1978), while birds (Pearce, 1980)
and man (Shrago .el: al., 1971) primarily use the liver.

In fish, wl§re the fat storége areas may be diffuse (Tashima and
Cshill, 1965; Vague and anassé, 1965), the liver actively produces

|

lipids in several species‘ ﬁorther'n pike, Kluytmans and Zandee, 1974;
Amazon cstfish, Patton et al., l§78), and is probably the primary
lipogenic ‘organ (Lin et al., 19773). However, other fish t:ﬁssues dc-; .
have the a‘bﬂit;r to incorporate_dlabeléd precursors t;xs;xally' acetate)
intc; lipids as well {goldfish muscle,~Knipppath and Mead, 1968; rudd

okkin, Saxena and Zandee, 1971; goldfis Leslie and Buckley, 1976).

The cytoplasmic location of tHeé fnzymes involved in fatty acid
synthesis (Romgos and‘Leveille, 1974; E::Lgs. 1A,B) requires that acetyl
QoA, formed primarily .in th; mitochondria, be transported to the cyto-
plasmic compartment. 1In SOme lipogenic tissues (Fig. 1B) a carbon
source 'such as acetate may enter the cell and be utilized directly for
lipogenesis without first entering the mit.ochondria. Activatec}'(CoA)
substrates can not cross the mitochondrial membrane (Haddock et al.,
1970), and a number of mechanisms for the transport of acetyl units from
the mitochondria to the cytoplasm for fatty acid and stercl synthesis
have been identified (Fig. 2; Pathways numbered in text below correspond
to those numbers' in Fig 2). Acetyl carbon may be transported (1) by the
tricarboxylate transporter li_nked_ to ATP-dependent citrate lyase step in
the citrate cleavage p_athwaf, (2) as acetate (Sp'encer and Lowenstein,

1962), (3) as N-acetylaspartate (D'Adamo et al., 1968; Patel and

Clark, 1980), (4) as acetylcarnitime (Fritz and Yue, 1964), or (5) as



Figure 1A

Figure 1B

(Upper) . Pathwayé of fatt; acid synthesis in rat adipose

and liver tissue (from S;gge:son, 1980). Reducing equivalents
(NADPH) are produced by the peﬂtose ph;5phate'pathway (1) and
‘by malic enzyme (45:" Fatty acid carbon is supplied by citrate
cleavage enzyme (ATP-citrate lyase) (2). NAD-malate deﬁydro—
genase (3) connects citrate cleavage gith reduc&ng.equivalent
production and is the first step in a tranéhydrogenation

(NADH —> NADPH) from oxaloacetate to pyruvate. The citrate

cleavage pathway consists of steps ), (3), @.

- e

(Lecwer) . Eath?éys'éf fatty acid synthesis in ruminant adipose

tissue (from Saggerson, 1980, based on Baumau, 1976). Fatty

acid carben is supplied by acetate which is activated in the

eytosol by acetyl CoA synfhetase (1). The citrate cleavage

pathway does not operate due to negligible activities of

citrate cleavage enzyme and malic enzyme (Fig. 14, (2), ),

and citrate formed‘in the cytoplasm is converted to isocitrate

by aconitase (2). Reducing equivalents are provided by the

pentose phosphate pathway (not shown) and by NADP-isocitrate

dehydrogenase (3).
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acetoacetate (Rous and Favarger, 1973; Patel and Ciark, 1580). The &

path?ay utiltzing N-acetylaspartate to transfer.acegyl units appears to
be festricted to braih cissde, vhere in vitro it does not account for
more than about 20% of the acetyl units used for lipid synthesis (Patel
and Clark, 1980).J/§;milarily, acetylcarnitine, though formed in many
tissues b& carnitine acetyltransferase, has never been show; to account
for more thsn. s minor portion of the mitochondrial-cytoplasmic tramsfer
of acetyl units for lipogenesis (Srere, 1965). |

Acetoacetate is an Important carben p;ecursor for 1ipid‘syntﬁesis
in the developing rat brain (Webber and Edmond, 19}9) and may play s
significant role in acety% group transfer tPatel and Clark, 1980),
although much of the acetoacetate used for lipogenesis is.probably
activated-~directly in the cytoplasm by acetoacetyl CQA synthetase after
entering from the blood stream (Buckley anﬁ Williamson, 1973). Rat
adipose tissue and mammary gland can aiso use aceancetate as a minor
source of lipid carb&n, presumably through this cytopl;smic éathwai
(Robinson and Williamsom, 1980).

The twe primary sources of carbon for lipogeﬁesis in marmmalian
tissues are citrate and acetate (Figs. 1A4,B). Acetate is usually
conéidered to be activated directly in the cytoplasm, based om tPe o
location of acetyl CoA synthetase primarily in that compartment in
lipogenic tissues (Knowles et al., 1974). The citrate cleavage pathway
is the major route for acetyl-unif translocation when the carbon sources
for lipogenesis aré glucosge, lactate, or glucogenic amino acids, as is
the case in most rat and fetal ruminant tissues (Fig. 1A). In lipogenic
tissues this pathway has the added advantage of producing reducing

equivaients by a two-step transhydrogenatiom, from oxzaloacetate to
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malate to pyruvate where the hyd from NADH 1s'trﬁnsferred to NADPH

(Fig. 15).' In monogastric mammals othér than rats, citraté cleavage
pathway ;fpears less:impdrtant as a means of genefating extramitochondrial
acetyl CoA and this is correlated with an increa ig the utilization
of extramitochondrial acetate as a carboﬁ sourcé {Saggerson, 1974).

The extreme example of an acetate rather than glucose or lactate based
f,{tty acid syt;/;hgsis is ruminant \adipose ti§sue (Bauman, 1976; Fig. 1B).
Unfortunately, there have been no studies of the source(s) of carbon
for lipogenesis in fish tissues, snd it is not known which, if any, of
the mammalia; models fish tissues reéemble..

The pa;h@ays utilized to produce NADPH for fatty acid synthesis
reflect the carbon flow, in part, and thus may be expected to differ in
the two extreme mammalian lipogenic modéls; i.e., rat and ruminant
(Figs. 1A,B). In rat liver a@d adipose tissue, thé pentése phosphate
pathway (G6FPDH, 6PGDH; (1) in Fig. IA) provides 50-80% of the reducing
equiv;;.lents (Kather and Brand, 1975) and malic emzyme ((4) in Fig. 1A}
provides the remainder. However, the virtuai absence of malic enzyme
aﬁd.hiP—citrate lyase ((2) in Fig. 1A} in-rumiﬁan:s eliminates this
pathway of reduciné equivalent production (Fig. 1B). Furthermore, the
absence of ATP-citrate lyase prevents the utilization of glucogenic
substrates for the production of fatty acid carben (Figs. 14,B). Im
ruminants, both the pentose phosphate pafhﬂay and isocitrate dehydro-
genase ((3) in Fig. 1B) are important in the provision.of.NAD§E (Bauman,
1976) . | o |

Only two species of fish, both salmomids, have been investigated
In regard to the supply of reducing equivalents, although numerous

reports of individual dehydrogenases have been published - (see Hazel and
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Prosser, 1974). Baldwin and Reed (1976) have shown that all four
cytoplasmic NADPH producing enzymes had similar activities in rainbow
trout liver while nozAIPrciﬁrate lyase was detected. This latter,
unusual finding, indieates that deSpite.aﬁ.ac:ive'malic enzyme,‘the
citfate cleaydse pathway is inactive in trout liver. Lin et al.
(197?a,b).have found all four NADPH producing enzymes plus'ATP—citra:e
lyase to be active in coho salmon liver but much less gcéive_in

mesenteric fat. Furthermore, high fat diets ox fasting reduced the

activity of the liver enzymes. They concluded that for coho salmon, as

in rats, the pentose phosphate pathway and malic enzyme provide the

reducing equivalents for lipogemesis. =

The differences in tissue sit-e.s of lipogmesi;s and pathways
utilized for NADPH production in closely related animals (Shrago et al.,
1971) or in fish sharing the same habitat (Aster, 1976) suggesté that
the studies of Baldwin snd Reed (1976) and Lin et al. (1977a,b) may mot

be generally applicable, and that more detailed studies in this wegard

t
are required.

The object of this study, therefore, is to prévide data which

could form the basis of a model of de novo fatty acid synthesis in a

~ non-fatty fish, the yellow or immature American eel. The study is

divided into essentially three parts. -

1. It is initially necessary t@aldetermine which tissﬁes are most
actively involved in fatry acid syntheéis._ More specifically, the
hypothesis will be tested that the liver is the most impoftz-mt tissue
in this regard, as has been previously suggee-.'ted for fish by vague and
Fenasse (1965), Tashima and Cahill (1965), Lin et al. (1977a,b), and

others.



2. Bas'e& on the assum;)tion t:hat the éamivorous—omiv_orous diet '
of eels (Sinha and Jones, 1975) and mo St fi;'.h is low in carbohydrates
(Love, 1970), it would be ‘predicted that there would be a "™meed" -to
spare gl.ucose for, energf.uti]_.ization in those tissues that require it
(white 'muscle, brain). If so, fatty acid synthesis would utilize carbon.
“sources other than those whicti are~directly glucogenic (e.g. lactate and
alanix}e); for example, th_e ketosenic substrate acetate. Thus, of the

two extreme marmalian modtls of de novo f?.tty acid synthesis (rat and

-

ruminant adipose) it is predicted that this process in eels would more

.
v e

close_lv Tesemble the nnn—;xant model. .
| 'l'his prediction w1ll be tested in two stages. &rst, the potential
of the. diff;arent pathways of tytoplasmic NADPH produttion to supply
reducing equivalents for fatty acid synthesis is evaluatea by considering
- total enzyme activ:.ties Hiehaelis constants, and responses to different )
diets and starvation. Second, the importance of glucogenic vs. ketogenic
carbon sources will be assessed by looking at the enzymes of the extra-
»_mitochonﬂrial citrate branchpoint (ATP-citrate. lyase and aconitase),
and the remlts of tlese enzymeemeasurements confirmed by directly
testing different precursors for lipogemesis usingllabeled substrates
and tritiated water wader controlled in vitro conditioms. .

Aftet detemining the soﬁrcé;' of reducing equivalents and 1lipid
cari:on, an attempt will be made to speculate on the mamner in which
tIiis "modei“ can be ::Lntegratéd :rith wh.;.t is kmown about hepatic gluco-
- neogenesis and the tricarboxylic acid cycle_in eels (Hayashi and
Oos'hi:o, 1979; Moon and Ouellet, 1979; Remaud and Moon, 19802,b) and on
its applicability to other fish and lower vertebrates.

'_'3. E‘inally, since the yellow eel undergoes a low temperature
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" winter fast, the effects of food deprivat:_t‘nh- on the syn;hesié and

utilization of lip.ids will be considered. In addition, t_he’en"ergy

reserves of ;vthese'apimals will be evaluated and. some s'pecu.la.tion'.s' made

" on the role of lipid meta‘bol:{sin..

Ao



MATERIALS AND METHODS -

I. ANIMALS AND DIETS' .

Immature yeilow eels, Angutlla rostrate (LeSuveur), between 50 and
180;3 in weight, were éaptured by dip-net during their upstream migratién
in the St. Lawrence River at the W.B. Saunders Hydroelectric Dam, .
Cornwall, Ontario during August and September of 1976-1979. Water
temperature ranged from 16-229C. The eels were transported to the
lzboratory and were kept in 150 liter tanks of 14-16°C dechlorinated
rumning water. -

The fish were either killed within one week of capture (designéted
"freshly caught"), or maintained ;n the laboratory for up to two years.
Thése eels held in the lab were either deprived of food or fed beef
liver -or worms & to 5 times -per week. The composition of the beef liver
and worm diets is shown in Table 1. The lower fat and lower energy
contents per gram of the earthworms were major differences between the
two diets. Eowever, the eels fed on the live prey more readily than on
small pieces of liver, which probably compensated for these differences.
A1l exPeriments performed in the fall of 1978 or later used eels fed

worms. These eels would not eat pelleted fish rations. Somewhat

-afﬁitrarily; those eels deprived of food for less than & months are

termed "fasted" eels, since this time period of food deprivation may be
encﬁuntered duriﬁé a natural, winter fast, albeit at lower temperatures.
Those eels deprived of food for more than 6 months are termed "starved".
In general, the latter term is more inclusive and is used when food
deprivation is discussed. Forlmost experimenfs, eels averaging just

over 100 g in weight were used.

Ll
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TABLE 1.

-Composition of eel diets

Beef liver! Earthworms® -
= Weight * Energy * Weight - Ener§y
_ N
Glycogen® 0.6 1.9, 0.6 3.5
Protein” 18.5 .61.5'-:: 10.4 65.4
Lipid® - 4.9  36.6 2.2 R
Other (Ash, NPK) s.1 - 11.6 -

Water 67.9 . - : 75.2 -

lottawa Beef Co. Ltd., Ottawa, Oat. Lumbricus sp., Eileen Cordes,
London, Ont. ‘Determined by the method of Renaud and Moom (19803) .
“Determined by the method of Maddy and Spocner‘-'(l9'70). QsDetermined

by the method of Folch et al. (1957) ..

4



II. ENZYME STUDIES

A. Preparation of tissue homogenates.
Eels were decapitated and the tissues were immediately removed and

-

weighed. Red muscle and white epaxial muscle were akcised from an area

2 to 10 ¢m posterior to the anus.

Tissues in 5 to 10 volumes of ice cold bduffer’ (S0 mM Tris-HC1,

pH 7.5 at 20°C, 225 mM mannitol, 75 =M sucrose, 0.5 mM EGTA) were

_ homogenized with several short‘low speed bursts of a Folytron FCU-2
tissue homogenizer (Brinkmann), and centrifuged at 700 x g for 10
minutes in a Sorvall RC-2B refrigerated centrifuge ét 0 -4%. The
supernatant fraction was filtered and recentrifuged at'éOOO x g for 10
minutes. The pellet from this operation has been shown to centain
intact, coupled mitochondria (see Mcon and Ouellet, 1979). This pellet
was washed twice, frozen and thawed, then homogenized to release
mitochondrial enzymes. The supernatant frém the S000 x g séin was
recentrifuged at 39000 x g for a minimux of 30 minutes, and this
supernatant was used directly for assavs of the cytoplaszmic enzymes.
Homogenates were usually frozen (~20 to -30°C) one to five days befere
analysis. Preliminary tests established that activity losses were

negligible with this procedure.

B. Enzyme assays.

Enzyme activity in the homogenate fractions was assayed by record-
ing the reductiom oé NADP or oxidation of NADE at 340 nm with z Unicam
SP1800 recording spectrophotometer. 4 Haake model FTX temperature

controller was coupled to the cuvette holder to maintain constant
-

15

temperature. All assays were performed at 20°C in a final concentration



of 50 mM Tris~HCY buffer, pH 8.0, and a total volume of 3.0 mi. The

reaction mi.;ctures were selected to give o‘ptimal activities with liver

homogena%s. and were as follows (final cuvette concentrations):
Tsoeitrate dehydrogenase. S mM MgCla, 0.3 mM XADF, and 0.5 =

threo Dg isocitrate.

Milfe emsime. 1 omM MnCls, 0.3 mM NADF, and 5 mM malate.

o -
2 -~

Slnonso=fephosriate dohnvgenase. SmM MgCl-~, 0.3 mM NADF, and

1 =¥ glucese-é-phosphate.

-

FaThogpiogluaonate Sehpdmagenase. 5 omM MgCla, 0.3 mM NADF, and
0.5 =™ é-phospheogluceonate. .

-hudnegenase. 0,15 =M NADE and Q0.5 oM cxaloacetate.

Accmitase. 10 mM MgClo, 0.5 =X NADF, S =M ¢itrate, and cxcess
isocitrate dehvdregenase (pig heart). Additien of ferTous a=mecaium
sulfate did not enhance the activity.

ArTogiimgte suase. 20 =M MgClo, 0.1 = NADE, 1 oM dithiethreitel,
0.4 =M CoA, 10 =¥ ATP, 20 =¥ citrate, zud excess zalate dehvdregenase
(zig hearz). gt % .

F T .

Endogenous NADP reducticn or NADE oxidaticn, when significant, was

ailoweé to proceed vatil 3 comstant, negligible'rate was recorded,

16

usually within 3 te 5 minutes. Enzyme specific reacticns were initisted

- .

bty the additicd of substrate. Apprepriate blank cuvettes were used when

necessary.

Kineric parameters were determined from double-reciproceal plots or
plots of 1/v vs. inhibitor concentration (Dixcn plets, Dixen andé Webb,
1964, p 357) by least squares linear regressicm. Michaelis constants,
or Xm values, are the stbstrate concentrations at which the velecity

of the enzyme reaction is one-half of its maximum velocity (Vmax). The
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Km can also be termed the apparent Km, or the reciprocal of the apparent
enzyme-substrate affinity (Hochachka and Somerc, 1973), to distinguish

it from the Kg, the enzyme substrate dissociation constant (Dixon and

Webb, 1964).
-

C. Prote?n determinations.

The pretein content of the tissue homogenates (solubie protein)
was determined with Folin-Ciocalteu reagent by the method of Lowry et
al. (1951). Abscorbance was measured st 600 nm. Bovine serum albumin

was used as a standard.

IIX. LIPID SYNTHESIS IN VIVO

A. Experimental protocel and bleed saxmples.

, The inceorperaticn of labeled acetate, glucose, and tritiated water
.
Al

“inte lipids was used to measure lipid syathesis in vivo. Eels were
" weigheé and placed intc a separate tank containing approximately 35
liters of 15°¢ er for 12 %o 48 hours prior te the experiment.. Food
was given to those eels which had previously been feeding. Animals
were injected intraperitomeally at two to three peints with either
0.5-2.0 pCi 1-14C-acetate, 0.05-0.1 iCi 6-14C—glucose, or 0.05-0.2
=Ci 3320 per g eel. In cme experiment, eels were injected intramuscu-
larly in the epaxial muscle beside the dorsal fin.above the anus.

The injected eels were removed from the tank after the appropriate
time pericd (see Besults), weighed, then decapitéted just anterior to
the heart. Blood was collected from the severed'ccnus arteriosus in

heparinized 10 ml beakers, then centrifuged in microcentrifuge tubes

Eppendorf) for 10 min at 3/4 speed in an IEC clinical centrifuge.
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The plasma was removed and duplicate 20 ul aliquots were counted for
radioaciivity, and the remaining plasma used for lipid or water deter-
minations. The water content of eel plasma, determined gravimetrically,

vas 90.6 * 0.4 (mean*SEM, n=6).

B. Lipid determination

Tissues were excised, weighed, and placed in pelypropylene centri-
fuge tubes, and 19-79 volumes of chloroform-methanol (2:1 v/v) added.
The tissues were homogenized i‘rit‘n a Polytron PCU-2 tissue homogenizer
(Brinkmann), centrifuged for 10 minutes at 10,000 x g, and then poured
into 15 or 40 ml ground-glass topped centrifuge tubes through glass~
fiber filter paper (Whatman GF/A). The pellet was resuspended in
chloroform-methanol, vortexed for 1 min, re—centrifuged, ané the super-
natant poured through the filter. Small amounts of solvent were then
used to wash the filters. In some experiments, the remaining pellet
(lipid-free precipitate) was saved for determination of lipid-free dry

weight and label incorporation.

The chloroform—methanol extracts were washed with 0.04% CaCl,

-

-

(0.20-0.24 volumes), and then three times with prepared upper phase
solvents (chloroform-methanol-0.4% CaClp, 6:96:94), as described by
Folch et ai. (1957). This prc;cedure eliminated hydrophilic contaminants,
and the last wash was substantially free of radicactivity. 1In the
iexperiments in which labeled acetate was used as a 1lipid precursor,
approximately 10 mg "cold" acetate was added to the third wash.

The lipid extracts were evaporated almost to dryness under nitrogen
at BSOC, and made up to 3.0 or 5.0 m1 volume with chloroform-methanol
(approx. 4:1 v/v). The ;g;‘éduations on the tubes ccr;.'xtaining the 1lipid

extract were checked by}fpettmg fixed volumes into the tubes. After



[

determining lipid weight gravimetrically, aliquots of lipid were used

for “the procedures discussed below. -

C. Saponification. . s J

Aliquots of up to 40 mgbof lipid were transferred ;o ;5 ml screw-
topped tubes [teflon liners in caps) and the solvent evaporated under
nitrogen. ‘Aféer the addition of 2.5 ml of 95-99% ethamol and 0.25 ml
6N KOH, the lipid mixture was saponified at 85°C for 2 hr. Ethanol and
water (approx. 1:1 v/v) were then added to bring the final volume to
4.5 ml. Completeness of saponification was checked qualitatively by
TLC and quantitatively by scintillation counting.

Ncnhsapbnifiable 1ipids were extracted with two to three 5 ml
portions of petroleum ether (b.p. 30-60°C). Following acidification of
the lipid mﬁxture with approximately 0.35 ml 5N HC1, the fatty acids
(saponifiables) were extracted in the same manner. Initially, bo£h
non—saﬁoaifiable (Né)lgnd saponifiable (SAP).fractions were backwashed
with equal volumes of diiute NaOE or ECl, respectively, but this was
found to be unnecessary, except, as in a few experiments, when whole
tissues rather than lipid extracts were sapenified. Both the NS and
SAP fractions were then placed in scintillation vials, evaporated, and -
co ed for radioactivity. Alquots of these fractions were sometimes
remqfed for weight determination and/or thin-layer chromatography.
The aqueocus fraction remaining after petroleuﬁ ether extraction
(primarily 1ipid glycerol) was neutralized and duplicate 1.0 ml

aliquots counted for radicactivity.

D. Thin layer chromatography (TLC) and 1ipid class determinatien.

In some experiments, the amount of isotope incorporated into the
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different lipid classes and the weight pefcentage of each class was
determined after separation by TLC. Aliquots of the lipid extract were
phwdmhéwemdmemhmtwnuﬁd‘Aummpmdﬂmum
(Kates, 1972, p. 394) was used to sepﬁrate the polar lipids from the
neutral lipids. Since this technique does not completely separate the
polarpf:om neutral- 1ipids, both fractions were further separated with
both polar and neutral solvent systems. The lipid fractions were then
reduced in volume and spotted on thin layer plates or flexible supports
with a stationary phase of silica gel G (250 1) and developed in the
following solvent systems: neutral lipids; ethyl egher-benzene-ethanol—
acetic acid (40:50:2:0.2), followe& by ethyl ether;hexane (6:94)
(Freeman and West, 1966); polar lipids; chloroform-methanol-water
(65:25:4) (Lepage, 1964).

Lipid classes were identified from the Rf values of lipid standards
(Sigma), run concurrently with the eel lipid samples. The separated
lipid classes were visualized with iodine vapor or, occasiomally, with
217'—dichloroflucrescein (neutral lipids*only) as described by Kates
(1972, p.436). After gentle heating to remove the Ip, the detected
1ipids were removed by scraping the silica gel or cutting the flexible
backing plus silica gel and placed in scintillation vials for the estim-—
ation of radioactivity. Silica gel did not interfere with scintillation
count ing, and recovery of labeled lipids ffoq the chromatograms was
95-102%. h

The spectrophotometric procedure of Amenta (1964) was used to
determine the amount of lipid in each class separated by TLC. Silica
gel containing lipid separated by TLC was Incubated with an acid

dichromate solution and the reductiom in absorbance, proportional to
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the amount of lipid present, was read at 350 nm. Triolein and choles-

terol (Sigma) were used as standards.

IV. TFATTY ACID SYNTHESIS IN TISSUE HOHOGENATE§

The liver (or intestine) from worn-fed eels was exc;sed,.weighed,
and homogenized in 3 volumes of dilute phosphate buffer (5 mﬁ, pH 7.2)
containins‘ZSO oM sucrose and 1 mM dithilothreitol. Akger homogenization
snd centrifugation, as previously described (p.15), the pellet contsin-
ing cell debris and mitochondria was discarded, and the 39000 x g
supernatsnt centrifuged at 105,000 x g at 4°C for 1 hr in a Beckman
LS-50 prepa;ative ultracentrifuge. The microsomél—free supernatant
from this procedure.was added to the assay mixture within 30 minutes.

The assay mixtures for the incorporaticm of labeled substrates into
. fatty acids in the high-speed (microsomalifree) supernatants are, with
slight modification, those used by Shrago et al. (1969), and contained
the following components (final concentrations) in a total volume of
1.0 ml: |

1,5-14C-Citrate incorporation (citrate cleavage enzyme). 50 =M
glycylglycine buffer, pE 7.5, 10w ATP (Mg salt), 0.1 mM CoA, 0.3 mM
NADPE, 25 umM NaECOs, 10 oM MgClp, 5 mM MnClp, 5 m dithiethreitol,
15 mM citrate, 1.5 uCi 1,5-14C~citrate, and 0.4 ml high speed supernatant.

1-14¢-Acetate incorporation (acetyl CoA synthetase). Identical
to citrate incorporation (above), except that labeled citrate was omitted,
and 10 mM acetate and 2.0 pCi 1-14C-acetate were added. Unlabeled citrate
(15 ™) was present to stimulate acetyl Coh carboxylase (Shrago et al.,
1969).

1-14C peetyl Coi incorporation (acetyl Coh carboxylase). Identical

to citrate incorporation, except that CoA and labeled citrate were
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omitted, and 0.2 mM dcetyl Coa and 0.6 wCi 1-l4C-acetyl CoA added.
Unlabeled citrate (15 mM) was present. - '

1-14cAcetyl Cod + malonyl Cod incorporction (fatty'acid synthetase).
50 @M potassium phosphate buffer, pH 7.0, 0.3 mM NADPH, 0.1 mM acetyl CoA,
0.6 uCi 1-l4C-acetyl CoA, 0.2 mM malonyl CoA, and 0.4 ml high speed
supernatant. .

The incubation media for citrate, scetate, and acetyi CoA incorpor-
ation also contained 1 mM phospho(enol)pyruvate and excess pyruvate kinase
(rabbit muscle) to regenerste ATP, and 1 mM isocitrate to regenerate NADPH
and maintain a high citrate~;oncen:ration.

The exact amount of acetyl CoA added to the assay mixtures was
measufed at 260 nm using a molar extinction coefficient of 16,400 °
(Dawscn.et al., 1969).

In each experiment, tubes containing the complete assay mixture,
but without homogenate, were treated similarly to tubes containing
both_hcmogenate and substrate.

The assay was initiated by the addition of substrate after the
homogenate had been "activated" (Sullivan et al., 1972) for 10 min in
~ the assay media without substrate. The mixtures were incubated in

screw~capped tubes for 90 min at 15°C in a shaking water bath.

R

The reactions were terminated by tﬁz;additioq Sf 2.0ml 5 XN Kﬁﬁﬁ_
in 507 ethanol, and the mixture sapenified at 85°C for 3 hr. Water was
added to bring the volume to 2.6 ml, and 5 X ECL (2.4 m}) added to bring
the pH to approximately 1.0. The fatty acids in the acidified digests-
were extracted with three 5 ml portions of petroleum ether (ﬂ.p. 30-60°C).
The petroleum ether extracts were washed twice with water or dilute

acetic acid, then added to scintillation vials where the ether was
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removed under reduced pressure, scintillation fluid added, and the

labeled fatty acids counted. ERCRARE

V. TFATTY ACID SYNTHESIS IN LIVER SLICES

Eels used in these experiments were either fed to‘satiation with
worms or starved for periods up to two vears. The e;ls were killed by
decapitation and the liver (or other tissues) immediately removed and
weighed. The liver was sliced using a Stadie;Riggs Tissue Slicer £
(A.H. Ihomas,‘Phila.) and the slices placed in cold, oxvgenated fish
saline, buffered to pR7.55 with HEPES (5 mM, N-2-hydroxvethvlpiperazine-
N-2-ethane sulfonic acid). The composition of the fish saline ( after

Lin et al., lSTTc) was as follows (grams/liter): NaCl, 7.25; KC1, 0.3S;

CaCly*2H,0, 0.23; N3H,PO; -Hp0, 0.41; MgS04-7H;0, 0.23; and NaECOq

-2

1.00.
Slices from each fish liver were randomly placed in three or four

25 m1 Ervlenmeyer flasks containing different substrates. Each flask

contaired appch. 150 mg of tis&ue. Because of the limited amount of

tissue available, duplicéte flasks were not routinely used (see p. 27 and

Appendix 1), and gemerally, 3 animals, 4 conditioms each, and a total of

12 f%ps%s were utilized for each experiment. The liver slices were

/
i/.;zcubated\_?.‘ﬂ\i\ ml of buffered saline to which 1% bovine serum albumin

|

(Sigma -%1//essentially fatty acid free)} had been added: The f£lasks
were flushed.with 952 02/52‘C02, stoppered tightly, and the ;issues
incubated for 2 hr at 15°C in’a shaking water bath. Preliminary experi-
ments established that therg was a linear increase in fatty acid syn-
thesis (3520 incorporation) for at least 3 hr.

Afver incubation, the tissues were removed Immediately, except in .
those experiments in which CO; production was determined (see p. 26) and

rinsed in three changes of fish saline, blotted, and weighed to the
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nearest mg on a Roller-Smith balahce. The slices were then transferred
to &O_ml:polypropylene centrif;ge tubes, and the lipid extractéd and
saponified as described (p. 19). No laﬁeled lipid was detected in the
ingubation media.

The variocus substrates add;a to the flasks‘are éndicated in the
Results section. In general, all cold substrates were added at s final
concentration of 5 mM (15 umoles/flask), while each flask contained
1 to 3 WCuries of l4c-labeled substrate or 2 mCi of 3H20. The exact
amount of isotope added was determihed for each f;ﬁsk; The rates of
.lipi§ synthesis, in disintegrations pe¥_m&nute (dpm), were converted
to cérreSponding nmole values using thh\?pecifib activity of the sub-
strate in the‘incubation flﬁsk. Insulin (bovine)}, at final councen-
trations up to 100 mU/ml, had no effect on fatt? a;id synthesis (see
Results, p. 47}, and was not.routinely added to the flasks.

Acetoacetate wa¥ used 3s a substrate in one experiment. Ethyl-3-
14C—acetoacetate was converted to 3-14C-dcetoacetate, sodium salt, by
hydrolysis for &4 hr ét 40°C with an excess of Naoﬁ as described by
Edmond (1974). The sodium salt was neutralized with ECl and'}reeze—-

dried to reduce the volume.
VI. METABQLITES

A. AcetaEF.

‘ Acetate was detergﬁ%gd in liver and blood samples. Weighed tissues
were added to &4 volumes of 6% (w/v) perchlo;ic acid (BC1Q,) at 0°C and
homogenized Qitﬁ a Polytron tissue homogenizer. Tﬂe précipitate was

removed by centrgfugation and re—extracted with 2 volumes of HC1O4-

The combined supernatants were neuiralized with 3 M KECO3, and after
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several Hedrs at 9°C, the precipiteeed KC1Q; was removed by centri-
fugation. The neutralized BEC10; extracts were mixed with internal
standards and measured by the method of Ackman (1972) on a Hewlett
Packard 8720A Gas Chromatograph equipped with a model 3380 integrator.

In addition to acetate, the internal standard also contained propionic,
isobutyric, and butyric acids, none of which were detected in the eel
tissue extracts. The GLC assays were performed-in the‘NRC laboratory
of Dr. Van den Berg by Mr. Duncan Wall.

Acetate was also depermined by tee spectrophotometric prccedure.Sf
Knowles et al. (1974). This method of acetate estimation was complicated
in spme samples by spuriocus increases in absorbancy and non-linear
responses, problems mentioned by Knowles et al. (1974) in connection

with liver extracts. ,

B. Glycogen and glucose.

The procedures of Renaud and Moon (19S50a) were used to determine
these metabolites” in tissues and plesma. Tissues were hydrolyzed with
30Z KOE (w/v), glycogen extractee by alcoholic'precipitation, and then
hydrolyzed to glucose with 0.4N H,80; (Good et al., 1933). Glucose
from the acid hydrolysate or from eel plasma was determined by the
glucose oxidase-peroxidase method (Sigma bulletin 510) and the pink

color formed after EySQ,; addition was measured at 540 nm.

VII. OXIDATION OF l4C-OLEATE TO l4co, -

-

"A. Preparation.
Oleic acid (1-14C) was converted to potassium oleate and bound to

albumin by the procedure of Friedberg et al. (1960). Oleic acid (26 uCi)
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was sappnified Irr ethanolic KOH. Thé ethanol was evaporated and 0.63 ml
_fish saline, pH_g.S, containing 8 bovine serum albumin (fatty acid free)
was added an;;ééhtly stirred for 1 hr. More than 95% of the initial
oleic acid r;dioactivity was recovered in the aqueous ;igugin solution.
Liver slices were prepared and incubatedras described previously,
effept that CoA (0.5 mg) wgs added to the:incubation medium {Raulin and
Géﬁndt, 1980). Approximately 2 uCi of 1-l4C—oleate (approx. 36 nmoles)
was added to each flask. The exact amount of oleate added was deter-
f‘éined for each flask. TFlasks with oleate but no tissue were run as
| blanks.

B. €Oy collectiom.

After 2 hr incubation the reaction was terminated by the addition
of 0.3 ml 2N HyS04. The flasks remained in the shaking water‘bath for
an additional 2 hr while the 14C0O; evolved was collected in 0S8 ml IN

hyvamine hydroxide (NEN). The well containing the hyamine was placed in

a scintillation vial and the 14C0; counted in Econofluor (NEN).

VIII. SCINTILIATION COUNTING

Non-aqueous samples were counted using ‘10 wl Econofluor (NEN) as
the scintillant. Eccnofluo; was added after all so;vené had Been'¥emoved
from the sample under reduced pressure. Aqueous éampies wefg co;nted
with Aquasol-2 (NEN). The amount of Aquasecl-2 added was routinely 10 mil,
but in some experiments, this volume was increééed to maintéin a
scintillant:sample ratio of at least 10:1 (v/v).' |

Prior to scintillation counting, lipid-free dry precipitates had to
be dissolved. After rehydrating the lipid-free dry sample (20-50 mg)

wirth 150 1l of water, 1.25 ml NCS tissue solubilizer (Amersham) was added
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and the samples incubai_:ed at 55°C until dissolved; 15 ml Aquasol-2 and
25 1yl glacisl a,cef:ic acid were then added, and the vials placed in the
dark for 24 hr prior to counting.

Labeled samples were counted for radioactivity on a LKB (Wallace)

model 1215 Rackbetd 1T

id scintillation counter with d quench

correction using an ext ch calibration was

al standards ratio. Que

programmed using the t-trick" method (LKB manukl) with carbon tetra-

chloride as the qu gching agent. The counting effficiency was 358~52% for

f .
3K and §0-90% for l4c.

IX. CHEMICALS
All substrates; coenzymes, etc. were _pur{chased from Sigma Chemical

Co., St. Louis, Mo,/ or Boehringer-Mannheim, St. Laurent, Que. Inorganic

reagents were purthased from loc suppliers and were of the highest
possible purity.| All radfoisotopes, scintillants, and scintillation

vials were purchaked m NEN Canada Ltd. h -

X. SAMPLE VARIABILITY AND_.S‘I‘ATISTICS

Al results/;re expressed as mean*SEM, Mos;.t experimental prepar-
ations were routinely assaved in duplicat’ie. An exception, due to limit-
ations of tissue, was the in v;‘:ro experiments of lipid synthesis in
liver slices.

The variability of in vitro 1ipid synthesis measurement and of
saponification was determined by pérforming identical incubations in
JSriplicate from three fishes (see Appendix 1). The SEM of the rate of
lipid synthesis represenr':'ed less than 27 of the mean of the triplicate

incubations, and the SEM of the fraction % of fatty acids (saponifiables)

recovered during saponification was less than 0.5% of the mean (Apper_xdix' 1).



i
|
‘l
‘; 28
‘
Data were analyzed on a Hh?g Programmable Calculator {Wang
: |
Laboratories, Tewksﬁury, Hass.)%with the linear regression program or
the programs of t-~statistics fo; paired or unpaifed data. Differences
between means were considered significant if p<0.05. ' |
The data were assumed to_b; normally distributed, éltyough, due to
the small number of eels used for many of the experiments, comparison
with expected chi—squ;re distribution and other tests for normal
distribution were not possible. When the variances were approximately
eqﬁal, and not obviously related to the mean, t-tests (paired or unpaired)
were ﬁsed:to Eompare the means between treatments. When the varianceé
were unequal, or, in paired experiments, when they were related to the

mean values, the data were logrithmically transformed (Steel” and Torrie, (»

1960, p. 157)‘§nd t~tests then performed to compare the means,

-



RESULTS y

I. TISSUE SITES OF LIPID SYNTHESIS

1

A. -Labeled precursor experiments.

An initial estimate of the importance of each tissue in lipogenesis
was made by measuring the ‘rate‘:s- of .1.a_béied scetate incorporation into
tissue lipids (Tsble 2). Thé::{ntestine had the hii\qhest rate of acetate
. incorporation, while other visceral tissues plus the bra‘in and gills
showed substantial incorporation. . The muscle mass of the eeL incorpor-
ated acetate very slowly, parti;:ularl}' white muscle, which comprises
the largest weight X of any tissue. ﬁholé muscle sections of the eel
("whole side"), which cohrained skin and sui}cutaneous fat in additicm
to red and white muscle, had only smal!L amounts of label jncorporatién
inteo 1lipids as well (Table 2).

It was considered possible that precursor availability ‘could have
restricted label incorporation into muscle lipids by the combination
of peritoneal injection sites and low blood flow to the posterier
tissues. However, when 1%C-acetate was injected directly into the
epaxial muscle mass (whole side #2 sample of the 12 hr fish, Table 2),
7o major increase in label incorporation was observed, either compared
to the whole side #1 sample (distal to the injection site) or when
compared in relative terms to the visceral tiss;zes. Therefore, the
peritoneal site of injecticm, and; by in:ference, restricted label
availabiliry, were not responsible for the low incorporation rates

observed in red and white muscle tissues.

The results presented in Table 2 were confirmed in subsequent

29



TABLE 2

In vivo incorporation of 1-l4C-acetate into the lipids of eel tissues.

Lipid Radipactivity
(dpm/mg wet weight of tissue)

Tissue Weight % 12 hr 12 hr 24 hr 120 hr 120 hy

fish fish fish  fish. fish

i.m. i.p. i.p. i.p. i.p.
Intestine 0.00°+ 0:08* 2285 719 202 119 491
Brain 0.04 % 0.01 1092  SI1 247 SS9 4as
Gills - Q.57 = 0.0¢ 1093 285 261 175 347
Liver 1.02 * Q.06 628 252 4583 <373 3Q3
Kidnev 0.25 = 0.07 657 155 158 1584 333
Stomach 0.53 = 0.0S 2584 123 84 2¢s ¢
Visceral fatr Q.10 - - &4 - -
Spleen 0.22 = 0.04 386 53 66 48 118
Skin ca. 5.0 320 34 Sé €3 77
Eeart 0.10 = 0.01 c8 29 Q¢ 40 &0
Reé muscle 1.19 * Q.12 g¢ 24 22 S8 44
Whole side 1 SS.8 + 0.4 57 11 28 27 31
Whole side 2 65* 14 - 24 -
Blood 3.0° 73 10 40 37 66
White muscle ca. 80.0 14 4 6 S 9

Experiments were conducted frem March to May 1978 on S eels fed beef
liver. Each verticzl columm represents one £ish. Eels weighing
114.8 = 5.7g (mean * SEM) were injected i.p. or i.m. with 2 1Ci/g
1-14c-acetate (specific activity 54.6 mCi/mmole) and killed at the
stated time (12-120 hr). 1Heaq percent of total body weight * SEM.
25ite of injectionm. *I. Cormish, pers. comm., determined by

hematocrit dilution.

30
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experiments using worm-fed eels killed 24 hr after injection (Table 3).
The overall rates are lower than in Table 2 since only incorporation
into thé fatey acid fr;ction of the lipid extract is presented, and
less labeled acetate uas'injected into each eel.

The values presented for each tissue in the in vivo experiments of
. Tables 2 and 3 may indicate not only de novo lipid swnthesis, but also
transpert of lipids from sites of sythesis to those of storage or
utilization. To determine whether the label incorporated inte various
tissues actually represented de neve swnthesis in situ or whether it
was the result of transpert of lipids from other sites, the rate of
fatty acid sywmthesis from acetate was measured in isolated slices of
liver, intestine, gill, skin, and red muscle in vitre (Table 3). It
is apparent that the liver had the greatest capacity for fatty acid
syathesis, both in terms of total cépagity (weight %) and per lOO'mg
tissue. Red muscle was the only tissue examined that had essemtially
no ability ;c syathesize lipids from acetate.

Based on these data (Tables 2,3}, labﬁéfincorporation in the liver,
intestine, gills, and skin probably represents fatty acid syathesis in
situ, while label incorporztion into muscle lipids undoubtedly reflects
transport from other sites. ¥

Aceiate does not represent the only possible precursor of tissue
fatty acids. Labeled glucose may be incorporated inte fatty acids
and other lipid fractioms in vivo by entirely different pathways than
acetate (see Introduction). Some of these pathways may be more
izportant in muscle compared to visceral tissves. EHowever, when 6-14C-
glucose was injected into eels (Table 3), the muscle fatty acids incor-

porated virtually no label in 24 hr (less than 1 dpm/mg), while both
!



TABLE 3 - >
Incorporation of 1-l4C-acetate and 6—140—glucose into fatty acids (FA)

of selected eel tissues.

In vivo FA In vivo FA In vitro FA

Tissue Weight I Synthesis Synthesis Synthesis
lic-acetate 14c—glucose léC-gcetste
) (n=l or 7) (n=5) (n=3)

Liver 1.17 = 0.07! 292 + 54 18 = 4 31.3 0+ 7.1

Intestine 0.79 % 0.06 437 * 106 16 + & $.2 % 0.6

Visceral fat 0.10 64

Gill 0.57 = 0.06 261 4.5 + 0.4

Wheole side §9.8 % 0.4 i3 #* 2 <l

Skin ca. 5.0 56 ) 4.2 % 0.4

Red muscle 1.86 = 0.17 17 £+ 3 0.06 = 0.01

White muscle ca. $0.0 4 1

In vivo fatty acid synthesis is expressed as dpm in fatty acids/mg
vwet wt of tissue (mean * SEM). 1-l4C-acetate (1-2 Ci/g) or 6-i4C—
glucose (0.1 1Ci/g) were injected i.p. and the eels killed 24 hr later.
The acetate experiments were rerformed in 1978 (n=l, from Table 2);
1979 (n=3); 1980 (n=3). Gluccse experiments are from 1979 (n=5).
Visceral far, giii, and skin in vivo data represent the fatty acid
fraction from the 24 hr eel of Table 2. Eels were fed beef liver (1978)
or worms (1979, 1980).

In vitrd fatty acid synthesis is expressed as nmoles 1-l4C-acetate
incorpdrated into fatty acids/100 mg wet wt/3 hr at 15 C (mean * SEM).
The eels were fed beef liver.

*Mean percent of total body weight.
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liver and intestine incorporated, in relative térms, substantial amounts
(18 Qnd 16 dpm/mg, respectively). ghese results (Tablé 3) confirm those
of the acetate incorporation experiments (Tables 2,3), and suggest that
muscle fatty acid syn;hesis from these precursors is negligible.

With saponification and isolation ;f fatty acid and glycerolr
fractions in the acetate experiments, 30-&@2 of the lipid label of all
tissues was found in the glycerol moilety (fraction X is 50-&02). This
is compared to the larger and more varied glwvcercl fraction % in the
glucose experiments, where liver lipids contained 458 of their label in
élfcerol; intestine, 60%; and whole eel side, SOX. Further character-

ization of the newly synthesized lipids is given in Appendix 3.

B. NADPHE production ané related enzyme activities.

The comparative ability of selected eel tissues to produce fapty
acids was further evaluated by measuring the activity of cytdplasmic
NADP-linked enzymes. The activity of these enzymes is positively

,correlated with fatty acid synthesis in several species and tissues

' (Romsos and Leveille, 197&)..

.
s

(
The pattern of enzyme activity differs in each tissue as Follows

(Table 4): In the liver, active IDH and pentose phosphate pathway
enzymes (G6PDE, 6PGDH) were found, but there were only traces of malic
enzyme activity (only two of tem 1977 animals had detectable activity,
neither exceeding 0.15 pmoles/min/g). In visceral £at, G6PDE and 6PGDE
were at least four times as active as IDE or malic enzyme. With the
Exception of ME, all enzymes were less active than those in the liver.
In the intestine, 2ll four NADP-linked enzyme activities were nearly
equivalent. In red muscle, IDH and malic enzymes were active, but

there was little G6PDH or 6PGDE activity, while in white muscle, the
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activity of all four NADP—deﬁendent enzymes was low. NAD-palate dehydro-
genase was'very active in all t?ssues. In the liver, aconitase was found
only in the cytoplasm (as was ATP-citrate lyase), confirming the report‘;
of Moon-and Ouellet (1979). The intestine also contained both aconitase
(0.11:9.03’um01es/min/g, n=4, mostly mitochondrial) and ATP-citrate
lyase_(b.ZZi0.0A Hmoles/min/g, nwd), while the red muscle contained
aconitase (O.ZSt0.0; umoles/min/g, nw3, mostly mitochondrisl) but no
ATP~citrate lvase.

The total potential NADPH prodﬁctiog through the pentose phosphate
pathway ((G6PDH activity) x 2) plus IDH agéwmalic enzyme (T;ble 4, extreme
right) in the liver was more than double that of the intestiﬁe and red
muscle, and seven to ten times greater than that of visceral fat or
whité muscle. This comparison is the same whether it is made per gram
wet weight of tissue (as in Table 4) or per total tissue per amimal,
since the individual weights of the viscerél fat, intestine, or red
muscle are ;sually less than, or c%ly slightly exceed (red muscle) the
weight of the liver in eels of this size (see weight I, Tables 2,3).

The extremely low NADP-linked enzyme activities in white muscle indicate
that this tissue may be conveniently ignored in this compariscn. The
relatively high total potential NADPE production of red muscle (Table &)
is in contrast to the low in vive and in vitro incorporation of acetate
into fatty acids (Tables 2,3).. However, nearly all of the potential
NADPE production is from one enzyme, IDE (Table 4). This observation
suggests a role unrelated to fatty acid synthesis for this enzyme in

red muscle. In other tissues, the relative NADPE production substan--

tially concurs with the magnitude of label Incorporation (Tables 2,3).
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II. HEPATIC LIPOGENESIS: REDUCING EQUIVALENTS AND CARBON SOURCES

Both the liver and intestine exhib_itgd consistently high rates of
label incorporation into lipids and active NADP-linked énzyme activities
compared to other eel tissues (Tables 2-4). Based on these results, and
. the availability of considerable related information on hepatic métab-
olism in eels (Moon and Ouellet, 1979; Renaud and Moon, 1980a,b), the
liver was examined in greater detail specifically to establish the

source(s) of reducing equivalents snd carbon for fatty acid synthesis.

A. The effect af diet on hepatic lipogenic enzyme activities and
related parameters. -

1977 eels. There were no statistically significgnt differences in
enzyme activities per gram liver between eels fed beef liver and those
fasted two months (Table 5). ﬁa;ever, the total potential NADPHJd/T‘—?
production was higher in tHe fed group due to an‘increased liver weight.
Neither group exhibited quantifiable ATP-citrate lyase activity.

In extra-hepatic tissues, as well, no significamt differences in
enzyvme ac&ivities were found between ége two groups (Table 4). The data
presented in Table 4 are thus the combined values from both f&d and 2-
month fasted animals.

Despite the small sample size (n=3), freshly caught fish showed
significantly greater G6PDE and aconitase activities and greater total
potential NADPE production per liver compared with either beef liver fed

or fasted eels (Table 5).. . .

1978 eels. Fish fed earthworms showed much greater liver G6PDHE

activity and liQer weight than those figh fasted for 4 to 6 months
: t

(Table_S). These- twe factors resulted in a nearly two-fold difference

in potential NADPE production per liver.



-
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do '
Table 5 (footmotes). ’Enzymd activity is expressed as umoles of NADPH

{or NAD) produced/min/g wet weight of liver. “Mean * SEM.
Within each year or dietary comparison, the superscript 'b"
indicates 3 significantly different value from "a" (p>0.05).
Absence of superscript letters -indicates no significant
differences (p<0.05) between means. Groups from different
Years were.not compared statistically. “ms/s wet weight of
liver. 3% dry weight. sIncludes.skin,‘_subcutaneous fat, ted
muscle, and white muscle. 'BHepato-somatic index, Liver weight/‘
Body weight x iOO (Liver weight per 100g eel weight).

SEST x ( (G6PDH x 2) + IDH). Abbreviations: IDE, isocitrate
dehydrogenase; GOPDE, gi&cose—&-phOSphate dehvdrogenase;
6PGDE, 6-phosphogluconate dehydrogenase; ME, malic enzyme;

CCE, ATP-citrate lyase; tr., trace (less than 0.03 imoles/min/g).



38

' 29" LT

4

a

- £0"6 €6'6 £6°01 Lyet A9ATT aad
' o POId HdAVN
€0°0322°1 awo.OMoo.a 7L 0385° T 60°036T" 1 0T°0FLE"T 6T°'0 36T°1 JsH
B°6% . 96 B'Ly £°821 L°8F 8°0¢T 9°9x €01 8'Ly OT1 0'€Tr  (LT11 I Apog
- 70 £390° Y1 21°1380° 0T - - - QTosn PRATT
- amm.ﬂﬂmo.ma H80¥9° L - - e um>ﬂ4"mcﬁaﬁq b
- nw.mﬂ z'9L L EF 8Ly Aw.ﬁﬂ [} gt T . t - Jredoad arqniog
82°0302°% . 92°0712°2 61°0756" T LT 0F1L70 [LO70708°0  90°0 9T'T 28BITUODY
d [N ‘ . . L]
90°039%°0 £0° 03%1°0 - £0:0%82°0 a3 ) 13 - q30
, r 13 a 13 a3 oaa Hi
- - - e 0sy9' e €502 € ¢8°0 36T°€ . Ha9d9
- - - . N - . [] . 4 a . (] . - .
ama 0316°0 mmm 039% Nf LHN 03786'0 cwﬁ OFoL" 0 ¢e0E'0 F6L°T \ HAd99
- 9¢° 05049 TL°03£C°9 0s'030%°9 EC'0305°9 , 5870 306°9 HAI
9 0T-L 01-L S S £ .
a ..-..r
3y3ndo {seyiuom g-h) {Bu10M) (Byjuou g) (19ATT 399q) Iydnuwo
IS CEERT paised EE| paiseyg Pod ATyeeag
6L6T - g 8L61 LL6T
22ATT 122 up sasjaumeied i9yjo pus  HITITAFIOV ouwfzua opuaBody( uo Bupiswy puv I9FpP JO I09IJH S 219V

N
\:
¢ -t ¥



) ) 39
AIP—citratg lyase was more active in fed gish (0.05<p<0.1),
although there was consideiable variation between eels (Table 5).
-A;onitas; activitcy w#s not affected by diet and was at least seven-
fold{gore active than ATP-citrate lyase. The lipid content_;f the
fasted eels was equal to or greater than that of fed eels, both in the
liver and whole jmscle sections, whether expresséd as a percentage
(Table 5) or as total lipid per liver of a 100 g eel (HSI x T lipid).
18789 cels. lFreshly caught animals were used to determine whether
the ratjo of liver aconitase activity to ATP~citrate lyase activity
differed in animals om a natural diet compared to those maintained in
the lab. Aconitase activity was nearly 10-times greétér.than ATP-
citrate lyase activity, confirming 1978 results (Table 5). Both
aconitase and_ATP—citrate 1yase-%;£iwities (1978) were two-fold higher'

in the freshly caught fish than in fish maintained in the laboratoery

(1978) (Table 5).

-~

Altﬁough emphasis has been placed on comparisons between pafémeters
of eels captureé in the same year, several overall observ;tions can Ee.
made from data in Table 5. fiist, IDH activity is not affected by &iet,
while GE&FDE aétivity is. Secondly, fasting decreases the liver size.

Finally, total potential NADPH production decreases in the order fed

(worms)>freshly caught>fed (beef liverj>fasted.

B. Kinetic parameters.

The competition for coenz}me, substrate and the degree of product
inhibition by NADPHE may influence cellular activities of the various
NADPH-producing enzymes as significantly ag their maximal activities.
The apparent affinities of liver enzymes (and intestinal ME) for sub-

strate, coenzyme and product are shown in Table 6. IDH has the greatest
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TABLE 6

Michaelis constants of cytoplasmic NADP=dehydrogenases, A'I'P—citrate

lya and aconitase from eel liver

g Km(NADP) KL(NADFH) .Km(substrate)’
IDE . 2.3 0.2 29.1 £ 8.4 6.0 * 1.5
G6PDH 4.7 £ 0.6 17.2 = 2.7 15.0 * 2.6
6FGDR 4.6 £ 0.7 68..0 * 6.3 17.1 * 1.0
Malic enzyme” ' 4.5 * 0.5 25.9 * 1.2 170 = 11
ATP-citrate lyase ) 3566 > 1266
Aconitase . . | | 152 2 J

-~

Michaelis constants are expressed as ymoles/liter, mean * SEY for 3-8
fish. "Substrates..used: isocitrate for IDH, G6P for G6PDH, 6PG for 6PGDH,
malate for malic enzyme, and citrate for ATP-citrate lyase and aconitase.

Malic enzyme from eel intestine.

i

/

-
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apparent affinity for NADP, whije the Ki(NADPH) values for all but 6PGDH
aré similar. Mitochondrial IDH has essentially identical kinetic values
to the cytoplasmic enzyme (data not presented).

ATP-citrate lyase and aconitase both utilize~cycoplasmiclqitrate. 45
However, aconitase has a 20-fold greater apparent affinity for citr#te
(Table 6), and this plus a ld-fold greater activity (Table 5) should
favor aconitase over ATP-citrate lyase in any competi;ion for.this

common substrate in vitro; in vivo, flux may be controlled differently (see below).

'

C. Carbon sources for hepatic fatty aéid synthesis: in vitro
incorporation of labeled precursors.

The enzyme studies (Tables 5,6} indicated that ATP-citrate lyase
may not be favored in competition with aconitase for the common substrate,
citrate. Comsequeatly, citrate, and other carbon sources requiring ~
citrate cleavage to produce extra mitochondrial acetyl CoA, should be
incorporated into fatty acids more slowly than those carbon sources,
such as acetate which do not require citrate cleavage. To test this
hypothesis, several types of in vitro label incorporation experiments
were performed. -

The rate of labeled acetate incorporation into fatty acids in high-
speed supernatants was several-fold greater than that of citrate (Fig. 3).
However, these rates were extremely icw in comparison with acetate,
incorporation into %iver slices (Table 3, see also Table 9). Super-
natants containing microsomes exhibited the same low rates. There was
no detectable in vitro incorporation of either labeled acetate or citrate
into the lipids of a visceral fat supernatant (n=1), although in previous
experiments (Table 3), acetate carbon was incorporated in vivo. The low

rate of labeled acetyl CoA incorperation compared with that of lac-

-
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Figure 3. The incorporation of l4C-labeled precursors into fatty acids

in liver homogenates. Fatty acid synthesis is expressed as

nnoles 140~acefy1'phits incorporated into ‘fatty acidsfhr/g

‘wet weight of liver. The following precursors were used:

1-l4C-zcetate (10 mM, 2.0 uCi); 1,5-l4C~citrate (15 mM,

1.5 uCi)q’;:lﬁc-acecyl CoA 23;2 mM, 0.6 uCi); and I-léc-
acetyl CoA (0.1 mM, 0.6 uCi) plus "cold" malonyl CoA (0.2 mM).
1-14C-acetate incorporation was significantly greater than
1,5-14C-citrate incorporation (p<0.05), and 1-l4%C-acetyl CoA
plus malonyl CoA incorporaticn was significantly greater than

that of 1-14C-acetyl CoA alome (p<0.001).
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. acetyl CoA plus ﬁalonyl CoA (Fig. 3), suggests tﬁat the conversion of
acetyl CoA to malonyl CoA was seve;ely rate-limiiing in this supernatant
preparation, and, theggfore, no reliable eséimate of the relative rates
of ;itrate vs. acetate incorporation could be obtained. A homogenate
lof eel intestine (n=1) incorporated 15C-qcetyl CoA into lipids in the
presence of malonyl CoA at sbout 30T (168 nmoles FA/hr/g) of the rate
in liver homogenates. This proportion is similar to that observed in
tissue slice cxperiments.(Tgble 3.

The extremely low rates and inconclusive data obtained from the
hepatic high-speed supernatants (Fig. 3) required that another prepa-
ration, liver slices, be used to assess the best in vitro conditioms for
lipogenesis and the r;lative contributions of different precursors.

It has been demonstrated that the incorporation of tritium from

-

JHZP/E;:;ually 3EOR) inte.lipids is a reliable estimate of lipogenesis
in \'ﬁro under a variety of conditioms (Jungas, 196S; see Discussiom).
The éffects of different substrates on the rates of 3329 incorporation
into fatty acids are shown irn Tables 7 and S. The‘greaé variaticn in
rates of fatty acid synthesis between eels (range 24 to 452 nmoles 3320
incorporated/100 mg/2 h& in fed eels)\required that all comparisons be
made with paired samples (slices from the same eel liver).
. Th; addirtion of lactate (with glucose) to the incu#ation med ium
was required for maximal 1ipid synthesis in eel liver slices (Table 7),
while acetate alone, or glucose with substrates other than lactatre, did
not increase the rate of lipogenesis substantially above the rate attained
. wheg'no exogenous substrate was present. O0f the substrates tested with

o .
- glucose, however, the addition éi?ﬁcetoacetate gave the highest rates

compared with glucose plus lactate.
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Upon saponification of the 1ipia extracted from the liver élices,
tritium label was found predominantly (66%) in ghe fatty acid fraction
of the newly synthesized lipids (fed eels, Table il). With the éxcep—
tion of“gluqose_plus acetoacetaée, s%ices incﬁbated without glucose and
lactate showed a lower fraction I of labeled fatty acids and a higher
-fract}on % of labeled glycerol (Appendix 2) (fraction % is the precursor
label in s 1ipid fraction x 100/precursor label in total lipid extract).
The addition of insuli# to the incubation medium had no effect on
rates of fatty acid synthesis (no insulin, 89.9%4S.0; 100 mU/ml.,
90.6247.6 nmoles 3H20 incorporated into FA/100 mg/2 hr, n=3) or on the
fraction X of fatty aciéé (no insulin, 54.3%15.0%; 100 mU/ml, 55.4%14.8%).
When the addition of glucose and lactat; w#g tested against these
two plus one additiomal substrate (Table §8), no increase in rates of
3H20 incorporation into fatty acids was observed when eiqper aspartate,
alanine, acétate, or a-ketoisocaproate was-the additional substrate.
The presence of acetoacetate increésed fatty acid synthesis, but the
increase was not significant statistically (p>0.;). Citrafe addition,
howéver, did result in a statistically significant increase in tritium
incorporation (Table 8). - ’
These results (Tables'7,8) demonstrate the importance of the
presence of lactate for high éates of 3E20 incorporation into fatty
acids. However, cne cannot determine from these data whether lactate
is providing carbom, reducing equivalents, or both.
From hepatic enzyme activities and kinetics (Tables 5,6), partic-
Iularly of aconitase and ATP-citrate lyase, it was predicted that those
Precursors, suﬁh as citrat%, lactate, glucope, and glucogenic amino

4

acids, requiring citrate cleavage to generate extramitochondrial acetyl
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CoA would be utilized as carbon sources for lipogenesis only sparingly,
. and much more slowly than those substrates not requiring citrate cleavage,
such as ‘acetate and acetoacetate. The experiments in Table 9 test this
prediction directly. |

These experiments (Table 9) comp;re the incorporation of tritium
from 3H20 with the incorporzation of labeled carbon from a variety of
substrates in paired incubations. At least two labeled carbon precursors
were used in each paired experiment. It was assumed, 35 an approximation
(Clark et al., 1974; see Discussion), that the incorperation of one
nanoatom of JH equals the incorporation of one nanoatom of carbon ingo
fatty acids, hence ome nmole_3320'(actually 3HOR) equals one acetyl umit
as e#pressed in Table 9. The data (Table 9) clearly indicate that
acetate and acetoacetﬁte are incorperated into fatty acids to a gignif-
icantly greater (p<0.05)_extent than-lactate,'citrate, aspartate, or -
glucose, ?hethef expressed as the actual rate in nmoles l4C incorporated
(in acetyl units) or as the ratio of 14Cy/3E,0 expreésed as a pefcentage.
If 38,0 inéorpora;ion is an accurate measure of the total rate of fatty
acid synthesis, then acetate or acetoacetate, in the presence of glucose
and lactate, account for approx. 70Z2 of the carbon incorporated into '
fatty acids; lactate, even in the absence of acetate or acetoacetate, \_\\\\\rﬁw
accounted for approx. 10% of the newly synthesized fatty acid carbon.
Incorporation of 1%C into 1lipid gl}cerol was less than 107 of 3320
incorporation for all substrates (lactate, acetate shown in Table 10B),
with the exception of l4C-aspartate where the l4C-label was 67-76% of
the tritium (n=3).

Thus the fatty acid results obtained from the paired label incor-

poration experiments (Table 9) support the hypothesis that citrate
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TABLE 9

Incorporation of lﬁc-labeled precursors into fatty acids in liver slices,

-

and a comparison with 3H20 incorporation into fatty acids

Glucose+ ,
lactate+ (@) 1%, — farey acids!? 13¢»/3H,0 X 1007
l4C-precursor '

1-14C-acetoacetate 4 $2.4 * 46.7 72.5 * 22.0
1—1‘c-:;ce:ate 5 91.3 * 31.2 65.8 = 6.1
-3-19C-lactate 11 "17.2 % 6.7 % 10.0 = 2.7 **
1,5-14C-citrate 3 16.3 + 11.9 * §.2 & 3.2 %%
U—léé—aspartate 3 0.7 £ 0,1 ** 2.3 2 0.4 **
6-14C-glucose 3 0.1 % 0.01%+ 0.4 & 0.01%%

1Fatt}' acid svanthesis expressed as mmoles 14C—acetyl units incorporated
into fatty acids/100 mg wet wt/2 hr at 15 C (mean * SEM). “Ratio of
nmoles 14C-acetyl units/onoles 3HZO incerporated iﬁto fatty acids in
paired experiments expressed as 3 percentage. It is assumed, as an i
approiimation {Clark et zl., 1974}, that one umole of acetyl unit
represents one nmole of 3320 (SEOE)\incorporated into fatty acids. «
Significance of differences between means was tested using t-tests to
compare acetaté or acetoacetate with all other precursors with leower
rates or ratiés, * p<Q.05; ** p<0.0l. The nmoles of 3E20 incorporated

Inte fatty acids in the paired experimenﬁs are not shown but may. be

calculated by the formula, 100/(214C2/3820) % nmoles 14C2 Incorporated.

[ B
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cleavage is not an important source of extramito;hondfial acetyl CoA
. ‘

for lipogenesis, a prediction made from the enzyme activity and kinetic

estimates (Tables 5,6). .
III. - LIPOGENESIS: EFFECTS OF FOOD-DEPRIVATION

A. In vitro measurements.

The effects of food~deprivation on hepatic fatty acid and 1lipid
glycerol svnthesis are illustrated in Fig. 4. TFood deprivation resulted
in 3 large, statistically significant (p<0.05)-decrease in the swnthesis
of fatt} acids by eel liver slices. After 4 months of fasting, only 23%
of the fed rate of fatty acid synthesis was obtained, and after 9 momths
of starvation only 8%, which decreased to 1% in the 22 month starved eel.
Labeled acetate and lactate incorperation into fatty acids showed a
similar progressive decré;se with sta}vaticn {Table lOA),'§lthougH the
relationship between 14C and 3E,0 incorporation, identical between fed
and 9 month starved eels, changed considerably in the one 22 month
starved animal examined (Table 10E). )

The rate of 3320 incorporation into lipid glycerol increased
slightly after & mnnths'fasting, despite the large decrease in fatty
acid synthesis (Fig. 4). Glycerol synthesis decreased ounly mode;:I;\‘-~
with longer periéds of food-deprivation. Labeled lactate and acetate
incorporation into glycerol increased slightly‘in starved eels, both
in actual rates (nmoles) and as a percentaée of 3E20 incorporation.

It has been shown that nmoles of 3h20 incorporated into glycerol are
approximately eqﬁal to nmoles acetyl units incorporated (Jumgas, 1968).
As expected from the above results, starvation decreased the

percentage of label found in the fatty acid fraction upon saponification,
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Figgre.é. " The effect of food-deprivation on-fatty acid and lipigd
glycerol synthesis in.eel liver slices. 'Synthesis is
expressed as nmoles 3H20 incorporated‘in;o fatty acids<.
of g§lycerol/100 mg wet weiéht/Z hr at 15°C (mean*SEM)
in the presence of glucose (5 mM) and lzctate (5 mM).
Significance of differences between mesis comparing fed

vs. starved eels was tested on log transformed data,

* p<0.05; ** p<0.001.
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TABLE 10A
Effect of staryation on the synthesis of fatty acids (FA) and lipid

glycerol from 14C-acetdte and l4c-lactate in liver slites

14¢, nmoles—>fatty acids 14Cy nmoles—>1ipid glycerol

Condition (n) Acetate Lactate - Acetate Lactate
Fed (5,11)  91.3 £31.2 17.2 £ 6.7 0.4 % 0.1 3.1* 0.4
Starved:

9 months (3) . 9.1 % 3.5% 1.9+ 1.0¢ 0.420.1 4.0* 1.2
.22 months (1) 3.4% 0.7+ 0.6 . 2.8

Synthesis is expressed ad nmoles 14C-precursor incorporated in;o FA or
glycerol/ldo mg wet weight/2 hr at 15°C (mean*SEM). All incubation )
flasks contained glucose (5mM), lactate_(SmM) plus either l4C-acetate

(SmM, 2 uCi]flaék) or l4C-lactate (1 uCi/flask). Fed results are from

Table 9. Significance of differences between means comparing fed vs.

starved eels, *p<0.0S. ..
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TABLE 10B
Effect of starvation on the ratio (Z)1 of l4c-precursor to 3H20

incorporated into fatty acids and lipid glycerol in liver slices.

r

T 14c2/38,0 fatty acids T 14¢, /38,0 1ipid glycerol
3
Congition (n) Acetate Lactate Acetate Lactate
Fed (5,11) 65.8 *

6.1 10.0 * 2.7 1.5+ 0.1 7.5 % 0.9

Starve%; - . \\\\\

9 months (3,3) 66.8

I+
[
~
a
H
| o
3
1]
o
14+
i
~
H
-
'O
¥
o
’—l
0O
»
w
3 4
ol
-
1

22 months (1,1) 230.9 46.3 2.8 12.4

1Ratio of nmoles l4C-acetyl units/nmoles JHyO incorporated into fatty
;cidsgr glycerol in paired experiments expreséed as a percentage. It
is assumed, as an approximdtion (Clark et al., 1974) that cme nmole
acetyl unmit represenfs_one nmole 3520 (3HOE) incorporated into fatty
acids of glycerol. Raﬁes of incorporation of l4C-precursors into

1ipids are presented in Table 10A. Rates of 3E;0 incctporﬁﬁjbn in fatty

acids and glycerecl are not shown but may be calculated as in Table 9.

Y
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Aand increased the percentage of labeled glycerol (Table 11). The
magnitude of these changes for 3H,0 and'lfc—laefate was similar but was
less marﬁed for labeled acetate. The fraction Z of labeliﬁncorporated
into non-saponifiables generally decreased with starvation, but accoun-

. ted for less than -5% of the labeled lipids under all conditions (Table 11).

B. 1In vivo measurements.

To establish that the effects of starvation on fatty acild synthesis
in liver slices (Fig 4, Tables 10A ,B) were representative of the intact
animal, JHZO was injected into worm—fed and 9 month starved eels, and
the tritium incorporated into hepatic lipids after 30 hours‘was deter-
mined. Synthesis of fatty acids by the liver was 30-fold greater in fed
than in starved eels in vivo (Table 12), exceeding the 10-fold difference
found in vitro (Fig. 4). Synthesis of non-saponifiable lipids was only
2-fold greater in fed eels-(Table 12). These resulte confirm the
previous results (Fig. 4, Table 10A) that showéd lipid synthesis to be
greatly diminished in starved eels. ) »

Although ?Ego incorporation has been used to measure absolute rates
of lipid synfhesis in vive (Baker et al., 1978), the rates of tritiated
water incorporation presented in Table 12 should be considered only
relative rates for seferal reasons. First, the rates were calculated‘
from the specific activity of the plasma water, whieh was fully equili-
brated with the tissue (liver) water as indicated by equalldpm/ml in
both compartments. - However, the total dpm in the body water (approx.
702 of body weight) was cnly approx. 1% of the total dpm injected into”
the eel. From preliminary experiments, and the dpm 3H in the tank water,
it appears that the 3H,0 is freely exchanged between the eel and its

environment. Thus, there is a continual decrease in the specific
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TABLE 11

The effect of starvation on precursor incorporation into different

lipid fractions®

Precursor/ ' .
Condition (n) % FA ~ Glycerol <~ NS
Glucose+
lactate+
3K90
Fed 31 66.3 * 3.1 29.8 + 3.1 4.1 0.3
Fasted 4 nmo 3 34.5 £ 7.4 63.1 * .6.8 2.4 = 0.7
Starved 9 mo 3 2.2 % 2.1 75,4 2.0 0.4 * 0.7
Starved 22 mo 1 6.2 93.8 0
Glucose+

3-l4c_13ctate -

Fed ~ 11 61.2 = 9.3 35.1% 9.0 2.3%0.2
Starved 9 mo 3 26.5 £10.0 71.8 £ 10.0 1.7 % 0.2
Starved 22 mo 1 . 18.8 79.6 1.6

Glucose+ -

lactate+

1-14C-acetate

0.1 0.6 £ 0.1 2.3

Fed 5 97.1 = * 0.2
Starved 9 mo 3 90.7 £ 2.6 5.2 = 2.3 4.1 £ 0.3
Starvé&\<2 mo 1 82.8 15.8 1.4

lprecursor 12?3&-{; faéty acids (FA), glyéerol, or non-saponifiébles
(NS) X 100/precursor label in total 1lipid extract (mean fraction % *
SEM). All mean percentages of FA and glycerol from eels fasted 4 months
(3320) or starved 9 months (14C) are significantly different (p<0.05)

from fraction percentages from fed eels. 4



ir

T T RS A AT BT T e R S v Y s

[y
LY

57
TABLE 12

The effect of starvation on the in vivo incorporation of 3H20 into fatty

‘ acids and non-saponifiables in eel liver

Fed Starved
(n=5) (n=6)
’
3Hy0 — Fatty acids!’ 1731.9 * 748.0 54.8 £ 11.5 »+
3Hy0 —= Non-saponifiables 24,7 * 5.7 10.3 %= 4.4 *
~ Wet weiéht of liver: ,?{- :
Fatty acids - . 3.9 * 0.7 5.8 ¢ 1.1
Non-saponifiables A 0.6 = 0.1 2.7 2 1.0 *x
Total 1ipid weight? 58.3 * 12.5 62.3 = 16.0
BSI® _ . 1.29 ¢+ 0.14 0.73 £ 0.01#*

Eels were injected i.p. with 0.075 =uCi/g of 3320 and killed 30 hr later.
The temperature of Ehe tank water was 15°C. Starved animals were not
fed for 10 months. umoles 3320 incorporated into lipid fracticn/30 hr/
g wet weight of liver (mean*SEM) based on specific activity of plasma
water after 30 hr *mg 1ipid/1liver/100 g eel (mg 1ipid x HSI).
*Hepato~somatic index, 1iver welght x 100/body weight. Significance of

differences between means, * p<0.1; ** p<0.05.
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éctiyity of the eel bedy fluids with time, resulting in artificially
high rates of tritium incorporation if these are calculated, as in
Table 12, from the specific activity at the end of the experiment,
sincé;the rate equals dpm FA/specific activity of plasma water.
Depending on the rate of 3H20 exchange, the overestimate could be quite'
large. Secondly, newly formed fatty acids may-bg utilized for energy
(Table 13) or exported from the liver (Tsble 3). This would result in
an underestimate of synthesis in Table 12.

The 'data in Tsble 12 confirm two trends that were previously .
observed with regard to the eels in the experiments reported in Table 5.
First, the quantity of lipid is greater in the liver of ¢ month starved
eels than in fed fish. This is true whether expressed as percentage or
as absolute values. Unlike the experiments in Table 5, however, neither
is statistically significant (p>0.05) due largely to individual animal
variability. When the non~saponifiable lipids were measufed,;ompared to
fed eels, the starved eels had S5-times more non-saponifiables in terms
of percemtage, and nearly 3-times more in terms of absolute weight
(mg/liver/100 g body weight). Secondly, despite the maintenance of
tissue 1lipids in starved animals, the liver weight (ESI) decreased

significantly (Table 12).

IV.- UTILIZATION OF LIPIDS: EFFECTS OF STARVATION

Fatty acid synthesis is diminished (Fig. 4, Table 12) in fasted and
starved eels, at least in the liver and whole eel side (7 weight, Table 5;
Table 12). To establish whether these results were due to a decrease
in the ability of the liver'of starved eels to utilize fatty acids, the
production of CO2 from 1-14C-o}eate was estimated iIn liver slices from

fed and starved eels (Tablell3). Contrary to expectations, starved eel
&
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TABLE 13

Oxidation of exogenous fatty acid by eel liver slices.

\
Fed Starved
(n=6) (n-"*)
lic-oleate > l4con? 8.9 *1.3 22.3 % 2.1 *Rx

Hs1? 1.23 + 0.09 1.01 * 0.07 *

Oxidation of 1-l4C-oleate (specific activity 56.3 mCi/mmole; 2 uCi/flask)
to 14C0, is expréssed as picomoles/100 mg wet weight liver/2 hr (mesn 2
SEM). “Hepato-somatic index, liver weight x‘loolpody weight. Incubation
temperature was 15°C. The starved eels were depriﬁed of foed for 10
months. Significance of differences between means, * px0.1;

%% p<(.00l. An additional starved eel (mot included abovg) had 10-times

‘the, CO2 production of the mean value for the other starved eels.



liver oxidized oleate more than 2-times faster than fed eel Liver,

indicating that a decreased ability to oxidize fatty acids does not

appear to be the explanation for the maintenance of hepatic lipid

content. during starvation.

t)
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DiSCPSSION
I. TISSUE SITES OF LIPID SYNTHESIS

A recurrent problem in studies of lipogenesis ‘is tl-lxe identification
of the primary site(s) of fatty acid synthesis (Favarger, 1965; Baker
et al., 1978): In eels, the liver and intestine were found to be the
major sites of de novo fatty acid'syntpesis based on high rates of
labeled precursor incorporation both wivro (Tables 2,3} and in vitro
(Table 3). 1In addition, both tissues_;'/coutained active complements of
"lipogenic" enzymes (Table 4, Fig.'li. '

The liver is the primary lipogenic tissue in birds (Pearce, 19%?3
and man (Shrago et al., 1971), bdut in most other higher vertebrates
studied, adipose tissue is more important (Vernon, 19S0). Both liver
and adibos; tissue contribute to fat#y acid synthesis in laboratory
rodents (Masore, 1977; Baker et al., 1978) and frogs (Baranska and
Wlodawer, 1969). In fish, however, as confirmed by the present work
and athers, the liver is inva;iably the tissue most active in the de novo
synthesis of fatty acids based on label :'.ncorporatio;i studies (northern
pike, Esoz lueius, Kluytmans and Zandee, 1974; Amazon catfish, Patton
et al., 1978; ccho salmon, Oncorhynehus kisuteh, Lin et al., 1977¢} or
enzyme activities (Fhodeus amarus, Braun et al., 1970; white sucker,
Catostomus commersoni, goldfish, Caraseius auratus, northern pike,
Aster, 1976; coho salmon, Lin et al., 1977a).

Formation of esterified lipids and lipoproteins from fatty acids,
monvacylglycerol, cholesterel, and glycerol-l-phosphate in the iﬁ;:estine
of fish appears to be similar to that in mammals (Patton et al., 1978).

To this author's Inowledge, however, the present study is the first

61
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report of thé intestine as an important site of de novo fatty acid
synthesis in £ish. Franks et al. (1966) and Shakir et al. (1978)

have reported fi;cY’E§{d synthesis in rét intestine in vitro, but at
lower rates than tho;e presented in Table 3. Favarger (1965),

however, in reviewing early 1abe} incorporation studies, concluded that
the intestine was of equal importange to the liver in those mamallisn
species for which data was avsilable. In two previous étudieé of th;
comparative abilities of different tissues in fish to incorporate R
labeled acetate into lipids in vivo (northern pike, Kluytmans and Za;dee,
1974; Amacon catfish, Pattgn et 3l., 1978), both found the liver and
gills, and often several other tissues, to contain far greater dpm
lipid/mg than the intestine.

Despite the greater in vive label incorpo::aticn in the intestine 9
compared to the liver (Table 2), the in vitro studies would seem to
indicate that the liver is the more active of the Two tissues in
synthesizing fatty acids (Tables 3,4, Fig. 1). In each type of in
vitro experiment (acetate or 3H20 incorpora;ion, fatty acid synthetase
activity (tissue homogenates) or total potential NADPE productiom),
the liver's synthetic ability was always approximately three times that
of the intestine.

It is not possible, from the data presented, to be certain which
of the two tissues is more important in vivo. One can conclude,
however, from the consistent results in the d‘ifferent types of in vitr;a
experiments, that the liver is certainly the more important tissue
in vitro, and this agrees with previous i# vivo work on other spéqiés '

(northern pike, Kluytmans and Zandee, 1974; Amazon catfish,' Patton et al.,

1978).. Nonethelessi the eel intestine must be considered a significant
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source of fatty acids, and one which, due to its anatomical location,
is likely to export newly formed lipids to other tissues. Further
work on the integration of fish intestinal metabolism with that of
other tissues is certainly warranted. |

Since visceral fat a:{d red muscle contain a high percentage of
1lipid (Appendix 5), they were considered to be potentisl sites of fatry
acid s_vnthésis. However, neither tissue incorporated significant
amounts of labeie-d acetate into fatty acids in vivo (Tsbles 2,3), nor
in vitro (red muscle, Tsble 3; visceral fst, p. 41). The low lipogenic
et;:}'me activities (Table 4), including no detectable ATP-citrate lyase
in red msci‘e, lend further support to the contention that visceral fat
and red mx_xs.zle are not capable of fatty acid svathesis in eels.

Adipose tissue capable of fatty-acid synthesis has not been
reported in fish, although trout mesenteric adipocytes demonstrate 3
.high fatty acyl-.transferase activiti}' presumably for esterification
(Eenderson and Sargent, unpubl., quoted in Sargemnt and Hendersom, 1980),
wh.ich suggests that this tissue may represent an energy storage site,
as previocusly suggésted by Lin et al. (1977b) fot coho salmon. However,
visceral fat was foz;nd in less than 10% of the yellow eels examined in
the present study, and then only in small amounts (< 200 mg). This
tissue, therefore, apparently does not store significant energy in eels
of this size. In these yellow eels, a primary area of fat s?:orage may
be subcutaneous lipid, which is particularly abundant along and between
the fibers of the red muscle (App:\éml-ia: 5). Fish red muscle has been
shown te¢ contain active fatty aci:i oxidizing systems (Bilinski, 1963;
Bilinski and Lau, 1969), and it is often found that £ish lipids are
stored near the sites of utilization (Tashima and Cahill, 1965).

s,
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Extra—hé%atic cissueé, other than the intestine, which appear to
" be capable of'sigéificant rates of de novo iipogenesis are the.skin,
gills, and brain (Tables 2,3). The skin lipids may contribute, in part,
to the subcutaneous lipid stores, although the primary function of skin
lipogegesis is-brobably membrane lipid production, as suggested by
Saxena and Zandee (19}1), who studied skin lipid syvnthesis in the
eyprinid, Scendinius erythmophthalnus.

The ability-of the gills to incorporate acetate into lipids,
particularly fatty acids, in vitro was somewhat unékpected. Previous
workers (Kluvtmans and Zandee, 1974) found fatty acid synthesis in
aorthern pike gills to be low, and concluded that the labeled lipids
found there were tranSportﬁa from the liver. They also found that a‘
large percentage of the labeled lipids werelnon—saponifiables, a finding
that is confirmed both in vive and particularly in vitro in this present
work. Gills incubated in vitro had the highest fraction.percent.of
labeled non-saponifiables of all the eel tissues studied (about 35%,
data not presented). Meister et al. (1976) found active phospholipid
syathesis In European eel gills in vivo. One can conclude from pre ioué
work that the £ish gills écnéain active svnthésizing systems for the
assembly of membrane lipids, of which cholesterol and phospholipids are
an integral part. Wﬁac the present work demonstrates is that the gills
can produce de novo the "building blocks™, non-saponifiables an; fatty‘
acids, and do not necessarily rely on transported lipids for these
materials; although the percentage of fatty acids and cholesterol formed
in situ compared to those transported from other tissues is unlmown.

A more detailed look at the class composition of eel lipids from

selected tissues, and the relative label incorporation into each class,
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based on a limited number of animals, is presented in Appendices 3 ;nd 4.
These data are similar to those found in other lean fishes (Kluytmans
and Zandee, 1974). However, there is a particular}y high amount~of
laﬁel incorporation into the fatty acids of.the phospholigidifraction.
(Appendix 3). This probably reflects\she high turnover rate of
phospholipids in fishes (Zwingelstein é; al., 1975; Meiscer‘et al.,
1976), or could indicate, as Wilkins (1967) has suggested fo; herring, T
Clupec harengus, thst there is s labile pool of phospholipids which
‘may be used for energy.

In summary, labeled precursor studies, both in vivo and in vitro,,
supported by emzyme inventories, demonstrated that the liver and
intestine are primary sites of de novo fatty acid synthesis, and that

| other sites, such as skin, gill, and brain and other "visceral tissues”
can also produce lipids de novo. Muscle tissue apparently is incapable
of this process. However, the interrelationshi?s between'the various
lipogenic tissues and the lipid storage sites (subcutaneous lipid

and the liver; Appendix 5) are unclear and require further study.

II. EHEPATIC LIPOGENESIS

A. Lipogenic enzymes, diet, and reducing equ'ivaients.

In the liver, IBH was the most active NADP-iinked'enzyme (Table 5).
Cauly traces of malic enzyﬁe could be &etected and ATP~citrate lyase
activity was.also low, no more than 15%7 of the aconitase activity
(Table 5). The low activity of ME and ATP-~citrate lyase compared to
the relatively active cytoplasmic aconitase (but non-detectable mito-
chondrial aconitase) and IDH, sﬁggests’that the citrate cleavage

pathway is not operable, and that the predominate fate of citrate
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formed in the mitochondria is conversion to iSocitrate in . the cytoplasm
by aconitase. Supporting this conclusion, it was found that aconitase
has a 20—fold_greate¥ affinity for citrate when compared with ATP-citrate
lyase (Table 6). Once isocitrate is produced, NADPH formation proceeds
in the cyttplasm or mitochondria depending on the energy state of the
cell (Moon and Ouellet, 1979). Thus, any anapleurotic substrate may’
provide the reducing power for fatty acid synthesis through IDE under
lipogenic conditions;-and the carbon'sources for fatty acid synthesis
are probably those that do not require citrate cleavage to produce
extramitochondrial acetyl CoA. o

Additional NADPE in the liver cytoplasm may be produced by the

pentose phosphate pathway, as both G6PDH and 6PGDH are active (Tables 4,5).

. Since all of the enzymes 5nvolv?d in the formation of reducing
equi%alents are located in the cytoplasm, they probably all "compete"
for the same pool of NADP, amnd are agting in the presence of the igzs
pool of the product inhib;tor NADPH. The similarity of the Ri(NADPE)
values (Table 6) do not emable one to chose between pathways, (pentose
phosphate vs. citrate cleavage-malate vs. IDHS. Furthermore, the
significance of the kinetic data may be limited, since, at least in
rats, these NADP-linked reactions are mear equilibrinm‘fVeech et al., S
1969), with the possible exception of G6PDHE (Greenbaum et al., 1971).
Nonetheless, the apparent affinity of IDH for NADP is the greatest of
the four enzymes, and thié, coupled with its high specific activity
(Table 5) supports an important role for IDH in cytoplasmic NADPH
formation it eel Iiver. - ’

In the intestine (Table 4), the nearly equal activities of the

NADP-linked"enzymea and the presénce of ATP-citrate lyase and aconitase
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may reflect the varied substrates this tissue encounters.
The red muscle contained the third highest total NADP-linked
‘enzyme activity (Table 4), with most of this due to IDH. Hdwgver,

there was no detectable ATP-citrata lyase activity, thus precluding

\ the use of glucose, lactate or\glutogenic amino acids for lipogenesis

-

-
-

-In this tissue. The absence of ATP—citrate lyase and the low incor-
—_— B
poration of labeled acetate into fatty acids in vivo (Tables 2,3) and

in vitro (Table 3) supports the contention that this is not a lipogenig
tissue, and the function of‘)its high IDH sctivity is probably to.

) co;npiete the tricarboxylic dcid cycle as proposed for liver 'NADP—IDH in

the eel (Moon and Cuellet, 1979).

The effect of diet om lipogenic enzymes is evaluated for two
“reascns. First, it was a way to assess the various diets for suit-
-ab‘ilitfr in further lipogenic studies, and seceondly, dietary pertur-

bations, if they reflect changes in carbon flow, cam inducefhanges in

s Rey enzymes.

v ot 4

Tnlike™rats, where the dietars; conditions stimulating fatty acid

' synthesis are rea.soneb y. well defiped (Romsos and Leveille, 1975), the

o -

N i&r dietary conditions best eda:o the study of -fatty acid isynthesis in
[ o

fish are nqt Imown, although some work in this area has heen dome b.y
-Lin et. al. (1977abc) : . o . - 5

- e -

. ﬁe species d%mposition of the eel diet under natural conditions

. & - congplex (Sinha and Jones 1975) but appears_to c.ont ﬁ%me lipid
) a%ttle carbohydrate. . During the colder months (below ) S
. s o
undergo a fast and certainly u::d%.* low temperature \Iahoratory conditions

refused to eat (Rersonal observa_r,i@r In this studﬁ:ﬁiver and

'

- worms wer*e used to simlate a natural diet albeit imperfechly. \Annelid

'.'_ -, a R ) .o L _ 4 ) . .l >

- . ) ’-\ ‘ - :
. . . - g L ) ,
..

e
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worms are known to constitute a small percentage of the natural diet of
some eel populations (Sinha and Jones, 1975).

Reducing equivalent production per liver (Table 5) was highest in g
the worm-fed eels, and next highe;t in the ;reshly-caught anima}s (1977);
An important difference between these two groups and the others was the
increased ac£iyity of G6PDH. However, both the worm-fed and beef-
liver fed‘grpups had. significantly g;egter hepato-somatic indices than
the corresponding fasted groups. Hence, despite ‘no appgrent increase
in enzyme aceivity per granm ogaliwer, the beef-liver fed group showed
somewhat greater potential reduciné‘equivalent production. Thus, in
either fed group, at least three of the four INADP-liéked en-zymés did
not adapt to changes in djetary conditioms, except through increases in
total livér‘weight. Adaptive changes in enzyme activity due to changes
in organ size have been reported” in rainbow trout, SCZnQ gairdnert,
-§Buhler and Benville, l?§9) and northern pike (Aster, 1976).

”%J . - The enzymes usually considered to be most reSpbnsive to diétary
.Induced changes are G6PDH, ME, and AIP—citrate lyase (Roﬁsos'and
Leveille, 1974; Lin et al., 1977a,b).. However, in these eels GEPDE

. was the only enzyme to increase in.activity per gram in an adaptive
manner (Table 5), and only in the worm-fed group. Liver malic enzyme
activity was not induced wunder any condition investigated, and any
increased activity of AIP—citrate lyase was ac;ompauied by a concurrent
Increase in aconitase activity, with the result that no adaptive
changes in carbon flow would likely occur. The absence of striking
differences 'in‘.enzynge activities, even in some cases after several

months of starvation, is not eﬂii:ely surprising, since other workers

_ (Buhler and Benville, 1969; Lin et al., 1977a,b) have shown how slowly
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fish 1ipogenio enzymes adapt to dietary changes. Because the eel
nndergoes a natural winter fast, its enzymes (and subsequent carbon
flow) may be less responsive to change than those of other organisms.

A similar suggestion has recently been made by French et al (1981)

who found neo significant changes in'enzyme activities with starvation

in trout liver. ’A diet high in carbohydrates may have resulted in
greater lipogenic acttvity in eels, as in coho salmon (Lin bt al.

1977b). It is not likely, however, that 3 diet h}gh 1n.carbohydrate
" i{s'relevant to the study of the usual‘processes of fatty acid synthesis
in fish (Love, 1970). Dietary'considerstions aside, ﬁhe.virtual absence
of malic enzyme and relatinely low acsivity of ATP-citrate lysse ;n the
eel liver is in direct consrast to the findings of Lin et al. (1977b).

- >
They did not, howevér, measure aconitase activity, So that the precise

. i
fate of citrate is not clear. . !

How common, in fact, is the pattern -of high IDH.and G6PDH activity
and low malic enzyme and ATP-citrate lyase activity in lipogenic tissue
(Table 5)?7 There is, of course, the well known example of ruminants’
(Ingle et al., 1972). However, domestic cats (Rogers et al., 1977),
rabbits (Saggersom, 1974b), and among fish the carnivorous northern

oPike (Aster, 1976) appear to follow this pattern. An active malic
enzyme in the absence of ATP—ci:rate lyase in trout liver (Baldwin and -
Reed 1976)‘Apresents a rather unique situation, but may indicate a
mechanism-for the-transfer of reducing equivalents from the mitochondria
to the cytoplasm by malate (Rous, 1978). The common factors in this
list appear to be a need to spare glucose (or low glucose availability)

and a high input of either amino acids or acetate into the lipogenic

tissues. However, the preferential utilization of amino acids as a

.

P
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[

carbon source for fatty acid synthesis in carnivorous animals relies,
with the exception of leucine (Feller, 1965), 6& the éresence of
ATP—citrate_lyase.- Renaud and Moon {1980a,b) haQe shown with eel hepato- .
cytes that‘labeled alanine and aspartate are not incorpo:ated into |
' fatty- acids. Since ATP-citrate lyase is rgquired for the incorporation
of these amino acids, Renaud and Moon's study indirectly confirms the
enzyme data In Table 5. A comparative look at these different patterns
of lipogenic enzyme activities is.presented in Table 14. This table
clearly illustrates how the pat;e:n\of enzyme activities in eel liver.
is quite distiﬁct from that of the rat but closely resembles that of
ruminants and rabbits, two animals known :3 rely on pathways other

than citrste'cleavage to produce extramitochondrial acetyl CoA
(Saggersou, 197&b; Bguman, 1976). The similarity in enzyme complement
between ruminants, rabbits, and wholly or partially carnivorous animals
(cats and fishes), suggest.that the same carb;n source, acetate of ther
ketogenic substrates may be ﬁﬁed, and it was to tesﬁ this possibility

that the label incorperation studies were performed.

-B,. Carbon sources for lipid synthesis.

The direct test of the hypothesis developéd from the enzyme
results necessitated the demonstration that carbon precursors which
require citratevcleavage are %pcorp?rated into. 1ipids more slowly than
those precursors which form extramitochondrial acetyl CoA without
cltrate cleavage. For this experiment, a method of assessing fatty
acid synthésis independent of the carbon source utilized was required.

The Incorporation of 3H20 (3HOH) into 1ipids has been empiriﬁgllf

shown to be a reliabte method of estimating the total rate of lipogenesis

~
-
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(Jungas, 1968); Some of the advanﬁages of this method over the incor-
poration of 14C-labeled substrates.are: 1) thé rapid penetration aﬁd
equilibration of~3H20 with intracellular water, (2) the absence of
extensive metabolic steps to incorporate the 3E into lipids, and (3)
any dilution ;f the specific activity of labeled water by the gene;étion'
of unlabeled metabolic water will be ﬁegligible (Andersen and Dietschy,
1979). Finally, it has been shown, at least in rat mammary glands,
that the rate of 3H20 incorpqration is es§ent%§lly independent of carben
source (Bartley ang Abrahaﬁ,'lS?G). However, Ane cannot obtain absolute
rages of fatty acid synthesis from tritium incorporation unless one caﬁ
relate the ug-atoms of lé4C incorporated to the number of Hg-atoms of 3H.

The relationship between 14C and 3K incorporation into 1ipids has -
béen s;udied by Foster and Bloom (1963), Jungas (%&pS), and reviewed
by Rous (1971) and recently by Andersen and Dietséhy (1979). For each
14C—acetyl unit of carbon incorpo:ﬁged into newly formed fatty acids,
there are potentially four avaiflable sites tg be labeled by tfitium.
Several studies (Rous, 1951; Thurmen and Scholz, 1973) have shown that
on the even numbered or a-carbous of fatty acids, one hydrogen is
derived from HyO at the enoyl reductase step of fatty acid synthesis,
and one is from the carbon substrate. This latter hydrogen.ig not
normally labeled after 3820 incorporation, since exchange of the sub-
strate carbon-H with éater is small. On the odd or B—carbons,/ﬁ;aﬁogen
is from NADPE. ReducgdzﬁADP produced by the pentose phosphate pathway
cannot exchange with the 3H from tritiated“water (Foster and Bloom,
1963; Jungas, 1968), but the other NADPH producing reactions, malic
enzyme and NADP-IDH, can produce NADP3H from 3H20!(Rous, 1971). 1If

the pentose phosphate pathway provides all the NADPH required for fatty



acid synthesis, one of the four protons Vill be labeled, hence 1 3HJ15C2,
but if this pathway provides none of the reducing equivalents, the ratio

is approximately 3 3H114C2 or 1.5 jug-atom 3H pe} Hg~atom 14c. In most

‘_ tissues studied to date, the pentose phosphate pathway provides approx-

imately 50-80% of the reducing equivalents, and the ratio 331140 is
0.87 in rat adipose tissue where the shunt is particularly active and
glucose is the main carbon source (Jungas, 1968). In rat liver, where
other NADPH producing reactions provide approximately 50% of the

reducing equivalents, and carbon sources other than glucose are impor-

" tant (Clark et al., 1974), the ratio of 3H/14C is approximately 1.0.

Both the pentoée phosphate pathway and NADP~IDE provide reducing
equivalents for fatty acid synthesis in eel liver (Table 5), although
thg relative contribug}cn of each is unknown. Therefore, as an estimate,
it is assumed that in eel 1Ewer one nmole 3320 incorporated equals cne
amole l4C-acetyl unit. '

The incorporation 6f SHpO into lipids has been followed m two
previous £ish studies. Changes in 1ipid synthesis with cold accl n
in rainbow trout hepatocytes were studied bj Hazel and Sellner (1979),
who found synthetjc rates of approx. S ng-atoms of tritium incorporated

into fatty acids/mg protein/hr in the presence of glucose and lactate

at 15%. Llin et al. (1977¢), studying coho salmom, found rates of

_fatty acid szfthesis in {iver slices to be approx. 600 nmoles 3320

incorporated/100 mg liver/hr under comparable conditions. This present
study found eel liver slices incorporated approx. 75 nmoles 3H.20/100 mé/
hr into fatty acids (Fig. 4, fed eels; 2 hr rate divided by 2), which
corresponds to'apﬁrox. 20 ngaatéms/mg protein/hr at 15%°C. Lipogenic

L]
rates in perfused rat liver (Brunengraber et al. 1973) or ;at-hepato—

73
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cftes (Clark_et al., 1974) f;nge from approx. 4-15 umoles 3H20 incor-
porated/100 mg wet weight/hr at 37°C.

i. Lactate, glucose, and glucogenic substrates. s

’ th& tritiated water was used to measure lipogenesis in eel liver
slices, it was found that the addition of lactate plus glucose resulted
in the highest rates (Table 7), while the subsequent addition of
acetate to this substrate combination did nct'resulﬁ in any increase in
rates. The addition of glucose wi;h any other substrate resulted in
lipogenic rates considerably lower than when lactate was present
(Table 7). Thus, although lactate alone was not tested, it is belfg§ed
that lactate and not glucose is the factor stimulating lipogenesis,
although the presence of glucose may be pecessa?y.

The efficacy of the glucose plus lactate combination has previously
been demonstrated in trout (Hazel and Sellmer, 1979) and rat (Clark et
al., 1974) hepatocytes and rat mammary gland slices (Bartley and
Abraham, 1976). However, when the nmoles of 14C-glucose and léC-lactate
(as acetyl units) founé in fatty acids are totaled and compared with
the rates of lipogenesis determined by 3520 incorpo;ation (Table 9), only
10% of the carbon in the newly formed fatty acids is accounted for by
the twe added substrates in eel liver. Eveg_fn the unlikgly situation
that the mechanisms of tritium incorporaticm into eel 1ipidé were
completely different than those previcusly found in mamméls,.the max{mim
ratio of }402k3H20 could no more than double accounting for possibly
207 of tgg carbon. It is clear that despite maximal rates of synthesis
when glucose plus lactate are present, the lactate {or glucose) is not
providing a significant éﬁoﬁnt of faﬁ;y acid_carbon. _By contrast, the

incorporation of acetyl units comparéd to tritiated water in rat
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mammATy gland was near 1l:1 for all substrate combinations tested '
(Bartley and Abraham, 1976), including glucose plus 1actate; Here
glucose provided approximately 24% and lactate about 71% of tﬂe carbon _
in newly synthesized fatty acids. In rat ﬁepatocytes, in the presence

of 1;ctate plus glucose, lactate usﬁally accounted for nearly 80X of

the newly incorporated fatty scid carbon, while glucose accounted for

20% or less (Clark et al., 1974).

‘

In eel liver, in'vitro,-however, lactate is only a minor source of

fatty acid (Tables 9,104;8) or even ghvcerol carbon (Tables 10A,B), vet
lactate is required for maximgl rates of lipid synthesis. 1In rat
tissues, where malic enzyme provideé reducing.equivalents for lipo-
genesis, NADH derived from lactate by LDH can be transhydrogenated by
MDHE and ME to forﬁ NADPE (Fig. 1lA; Pande et al., 1964). However, in-.
the eel, activities of malic enzyme are so low and variable (Table 5)
that such a scheme seems unlikely. A possible explanation for this
stimulatory effect of lactate addition in eel liver could be NADH
prodﬁéti&n to drive the glycerol-3-phosphate dehydrogenase (EC 1.1.1.8)
reaction to produce glycerol—phoSPhate-for esterification. Glycerol-
phosphate production is not, however, considered to be rate limiting
for lipogenesié (Ratz and Waig, 1974).

| Despite the finding of Remaud and Moon (19802) that lactate 1s an
important gluconeogenic substrate, neither their study nor the pfesent
cne fouﬁd that lactate (or glucose).coﬁtrgbuted significantly to lipid
glycerol formation (Tables 10A,B). Somewhat surprisingly, l4c_aspartate
formed the highest percentage of lipid glycerol (approx. 70%, data npt
shown) compared to the total lipid glycerol fﬁrmed, based on 3320.incor- ’

L

poration and a ‘ratio of 14C/BH of 1:1 (Jungas, 1968). Renaud and Moon.

,



(1980a) have also obsgrve& that a considerable portion of utilized
aspartate carbon contributes to lipid glycerol formation. It is
clear that the flow of carbon into glycerol from glucogenic substrates
may ‘proceed through different pathways and it might be expected that
the differences encountered may reflect the effect of these different
,paghggys on redox balance (Hanson, 197&;_Hayashi and Ooshiro, 19795.

Regardléss of the sources of fatty acid or glycerol carbom, ;he
achievement of maximal rates of lipogenesis only when lactate was
present (with glucose) emphasizes the importance of lactate or its
LDH produced reducing equivalents'in the process, and the mechanisms
responsible deserve further study.

ii. Endogenous carbomn sources.

If the lactate plus glucose ;ombination provides the highest rates
of lipid synthésis, but did not provide more than a minor portion of
the carbcn-fcr_fatty acids or glycerol, what was the carbon substrate
in these preparations, and why didn't the addition of favored carbon
precursors, such as acetate (see below), increase the rate of 3320
incorporation? |

Eddogenous substrate(s) such as glycogen probably accounts for
. much of the lipogenesis in the absemnce of an exogenous precursor in rat
tissues (Clark et al., 1974; Salmon et al., 1974). However, glycogen
carbon is incorporated into fatty acids through citrate cleavage as is
lactate and therefore, it is unlikely to be an important endogeno&g . %‘
precurser in eel tissues. The use of endogenous.acetate may contribute S
to the fatty acid carbom, but it is equally likely that a source such

as acetoacetate, formed by fatty acid oxidation, may also be important

since hepatocytes from the Japanese eel are capable of prodycing this
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substrate at rates which are three'times greater that the maximum rates
of lipogenesis in Table 8 (S. Hayaghi, personal communication).
Acetoacetate as a lipogenic substraté wiil be discussed later. it is
possible that tho endogenous substrates in the presence of glucose
plus lactate alone have saturated the lipogenic pathways, and only the

presence of titrate, which stimulates acetyl CoA carboxylase (Saggerson,

1980), could increase the rate further (Table §), although‘not actually’

providing additional fatty acid carbon (Table 9). Acetoacetate added

" to glucosé plus lactate did increase the lipogenic rates marginally

over glucose pius lactate (Table 8), but the varisbility of the
greparations resulted in an increase that was not statistically signif-
icant. If this Increase with acetoacetate is real, it is likely to

be by mechanisms othgr than those which occurred

with the additiomn of citrate. The addition of acetate did mot stimulate
tritiom incorporation into lipids, but when acetate was added it was
used as a source of fatty acid carbon (Table 9), possibly indicating

a shift away from the endogenous socurce of carbon. | .

iif. Acetate and acetoacetate.

The significance of the direct "acetogenic” or ketogenic pathways
of extramitochondrial acetyl CoA formation compared with those requiring
citratt cleavage is beot illustrated‘by-Table 9. Llabe¥ed acetate and
acetoacetate pravided t?e largest percentages of carbon fdr newly
E?rmed fatty acids in the presence of glucose plus lactate in eel
liver slices Caporox. 70%, Table 9), greatl§ exceeding the glucogenic
precursors. In rat liver, acetate provides a maximum of about 352 of
fatty acid carbon, based on 140/3320 incorporation in hepatocytes when

lactate is not-present (Clark ot al., 1974), or based on acetate uptake

)

.
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in perfused liver preparations (Buckley and‘ﬂilliamsbn, 1977).

The wnusual extent to which acetate provides carbon for fatty acid
synthesis in eel liver slices is best illustrated in Table 14, whiéh
is & comparative summaéy not ogly of carben précursor incorporation, )
“but also of the relative activities of eh:ymes involved in NADPH
production and in the utilizagion of citrate clea§age based substrates

in lipogenic tissues. If one considers rat adipose and r&minént-
adipose as the two extremes in mammalisn lipogenic models, it is then
cléar, but nonetheless striking, that fatty acid synthesis in the eel
liver most closely resembles the ruminant adipose tissue wmodel.

1f one proceeds from left to right in Table 14, the higher réia;tve
preCursér incorporation values indicaté a shift from a glucose based
t; a lactate and then acetate based fatty acid synthesié. In terms
of reducing equivalents, the amounts of NADPH producea by the pentose
phosPﬁate pathway range from 80-100% in rats and guinea pigs under
some conditions (Saggerscn, 197&a, Rather and Brand, 1975) to
greater use of IDH in rabbits (Saggerson, 1974a) and sheep adipose

(Vernon, 1980), and cat liver (Rogers et al., 1977). Rat liver is
wmusual in essentially having three potential sources of NADPE, but
apparently only the pentose phosphate pathway and malic enzymes are
utilized (Rous, 1971), and the exact function of NADP-IDE in this
tissue- is nof clear. Lipogeni; enzymes of coho salmon liver (mot
presented in Tablé 14) show a similarity to the rat liver enzyme
é;ttern (Lin et 2l., 1977a,b). Inm tbe American eel, as previously
”pentianed (p. 66), the utilizétion of cytoplasmic IDE is almost
'obligatory when substrate is oxidized by the tricarboxylié acid cycle'

under high emergy conditions which favor lipogenesis. If sufficienf
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_ acetate is activated to a;eﬁyl CoA iﬁ‘thé mitochondria as well as
cytoplasm, then acetate could proﬁide-both the c;rbon source and
reducing equivalents (NADPH) necessary for lipid synthesis éFig. 1B;
Inéle et al., 1972). |

Even more unusual than its simil;;ity to ruminant adipose tissue
in the'potential use of acetate as a carbon precursor, and IDH ss & °
source of NADPH, is the ability of eel liver slices to utilize aceto-
acetate as an Important carben sour&% for fatty acid synthesis in.vitro
(Table 9). Ketone bodieé, particularly acetoacetate, are 3 quantitstively
important so;rce of lipid carbom in the brain of you;g rats (Edmound,
19743 Yeh et al., 1977; Patel and Clark, 1950) and a probable supple-
mental source in adult rat snd ruminant mammary gland (Willismson et
al., 1975).. Mduse liver and adipose tissue (Rous, 1976, 1977), and
rat adipose tissue (Soling et al., 1970) are capable of utilizing
acetoacetate for 1ipid synthesis. Howeve;, In vivo acetoacetate is
pr9bably only employed in these tifsués as a means co-transfei'acetyl
CoA out of the mitochondrion (Rous and Favarger, 1973; Rous, 12?6),
since there is a reciprocal relationship between lipogenesis éééi
ketogenesis in tgeqe animals (Benito and Williamson, 1978). Eiver is g
generally éonsidered to produce acetoacetate and B-hy@;oxybgtyratééférﬂ
at least two pﬁrposes: as a mechanism for.regenerating CoA during 1
periods of extemsive fatty acid oxidatioﬁ, such as starvation,.wheh
additional fatty acid oxidation provides emergy for gluconeogenesis
{Phillips and Eird, 1977b): and, as a mechanism for sparing carbohydrate
by providing an alternative substrate in peripheral tissues (Robinsoa
and Williamson, 1980). Eel liver, like liver tissue from most other

>

vertebrates, is capable of proquing ketones, primarily acetoacetate
L.

\

. % | ’ \
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(Phillips and Hird, 1977b; S. Hayashi, personal commmication). The
utilization of -acetoacetate for-energy is usually gssé&iated with the
presence of an active mi:oéhondrial 3-oxoacid CoA transferase

(EC 2.8.3.5) which conve:ts acetoacetate to acetoacetyi CoA, which
subsequéntly is converted to ;cetyl CoA. Most periphéral tissues of
mammals (Beils et al., 1950; Robinson and Williamson, 1980) and fish

(Beis et al., 1980) (white muscle is .an exception) contain an active
transferase, but liver tissue of all vertebrates except fishes

(Phillips and Hird, 1977b; Zammit et sl., 1979) contains low activities

of this-en:yme. k

'

The high 3-oxoacid CoA transferase activity in the liver mito-
chondris of eels and other fishes has been explained as a pathway of
acetoacetate production rather than utili~ation, since the presence of
this enzyme does not appear _to confer upon the eel liver the ability
to utilize ketones for energy (Phillips and Hird, 1977b). - If so, this
pathway is in comtrast to the mammmalian scheme where acetoacetate is
synthesized predominantly through the EMG CoA pathway (Phillips and
Hird, 1977b). The transferase may, however, represent a mechanism for
the transport of potemtial CoA derivitives out of the mitochonmdriom,
aé postulated by Rous (1976) for mousé adipose tissue and Patel and
Clark (1980) for rat brain (Fig. 2¥. This cytoplasmic acetoacetate

, .

could be subsequently activat;d in the eytoplasm and used for lipo-
genesis (Buckley and Williamsan 1973)., Alternatively, exogenous
acetoacetate, from the bloed or ‘added in vitro as in Table 9, could
. also be activated directly in the cytoplasm by acetoacetyl CoA
‘synthetage as in“developing rat brain (Webber and ?dmond, 1979) and

lactating mammary gland (Buckley and Williamson, 1975). This aceto-
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acetyl, CoA is either used as a priﬁer for lipogenes;s, probably as
" butyryl CoA (Lin and Kumar, 1972), or converted to sacetyl C&A by
cytoplasmic acetcacetyl CoA thiolase (QS 2.3.1.9)1 These possibilities
provide mechaniéqs to.explain the incorperation of acetoacetate into
lipids by eel 1liver (Tablé 9) and an‘be an alternative explanation for
the exceptionally high 3-oxoacid CoA transferase activity in eei liver.
Infortunatgly, the existance in fish tissues Sf acetoacetyl CoA
synthetase] the enzyme most closely linked with acetoacefate utilization
for 1lip ‘esi§ (Robinson and Williamson, 1980), has not Seen assessed.

iv. Summary and speculations: Carbon sources. ’
, In summary, the best carbom sources for.lipogenesis as determined
by labeled precursor incorporation in vitro are those which do not
require citrate cleavage to produce e§E:amitochcndrial acetyl CoA.
These results support thé hfpothesis baged on "lipogenic" enzyme
activities. The pattern of precursor imc ration and enzyme acéivities‘
found for eel liver rése;bleé the adipose tissues of ruminants, which
is the acetate—basedl(ketogenici extreme of ﬁammalian lipogenic models
(Fig. 1B; Table 14), and it is digtinctly different from the pattern -
observed in either rat adipese or rat livel) (Table 14). The inability
of the eel liver to utilize giucogenic substrates (e.g,.lactéte,-
aspartate) for fatty acid synthééis (Tahle 9) may be a particularly
important pattern for carmivorous animals, as well as ruminants, because
of their continuous requirements.for gluconeogenesis, even in the fed
state. ‘

Zhis study 1s the first, to the author's lmowledge, to delineate

™

the pathways of de novo fatty acid synthesis In 2 lower vertebrate.

However, the similarities of these findings to those of lipogemic



tissues of ruminanﬁs‘and rabbits should not necessarily be construed
&8s an indication of a general pattern applicable to all species of
fish or lower vertebrates. For example, even thﬁugh it is well
esﬁablished that ruminant lipogenesis is acetate-based, variations in
lipo-genic enzyme activities can occur between different breeds of the
same ruminant species (Allen et al., 1976), and two recentl studies
indicate that lactate may be an important cafbon source under‘some
conditions (Whitehurst et al., 197§; Prior and Scott, 19S0).

< The carbon sources utilized by the eels in this study were '
predicted from the pattern of NADP-dehydrogenase enzyme activities
and.those enzym;s éoncerned‘with the citrate bfanchpoint (ATP-citrate
lyase and aconitase). Based on this appfoach, hepatic lipogenesis
in coho salmom m;y moTre clpsely resemble that of rats in vitro, as
suggested by Lin et al. (1977b),‘énd utilize primarily glucogenic

rather than ketogenic precursors. Furthermore, based on the ratio of

hepatic GEPDE activity to IDH activity and the presence or absence of

— N

malic enzyme, the data of Aster (1976) may indicate that goldfish and

white sucker resemble the lipogenic pattern'of coho salmom and rats.
. S
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In comtrast, the non-fatty camivorous northern pike, with no detectable

malic enzyme and ten times greater IDH than GOFDHE activities, may
synthesize fatty acids utilizing the pathways described for the eels
in the present study. Clearly, further comparative work is required
in this area.: . .

Although this study demonstrated that acetate and acetoacetate

are significant carbon sources for fatty acid synthesis in vitro, can

they be considered realistic substrates in vivo? The substrate

concentratitms (2 to 5 mM) psed to directly determine the carbom source

~
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in vitro were considerably higher than those found in vivo (Table 15)
and clearly established the potential use‘of these precursors and
pathways rather than their actual use. | \ N

The acetate concentrations found in eel blood and liver (Table 15)
are similar to those of lactate, and clearly no objection can be made
to acetate utilization for lipogenesis in vivo bssed on blood and
tissue concentrations of this precursor.

’ Unfortunately, the assesBment of in vivo utilizstion of a particular

_ precursor is difficult. For example, although the in vivo incorporation -
of labeled acetate igto fagty acilds ‘greatly \exceeded that of lsbeled
gluc%se in eels.(Table 3), the unknown pool size qf unlabeled precursor
and number of compartments, plus the competing pathwavs of metabolism,
make interpretation of the in vivo results rather speculative; )
nonetheless, they are in agreement wiﬁh the results of the in_vitro
experimen;sr(Tagle 9).

If one cog;iders.thé ability of différent mammalian spécies to
incorporate various lipogenic precursors (Table 14), it is seen th#t
the in vivo éoncentrations of glucogenic and ke&ogenic precursors
p:éSeﬁied In Table 15 do not in themselves providé any means of
evaluating their significance. For example, in young rats, plasma

[+]
concentratiomms of glucose, B-hydroxybutyrate, and acetoacetate decrease

.
-

in that order, but are utilized for lipié synthesis in the brain in
the reverse order, and acetoécetate has the shortest half-life of the
three in the blood (Webber and Edmond, 1979).. Acetate also has a
high turnover rate in monggastric.éammals‘(Knowles et al., 1974).
Furthermore, both acetyl Coh synthetase and acetoacetyl CoA synthetase

from mammals have apparent ¥m values which are gimilar to the in vivo

-



TABLE 15°
Concentrations of potentisl lipogenic ﬁrecursors in the blood and/or

liver of eels, rats, and ruminants.

. .
‘Precu;;ors
Acetate . Acetoacetate Lactate Glucose
Eel:
Blood/Plasma 0.33 0.04° 0.30° 3.5!
Liver - 0.32° - . 0.323 6.4°
| Rat:
"Blood/Plasma 0.20". 0.03% .1.23%5  6.3°
Liver - “0.63" 0.067 . 0.847 5.47
- Ruminant: _ ‘
Blood/Plasma 0.63" - 0.04°¢ 0.55% 2.78
iﬁmr' - ' - .- -

All values are for fed animals except forlthé eel acetoacetate value,

which is from 3~ wk fasted fish. Acetoacetate éomﬁriées!éppréxi 302407
of the ketomes in rat blood (?hillips and_Hifdj 1977b), but'oﬁié 107 wof
the ketones in rumimant blood (Baird, 1977). Concentrations are expresSed
as mM In whole bleeod cr_pla;ma, and as umoles/é wet weight in liver.

Data is from the folloviné_éou:ces (super;cripts in fable): ?Egtimated.

in this laboratory as described in Materials and Methods, 4. rostrata;
2Phillips and Hird, 1977h, 4 australis; ‘Rénaud and Moon, 1980b,

A. rostrata; “Knowlés et al., 1974, rat, sheeé; SPhillips and Hird, 1977,
A. auetralle; ®Bawking et al., 1971; rat; 'Greenbaum et ai;, 197£, rat;

®Baird, 1977, dairy cow.
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concentrations of t;heir i-esp;active .substrates, whichr ma)gpin part,
exﬁlair_x the efficient utilizationlof these precursors'despite their low
concentrations.

If one assumes tﬁat the higl'; relative turnover rates of mammalian

»

blood acetate and acetoacetate are representative of the situation

" occurring in eels, the source of these precursors must be considered. -

Phillipson (1947) and Buckley and Williamson (1977) have shown that

-
»

acetate can be produced in large quantities by. the i:itestm.‘_al gut flora .
in fed, monogastric animals. Séra and Ishida (1972) and Ugajin (1979)
have shown that the gut flora of fishes.also produces acetate. The |
acetate prod;aced in the inteszine is transported to the liver, and
Buckley and Williamsan (1977) concluded that the primary fate of this
exogenous precursoxr is.‘lipid syathesis. The infestine may likewise
be a major source of acetate for hepatic lipogenesis in the eel and
this certainly requires further investigatiom. | .
Blood acetoacetate levels (Table 15) may bear no relationship to
the utilization of this precursor for hepatie lipogenefis since theh‘
livér is the primary source of blood acetoacetate (Robinson and
Williamson, 1980). If a.c-etoacetate production is great enqugh in
the fed state to maintain a rgpidly metabolized blood conce:ntra;tio'n. of
0.04 oM in the eel (Table 15), then it may be high enough to supply
acetoacetate for hepatic Z1ipogenesis.
To fully assess the validity of the ketogenic vs.: glucégenic
precurscr models- (‘E"ig. 1A,B) one must also coﬁsider the potential -

changes at different stages of the animal's life history. It was

found (data not presented) that the incorporation of ll‘C-glucose

.Anto fatty acid carbon was much greater in eels weighing less than

)
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60 § (mean, 45 g) than in animals weighing 90 g or more (the latter
d;ta presented in Table 3). If weight or some weight deﬁénaeqt
éharacter makes a considerable difference in the ability to utilize

certain precursors, it is apparent that gn evaluation of carbon sources

-

ox rates of lipogenesis should be made at several sﬁages of the aniﬁal's'
life history. Furthermore both the glucose incorporation data and
the presence of low amounts of ATP-citrate 1yase angd malic enzyme in
liver indicate that the eel has the genetic potentisl to utilize
glucoéenic <arbon f/recursors for hépatic lipogenesis, bdt: at least in
vitro, the eel ap#ears "to chose not to do so." Cleariy,then, the
use of the ketogenic pathways for seneration.of fatty acid carben must
confer an advantage‘to the animsl, and, as others have also suégested
(Jonesand Wahle, 1980), this probably reflects the input or availability
of substrates to the lipogenic tissues and the competition for'taébon
th;t maf arise'between the different péthways, such as gluconeogenesis
and lipogenesif. From this present study, cels seem to have solved
the problem of competition for carbon, but further work:is required
‘to show that in vive the "choice" of ketogeniclsubsfrates ig a reaiistic
cue based on substrate supply. . .
The evaluatign -of the in.vivo significance of the diff;rent
Precursors has-been rathef‘spetulative, but these sﬁeéulations ’
postulate no new mechanisms, and‘éfe clearly within tPe framework of

" accepted metabolic limitations in other species (see Appendix 6, p..111).

C. Lipogenesis, energy'source, and relaticnship to gldEOneogenesis
and ketogenesis.
Although there are similarities between -eel llver and ruminant

adiposé tissue with regard to faﬁf& acld synthesis (Table 14), tge
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latter organ is designed strictly as an e#ergy sto;age t;ssug (Ballard

et q}.,‘l96§5, and not as a “met#bolic integrator" with qhe:multiplicity-.
of'fuﬁECions‘cha;acteristic‘of'hepatic tissue. Gluconeogenesis and
ketogenesis are important.additional fgnctiops of liver tissue, and

each of these is a potential competitor with lipdgenesis.for carbon,” S~ -
reducing eduiVaients, and energy. In,fed eelg, lipogenesis (this
- study) and gluconeogenesis (Rensud and Moon, 19580a,b) occur simulta-
neously, since glucose needs to be supplied continually due to its

near sbsence in the diet (Table 1). This is contrsry to the situatiom -~

in some rodents where a reciprocal relationship exists between theq

two pathways (Te;perman and Tepperman, 1970). The absence of competi-

tion between thses two pathways for cﬁrbon in eel liver has-previouély

been dis;ussed'(see above) . —Q\ N

Regarding reducing equivalents, there is no direct competition
since NADPE- is required for fatty acid synthesis while gluconeogenesis
is'acutely affected by the NAD redox couple. -Unfortupately, it is not
known how gluconeogen;sis in eelé effecés or is affected by the redox
state during periods o£ increased glucone?genesis during starvation. -
Farthermore, B~hydroxybutyrate dehydrogenase (EC 1.1.1.30), an enzyme
involved in adjustments of redox state during active fatty acid
oxidation and fasting (Robinson and Williamson, 1980), is absent from
fish liver (Zammit et al., 1979). ‘This observation implies that gluco-
‘neogenesis mag be (1)-insgnsitive to increased NADH, (2) that increases
in fatty acid oxidation, a source of mitochondrial NADH, are not
sufficient to effect redox potential and/or (3) that eel liver oxidizes
!
NADH through other reactions. Further studigs are required to assess

these possibilities.
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Since both gluconeogenesis and lipogenesis are anabolic processes,

_do they compete for enérgy in the form of AIP? Renaud and Hbon (1980b)

. bt

have showm that mitochondrial glucogsmic substrate oxidation is

" positively correlated with, and is just shfficient to fuel glucoé

La

personal communication); When fatty acid synthesis is based on .

.production, rather tﬁsn fueling this proeess by.fatty acid otidation,

., ]

as other workers hsve suggested (Phillips and Hird, 1977a; s. Hayashi,

L3

exogenous glueose, or a combination of glucose and lactate, as in rat

‘adipose tis;ne, the lipogenic proeess'itself snpplies encugh energyt

(Flatt_, 1970). In fact, Kst.e and Wals (1974) found .that there was a
sizesble excess ATP production under in vitro lipogiiie conditions.

In ruminant adipose tissue and mammary gland, acetate can be utilized
as'a source of both 1lipid carbon and energy (Ingle et al., 1972),

and some simultaneous oxidation of lactaté or glucose may be assumed.
However, liver tissue of most vertebtates has a R.Q.. (respiratory
quotient) of mear 0.7 (Phillips and Hird, 1977b) indicating that
fatty acids are the primary substrate oxidized. Hence in the fed state
in the liver of eels and other vertebrates with hepatic lipogenic
cababilities, fatty acid oxidstion and synthesis may be proceeding
simultaneocusly. lndeed, in the liver of fed rats, ketogenesis,
indicative of fatty acid ofidation,.proceeds at 17Z%- of the rate of
lipogenesis (Brunengraber et al., 1973). It is postulated that a low
level of fatty acid oxidation in the fed liver may provide much of the
energy for de novo fatty acid synthesis, since production of ATP as

a resulr of the complete oxidation of fatty acids far exceeds that

required for eqnimolar synthesis, given a source of exogenous carbon.

Hazel aﬂd Sellner (1979) have suggested that fatty acid synthesis may
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supply substrates to support fatty acid oxidation, which would, in turn

support further lipogenesis in fed, cold-acclimated trout liver where

lipid stores are low but rates of lipogemesis high.

Furthermore, it is suggested that in the eel liver, the ;ncomplete

oxiﬂa;ioﬁ of a portion of the fatty acids may produce some of, the

* substrate used for-fatty acid synthesis, especially acetoacetate.

This material would be transported from the mitochondria to.the
cytoplasm to supplemeﬁt other ;;otem:ial 'e::ogen.ous lipc;gt;_uic substrates
such as acetate, or to a minor extént, lactate. The use of‘acetoacetate
as a lipogenic substrate, or as a general mechanism in the transport of
carbou from the mitochondrion to the cytoplasm in eel liver was dis-

- cussed above (p. 79) and may explain the function of the high activity
of aéetoacetyl CoA thiolase and 3—oxoaéid CoA transferase found by
Phillips and Eird (1977b) and Zammit and Newsholme (1979) in £ish.

The use gf.fatty acids oxidized to the two or four-carbon 1evé1-for
energy\or reutilized]for 1ipid carbon must require Q tightly controlled
balance between fatty acyl CoA and malonyl CoA concentrations, since .

they reciprocally inhibit the aforementioned anabolic and catabolic

processes, respectively (McGarry and Foster, 1980) .

rd

III.. STARVATION: SYNTEESIS AND UTILIZATION OF FATTY ACIDS
Food~deprivation for four months or more caused a marked decrease
in fatry acid synthesis in eels regardless of whether the labeled
Precursor was 3E20,'14C—acetate, or l4C~lactate (Fig. 4, Tables 104,B, 12).
This significant drop in fatty acid synthesis was in contrast to the

LI

relatively small change In "lipoéeniq" enzyme activities (Table 5) and

T

the maintenance of 1ipid reserves (Tables 5, 12) during fasting (4 months)
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or 1ong';t t-em starvation (>4 months). mrtherqc;re, despite the |
.decrease in fatty acid synthe;ik, precursof incorpofhtion‘info 1ipid
glycerol actuallg increased Gi;h a f&ur month fasf. fqligwed.by a
slow decréase wi;h more extended periods of f&od;deprivation (Fig.‘ﬁ).\
This latter ?:'inding confirms a similar increase in precursor incorpor- -
uétioh into 1i§id glycerol during a five month fast in American eel
hepatocytes repérted by Renaud and Moon (1980b). It is clear'frqm,the
present work, however, that 1a$él incorporation into the glycerol i
fEEEhign of saponified 1lipid extracts is by no mesns sn indication of ’
increased rates of lipid synthesis. The decreased rate of fatty acid _
synthesis during fasting is consistant with the findings in mammal® .
(Masoro, 1977)jand coh; salmon (Lin et al., 1977¢) but unlike the

northern pike (Kluytmans aad Zandee, 1974) where no decrease in

léc-acetate incorporation into lipids occurred after two months of

starvation.
@
Although 1ipid synthesis decreased during starvatiom, the percentage

of total lipid in muséle, and total 1lipid, fatty acids, and cholesterol
in liver increased during starvation (Tables 5,12). Partficularly
marked was the five-fold increase in live; cholesterol (non-saponif-
iables, Table 12). The increase in cholesterol and total lipid with
starvation was absolute (mg/liver, Table 12). A much smaller increase
in percegt liver cholesterol during starvation has been reported in
A._anguilla (Dave et al., 1975). The increased lipid percentages in
liver and miscle suggest'that other substances such as protein or
carbohydrates may be utilized preferentially for energy during periods
of food-deprivation. Duriég extended periods of starvation (>1 year)

the eels in this laboratory develop an emaciated appearance, and it is

<
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gipargnt that the iuscle mass is beihgldepieteq. The carboﬁydfat; .
content of muscle is low (Renaud and Moon, 1986b), and lipiﬁ perceﬁtagérz
increases (Table S5). so it is primarily-ﬁﬁscle protein-anA;;r whole
tissue (Wilkins, 1967) that is used f&r enexgy during stérvation.in eels

»e - . -
of this si¥e. This is also the conclusion reached by Lovern (1939),

Butler (1968), and Renaud and Moon (1980b). N
The use of peripheral'protein for energy and to maintaih.ca;bohy—
drate reserves is not surprising, since these eels gr; relatively lean
(non-fatty) fish at thig stage in their life §i§tofy and do not have
large lipid stores compared to more mature snimsls (personal observations).
Muscle protein constitutes the largest ene;gy store in tie body, since

the mu;cle mass 1s at least 30X of the body weight. Furthermore, the
swimming activity of eels decreased with sfarvation.in t;e 1abor£cory,
as it does during the overfwintering fast (Nyman, 1972). Hence there is
less‘ need for muscle tissue, and its utilization may not be c_ietrimental. .
According to Love-(1970), the sources of energy utilized and dépleted
during starvation rgfle;t+.in part, the amount and tissupe sites ‘of 1ipid
. storage. 'In older yellow eels, and .4n mature, migrating silver.dé;.

bronze eels, the lipid reserves associated with the visceral cavity an%
subcutaneody regions are.larger (Lewander et al., 1974; persaonal o§ser—
.vation). The mature eel is-thﬁs more li#ely to utilize these feserves,.
just as northern pike have been shown to utilize visceral fat first
during starvation (Ince and Thorpe, 1976) when this reger?e is present
and whole mﬁscle,when it 1is not (gedford,01976).

Other eel gFudies have founé that protein is not utilized to the

extent suggested by-the bresegt woig. Larsson and Lewander (1973)

found that eels (4. anguilla) depleted liver triacylglycerols quickly

while muscle triacylglycerols were used concurrently with musele

.



. 1. L ‘ b _ : | 92.
prote:ln after prolopged (G-nonths) starvation, and ther.e was an increase‘
.in plasma free fatty acids (FFA) Dave et al. (1975) however, using
the same species, found that liver and muscle tt:tacylglycerols- decreased’
from 47 to 96 days of starvation, but pla'ésma FFA, though variable, did
';xot :anrea;s'.e even after 166 days of starva;:ion. {\nother eel species,.
4. Japenica (Inui and Oshilme;. 1966), utilizes muscle and liver glycogen,
and’ liver triacylglycerols, rather thaim‘px;otein during moderate star—

- vation.

The reas’ons for these differences in emergy utilizstion during
starvation in different groups of‘ e‘els are not known. Love (1970)-hds
suggested that it ma} reflect the amount of lipid available, particu~
larly in the muscle, since leap fish, such as the yellow eels studied
in this laboratory, have been shou;n TO spare carbohydr'ét\'é by utilizing
miscle proteins feor gluconeogenesis (Butler, 1968§; Ren_‘aud and Hoon,
1930b). Fish with greater 1lipid reserves in thé muscle and visceral
cavity tend to utilize this substrate rather than mscle protein (Love,
1970). The eels examined in the presemt séudy, and those by Inui and 7
Oshima (1966) and Dave et al. (1975} were all approximately the game
size, yet utilized primarily protein, .gl'yco\g\en, or lipid, resPecti\;ely,
during starvation. It is evident that the extent of the energy
reserves, and oot animal size 'car close taxonomic positiom, ﬁy be a
significant factor in substrate utilization (for further @les, sg;.
Love, 1970; Inee and Thorpe, ~1976). ) e

During starvation, the synthesis of fatty acids decreased (E"ig. 4)
but 1ipid was ndt depleted (Table 12). One might predict, therefore,
that. fatty acid oxidation wéuld be significantly decreased to explain

these cbservations. However, heparic oxidation of oleate Increased
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sigﬁificantly during starvation (Table 135. Oleate ;3 a fatty acid
associated with acﬁive mobiiization to meet energy demsnds (Dave et al.,
1976) and comprises a significant proportion of eel li§er fatty acid
(personal obsefvation). For these reasons it is probably a good
indicator of t@e overall rate of B-oxidation. TIf so, then there is,

‘at preéent,'no obvious explanation for the m#intenance of lipig

reserves in the liver during starvation.

Since iiver tissue of all vertebrates appears to utilire lipid for
energy (Phillips and Hir&;-i§77b), the increase in fatty acid oxidation
with starvation (Table 13) may reflect incressed energy demands on
tﬁe liver, including increased gluconeogenesis which occurs during
starvation in eel liver (Renaud and Moon, 1980b). However, the relation-
ship between gluccnéogenesis and fatty~acid oxidation has not been
established in the American eel. Fatty acids stimulate glucoﬁeogenesis
'in rats (Stucki, 1972) and their oxidatien probably provides the
energy for glucose production in the Australian (Phillips and Hirdg,
1977a.b) and Japanese eels (S. anashi personal commmication).

On the other hand, gluconeogenesis is inhibited by fatty acids 1in
perfused li‘vers of guinea pigs, rabbits, and cats (Hansom, 1974), and
it has bee; postulated by Renaud‘and Moon (1980b) that concomittant
glucogenic substrate oxidation provides much of: the energy required
for gluconeogenesis.

™ .

In summary, @Pring starvation these eels decreased lipid synthesis
thmmmdlmmrmumsmdmnmmd&uymmoﬂ&umin
vitro. Clearly, control over ﬁa;lutilizaticn needs to be investigated

- further.
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. SoMARY . _ .
| 1. Iﬁ'the American eel, A. rosirata, the liver and in:;stine are
‘the tissues most actively involved in fatty acid synthe;is. Neither -
red.no; wvhite muscle play an important role in this pracess.
.2. "Lipogenic" en:ymeg‘are wost active in‘the liver, and with

the exception of'GGPDg. are relatively unresponsive to food-deprivation
of up to 6 months. : | .

-

3. In the liver, the high activities of NADP-IDE and aconf&ase
compared to the low Qctiv;ties of citrate cleavaée en:y;e ;nd malie
én:yme suggest that carbon flow from eitrate is towards isocitrate and
EB&E IDH is an important source of reducing equivalents for fatty acid °
synthesis. & _ - -

4. The incorporation of acetate and acetoacetate into fatey acids
was far grégter than that of glucogenic precursers, both in absolute
terms and in comparison with the incorporation of 3320.: Thus, the
carbon seurces for hepatic fatty acid synthesis in vitro are those
which do not require citrate‘cleavagé to producé extramitochendrial
acetyl CoA. ' .

5. The overall ;attern et de novo fatty acid synthesis'in eel
liver'is similar té that of Euminant adipose tissue and may be an
adaptation to spare.glécose and glucogenic precursors. -

6. TFood-deprivation caused a significant decrease in the in vivo
2nd in vitro rates of heﬁétic fatty acid synthesis. The ability of the
liver to oxidize oleat?_increased with starvation. However, eels .
maintained their 1ipid reserves in ioth 1iver'and ﬁnscle during E;is
period. Thus; ir 1is concluded, that muscle protein or whole tissue

are utilized for energy under these conditioms. -

Ay
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APPENDIX 2

<’

The effect of added substrates on: 3H20 incorporation into different

1ipid fractions. . -
Substrate(s) + 38,0 (n) T FA "~ % Glycerol T NS
Glucose +
lactate R 7202 £3.9  26.4 3.7 1.4 * 0.6
None ’ 7 54.3 * 4.7 44,2 2 4.5 - 1.5 2 0.5
Acetate 3. 59.4£3.9  39.2%4.5 1.4 0.0
Glucose + )
acetsate 3 _60.0 £ 5.5 0 39.4 5.4 0.6 £ 0.3
Glucose * . . .
acetoacetate 3 77.6 £ 6.4 21.3 6.1 1.1 2 0.3
Glucose + _ 7
leucine - .3 65.4 £ 5.0 33.9 *4.9 0.6 = 0.2

1T::i!:izxted ;:a;gx/ incorporation into fatty\acids (FaA), glycerol or mon-
saponifiables (N'S) x lOO/tritiated water :anorporatiou in total lipid
_extract (mean fractiom I * SEM). CorreSponding Tates of 3320 inc:orpor—

ation are presented in’ '.T.‘able 7 (fed animals).
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Perc t of total radicactivity in various lipid qiﬁsses after injection

L 4

of 1-l4f-acetate.

. Tissue e
Liver Intestine  Plasma  Whole Side
(n=3) ———Ln=3)" (a=1) (n=l)
Polar lipids 8.5 = 1.21  65.3 £ 2.1 ' 6l.2 73.2
" Monoacwlglycerols 2.2 £ 0.2 3.7 £ 1.0 2.3 4.6
Free fatty acids 1.4 £ 0.6  2.5* 0.4 3.5 4.0
“Cholesterol 1.7 * 0.3 3.0 £ 0.6 5.7 4.6
. r ‘
Diseylglycerols S§.4 2.2 2.8 = 0.5 2.3 1.1
ﬂ. - .
Triscylglycerols . 21.2 10.8
o " olir.s r1r 3227 %20 _
. Cholestercl esters < . 4 1.7

Eels were injecfed with 1-14C-acetate (1-2 uCi/g, specific activity
.54.6 mCi/nmole) and killed 24 hr later. Animals were fed worms for

9 months prior to the experiments. Mean T * SEM.

[

A~
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ﬁeight percentages of major components;in 1ipid extracts from eel liver.

e
- Weight =
Fed . Starved
(nm2) (n=l)
(beef liver) (S mo)
n - - -
Polar lipids 57.9 5010
. . - - -
Monoacylglycerols 3.4 3.8
Free fatty scids 3.8 11.3
=4
Cholesterol 3.3 2.4
Diacrlglycerols 5.7 0.9
Triacylglycerols 20.9 23.1
Cholesterol esters 14.9 8.5

Lipid classes were seperated by TLC using ethyl ether-bemzene~ethanel-
acetic acid (AO:SO:Z:O.éf, followed by ethyl ether-hexane (6:94)
(Freeman and West, 1966). The amount of %ﬁpid‘in each class was

a

determined spectrophotometrically after dichromate reducticn (Amenta,

=

. 1864). Procedures were performed on two fed (mean presented in Table)

and cne starved eel.
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<: Lipid content of eel tissues.
- .l
Tissue/condition T wet weight
Beef liver-fed (n=5):
Visceral fat® . a.5
Red muscle §.6 = 2.4
Brain §.0 2 0.9
Liver 5.6 % 0.3
Skin 3.6 0.7
Kidney 3.4 02 0.3
Heart 3.0 * 0.2
Gills 2.8 2 0.2
r
Whole side 2.6 % Q.5
Bloed 2.5 £ 0.5
Spleen 2.4 £ 0.5
romach 2.4 % O'i
Intestine 2.3 £ 0.2
White muscle 1.8 0.3
Liver slices: ~
Worm-fed (n=34) 4.6 = 0.6
Fasted 4 mo (n=3) 4.7 £ 0.3
Starved ¢ wo (n=3) 4.4 £ 0.1
Starved 22 mo (ne=l) 5.0

! (nal). Subcutanecus lipid (red muscle, skin) and hepatic 1ipid are

-

the I 1ipid (above) and weight Z of each tissue (Table 2).

“the maigr’fat depots in eels of this size (approx. 100 g) based upon
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APPENDIX 6

'hddendum

It has been brought to my strention that the prdposedlincorporation

of hepatic acetoscetate inte lipids could be considered a futile

cvele.
Clearly, if this substrate is impertant in vive, sn exogenous source
of carbon other than scetoacetate must continually enter the livcr.‘aad/’d/‘_\_/
3 .
as yet this source is unknown.

v





