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. .
ABSTéACT .o,
Hepatoc}tes were isolated from the sea raven,
Eénit}jpterus arekicanu; for the in vitro metabolic
study of insulin and glucagon The hepatocytes were
preincubated 3 h in the presence of the appropriate

bormones. ring®d, and the experlments were performed oh a
flna{ 2 h incubation. A steady, but slow depletion of cell
glycogen occurred during incubation. Bovine glucagon at
10-8 M increased the depletion rate, while a ﬁemmalian
(éorcine) insulin, at 10-% M gaintained the glycogen
content fer 1.5 h. Teleost (swordfish) inselin.at 10-9
M or 10:8 M was without effect. Both teleost insulin
and bovine glucagon increased glucose levels, but mammelian
insulin did.not alter levels from'cohtrol. Ra{ioe of
g%ucose production to éiycogen loss increased from 20% to
29x (p<0.05) in the Qreéence of glueegon, decreased from
20x to 9; with mammaiian insulin, and increased from 20X to
69X (p<0.01) with teleost. insulin.

laC-glucose and '4C-serine flux to
various endproducts was measured. The sole effect of any of
the.hormones on 19C-glucose flux was ‘an increase in
isotope incorporation inte gl}eogen by glucagon‘addiEion
(10-8 M). Glucagoq:alao incre;;ed serine flux to
glucese (3 times) and glycogen (2 times), without changing
flux to CBz.'The presence of both glucagon (10-7

M)‘and cortisol (10-7 M) did not alter serine flux.

except for a small increase to COz. Teleost imnsulin
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(10‘8‘H) increased seriné flux to glycogen and libiasf\\
as well as gluc;se. Mammalian insulin (10-° M) also
increased flux te glucose and giycogen, but not to lipids;
a significant increase in raaioactive protein occurrgd at_
10-8 M insulin. Ap additive effect on serine
#luconeogenesis and total glucose ﬁrodubfion was dbserved'_
when teleost insulin and mammalian glucagon were both
. present in the incubations. Eowever, an‘antagonism was
apparent with respect to serine flux to glycogen and
CO0z. Glucagon incrqased the Vopte éf aea.raven
hepatocyte phospho?nolpyruvete carboxykinase, and decreased

the Vopt of both phosphofructokinase and pyruvate ’ T

kinase, demonstrating a direct effect of this hormone on J
the gluconeogenic pathvay. Teleost insul}n was Qithoﬁt
effect on the three enzymes tested, while mammaliasn insulin
only decreased the activity ratio.of PFK, inferring an
increase in the enzymefsubstrate affinity. Fruct;se
2,6-bisphosphate ihcreaaed\both the Vopt and activityl
ratio of PFK.

These results demonstrqte,that in sea raven

- hepatocytes incubated in viéro, glucagon functions to

increase glucpse producti?n through glucéneogenesis and
glycogenolys§§

Inaulin increases carbohydraté productioQ
from an amino acid precursor. It is apégested that glucagon

functions to increase glucose production froﬁ energy stores

and gluconeogenic precursors obtained from muscle

iii



metabolism during \periods of food-deprivation. Insylin may
\increase liver glucdgse pqoduction for export to, and

storage in, glucose-utilizing tissues, and also increase

liver enefgy atores, from amino acids obtained from

feeding’ -

by

iv
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RESUME
Des hépatocytes ont été isolées de l’hénitriptéré
ﬂtlantique; Hemitripterus americanus afin d’etudier le o

métabolisme quant a l'insuline‘et le glucagon Iin vitro;

Aprés une période de_préincubatidnkde 3 h en présence des

: hornones‘appropriées.‘suivie d’un rin¢age, lea hépatocytes

ont été soumises & des manapulations au cours d’'une
derniére période d'incubation d'une durée de 2 h. Un
apaissement lent et.coniinu de glycogéne cellulairg se
piqduit pendant l’incupatioq. Ce taux d’abaissement

augmente en présence du glucagon bovin (10-2) tandis

"que’ 1’insuline pocine (10-°) maintient les niveaux de

glycogéne pour une période de 1.5 h. Aucune des deux
concentrations de 1’insuline de 1’'espadon Xﬁpbias

gladius soit 10-% M ef 10-8 ‘M, n’affecte les

niveaux de glycogéne. Les niveaux de glucose subissent une

hausse en prééence du glucagon bovin et de l1*'insuline de
Xiphias mais n'enregistrent aucun changement suite 2
l;addition d’insuline pqr?ine. Le rapport entre la
production de glucose et le perte de glycogéne augmente de
20% & 29% (p<0.05) en présence du glucagon, diminu de 20% a
9x,en présence de 1'insuline porciné; et sugmente de 20% a
69% (p<0.01) en présence de 1’insuline de Xiphias.

Les flux de'l‘c—glucose.et de la
1‘C—sér-'ine vers qulques produits hépatiques ont é&té

déterminés. Le flux de '4C-glucose répond positivement

v



‘1"hémitriptére, et diminu la Vop: de la\:

-

4 1'addition du glucagon ;ais n'enregiastre aucun changenent
en ppﬁsen;e des autfes hormones. Le glucagon (10-8 M)l

augmente donc l’'incorporation de ces isotcopes au glycogéhe;
Le glucagon augmente aussi fﬁ flux de la serine au glucosé

(3 fois) et au glycogéne (2 fois) sans affecter le flux au

COz. L'addition du glucagon (10-7 M) et du

'cortisol (10-7 M) a pour seul effet une minime

augmeﬁtatiog en COz2. L'insuline de Xiphias

(10-2 M), augmente l’incorporation de la sériﬁé dans

ie glyéogéne,-leé lipides et aussi le glucose. L'insuline
porcine (10-° M), augmente aussi lé flux de la sérine

au glucose et aﬁ glycogéne, mais non Aux lipides; & une
corrcentration de 102 M l1l’insuline produit une haussae
significative de la radioﬁctivité des protéines. La ) L,///
présence simulténée de l’insuli;F de Xiphias et du

glucaﬁon mammiféré prduit un effet additif sur la
gluconéogénése de la sérine et sur la prodﬁction totale de
gldcose.-Toutefois,‘le flux de la sérine au glycogéne et au
COz dénoté de facon évidente l’océufénce d’'un |
antagonisme. Le glucafon augmente {E,Vopt de la ‘.'\

phosphoénolpyrévate—carboxykinase dens les hépatocytes de

phosphofruétokinase (PFK) et de la pyruvate—-kinase. Le
T

glucagon affecte donc la gluconéogénése directement.

L’insuline de Xiphias n’'affecte pas l’activité de ces

trois enzymes. Par contre, l'’insuline porcine diminue, le

vi
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rapport de‘l’activité de la P?K, ce qui démontre une plus

grande affinité entre‘l'enzyue et aons qubstrat\ La

ffuctose 2,6-bisphosphate &éYave la Vopt ainsi que le

rapport de l’activité de ia PFK: { ' l ﬁ

Ces résultats déﬁontrent que chez L'hémitriptére,
le glucagon augmente la production de glucose au moyen de
‘ 15 g1u60néogénéquet de la glycogénolyse dans\}es

rd . .
‘in vitro. L'insuline augmente la

hépatocytes incﬁgéé;'
ﬁroduction des hyd;ates de‘carboné & part®m d’un substrat
gluconéqgénique.

‘ .Iloest proposé qu’en période de jeune, le glucagon
obtient du'nétabolismg musculaire les substrats
_gluconéogéniques et les réserves d’energie nécquaires a

proQoquer une hausse-'de ia production de gluc6g;. Il ests
aussi- proposé que 1’insuline augmente la production
hépatique de gluboae.pret a4 1'exportation et a
l1'emmagasinage dans les tishus.qui utilisent le glucose et

augmente aussi les‘réserves hépatiques d’energie A partér

d’'acides aminées obtenues dans la nourriture.
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&



 ACKNOWLEDGEMENTS-

I"initially tﬂ;nk my supervisor, Dr. T. Moon, for
patiently providing me with helpfﬁl critié¢ism and support,
and particularily for keepind“mﬁ‘on track when I started to

' Gaiver. I also thank Phil Spear, a fellow graduate student
for his support and help. Thanks are extended to Dr. M.
Root of Eli Lilly and Dr. J.é. Clement of Connaught
Lagoratories for ;gpplying the horﬁongs réquired for the
studiea. I alsoc thank the staff of the Huntsman Marine
Laboratory, and particularily the capﬂ?in of the R/V "Miss
Michelle," Mr. Carroll Wright, for capturing zhe sea
ravens. Lastly, I thank Martha Black of &f‘ Begin-Heick’s

. laboratory (Department of Biochemistry, University of
| “'Ottawa) fOE analyzing insulin samples,‘Mr. George _ %E;:>

Ben—thavtchavadze‘for photography, Dr. Eric Verspoor (HML)

for performing the electrophoresis, Dr. K. Haya and Dr. ﬁ.
Saunders (St. Andrews Biological Station, DFO)\Yor the use

of equipment, and Dr. K. Waywood (St. Andrews Biological

Station,”ﬂFd&\fzi‘fish holding facilities.

‘vYiid



&/AQST‘RAC"I‘.......—.V.'.;..'..' ............... e e id
RESUME . . oo oot s onineeesnnneeannnnn N v
ACKNOWLEDGEMEN;I‘.S ......... B e ovidd
TABLE OF CONTENTS. . ...ttueonnaneonenueanennnoneennnn ix
LIST OF TABLES......: ................................. x1

< LIST OF FIGURES. .....vvittnnunnennannnnnns e xiii
LIST OF ABBREbIATIONS ......... g e e e e e e e et e Xv
CHAPTER 1: INTRODUGTION. v v vvnnn e eeeeeeneeeaennnn. 1
CHAPTER 2: MATERIALS AND METHODS............... B 1

AnimAals. .. ...t iiiit ittt e i e 16
Chemicals............ l:...................L...IB
Hepatocjtg Preparati;n ............. e f'lT
Experimental Pfétbcol .............. e 18
Metabolite Analyses....... .t 20
Hadioﬁctive experiments.......... e 20
Glycogen/Glucose'Assays ............... 22
EnzZyme ASSAYS. ...t vt esneranssnnna e e ea 22
Data Presentafion agd Statistics...’ ........... 24
Cg}éTER 3: SEA RAVEN HEPATOCYTES AND GLUCAGON..... .. .26
"Introduction........ h e s e e e e a e 26
Results. ..ottt it inennnnnnnnnns e e 27
General characteristics of Sea
Raven hepatocytes....... v e renna.s27
Metabolite profiles..........c¢c.. ... 29
Flux rates.......... l.. ................ 36

Lix



N
e

ERZymes. . ittt it i e e e e 44
Biscussion............ . ittt ﬂ 44
CHAPTER 4: SEA RAVEN HEPATOCYTES AND INSULIN.......... 52_
o Introduction............ ettt T eae 52

~ o~ T
"‘\——-"ﬁesﬁ*lts ..... e ettt et e a e e 54
‘Metabolite profiles.........vovuuu. . --54

[N
Flux rates......... e 54
Enzymes.,.—:—:‘.’..l......‘.... .............. 63
\
DI CUSBAON .ttt e ittt et e e e e 70
CHAPTER 56: CONCLUDING DISCUSSION AND SUMMARY.......... 78
LITERATURE CITED. ... ittt it tttte s trnensn e e e 87
-
: |
v
(]



LIST OF TABLES
Table No. ; _ . Page No.

1-1. Insulin and glucagon effects on various

pathways of the rat liver.......... et ettt e J...4

3-1. Glucose and COz production from selﬁgted
qf" .

substrates in hepatocytes isolated from the sea

3-2. The incorporation of [U-!4C) glucose into
endproducts of sea raven hepatocytes incubated

with various concentrations of bovine glucagon,....... 317

3-3. Optimal activities and activity ratios in
crude homogenates of sea raven hepatocytes as af-

fected by ZlUCAEONM. v vt et ettt e e s e e e e e e e e i e, 43

4-1. The incorporation of (U-14C]-glucose into
endproducts of sea raven hepatocytes incubated with
various concentrations of porcine and swordfish

InBULINE. vttt e et e e et eareeee....59

4-2. Phosphofructokinase activities of sea raven
hepatocytes with fructose 2,6—bisphoapha£e.....,..[...68

xi.



4-3. Optimal activities and activity ratios of

phosphofructokinase, pyruvate kinase, and phos-

phoSphoeholpyruvﬁte carboxykinase as affected by

porcine and swardfish insulins.............

Xii

---------

69

A



LIST OF FIGURES

Figure No. . . . Page No.

1-1. Some points of action of insulin on gluco-

neogenesis and glycolysis in the rat l{:j:ﬁiﬁk.l .....

1-2. Some-points of action of glucagon on gluééf

neogenesis and glycelysis in the rat liver.......... -

3-1. Glycogen contentJof sea raven hepatocytes

as affected by bovine glucagon..; ....................

3-2. The dependance of glycogen depletion rates

on initial glycogen content of sea raven hepato-

3-3. Glucose levels in sea raven hepatocytes
incubated with and without bovine glucegon ..........
3-4. Glycégen.‘glucose, and COz2 production from

serine, and serine incorporation into protein,

as affected By.glucagon in sea raven hepatocytes.....

3-5. Glucose production and serine incorpor-
ation into glucose, glycogen, and Coz

as affected by bovine glucagon in sea raven

xiii



A
hepatocytes. ... ..ottt eeanenn e, et e 41
7
3-6. Pathways of serine gluconeogenesis in trout......48

4-1. Changes inyglycogen coentent in hepatocytes iso-

lated from the.sea raven in the presence of por--

-/Line and swordfigh insulins............ e n e v esea..DB6 -

4-2. Total glucose content in hepatocytes prepared
from the sea raven and incubated with porcine and

swordfish insulins....... v, .. e et et e 58

4—3. Serine inéorpbration into glycogen,
prote}h, and lipid, and glucose, and

CO2 pfoduction from serine in

hepatocytgs isolated from the sea raveﬁ. as
affected by porcine and swordfish insulins....

veeeaa...B2

4-4.Glucose prdduction in sea raven hepato;

. ¢cytes incubated with bovine glucagon, swordfish

“insulin, and glucagon + insulin.......................65

Y

4-5, The production of glucose, C0Oz, and glyco-
gen from serine in sea raven pepatocytes
as affected -by bovine*klucagon,

swordfish insulin, and glucagon + insulin.....

xiv’



bl

LIST OF ABBREVIATIONS

cAMP cyclic adenosine 5’monophosphate -
'DTT °  dithiothreotol
E.ase "enolase (EC 4.2.1.11) N
F2,6-P D-fructose 2l6—bisphophéte '
- F6-P D-fructose 6-phosphate
EBPasé ) D-fructose 1,6-bisphoshatase (EC 3.1.3.11)
FBPase 2 D-fructose 2,6-bisphosphatase
FRM final resuspénsion medium
GDH D-glycerate dehydrogenase (EC 1.1.1.29)
GK . D-glycerate kinase (EC 2.7.1.31)
_ HEPES i , N—Z—hydroﬁ&ethylpiperazine-N;-2—eth§ne—
| éulphopic acid ~
Kn Michaelis-Menton constant
. LDH ‘ "L=lactate dehydpogenase (EC 1.1.1.27)
MDH L-malate dehydrogenase (EC‘1.1.1.37)
NADH nicotinamide adenine dinucleotide,reduced form
PC pyruvate carboﬁylase (EC 6.&.1.1)
éCA. perchloric acid -
PDH pyruvate dehyd}ogenase
PEPCK l phosphoenolpyruvate carboxyﬁinade (EC 4.1.1.31)
PFK phosphofructokinase (EC 2.?.1.11)
PK pyruvate kinase ‘2.7.1.40) |
SDH sgrine dehydratese] (EC- 4.2.1.13)
Voax maximal activity
Vopt optimal activity



4
CHAPTER 1:

> INTRODUCTION

Insulip and glucagon are polypeptide hormones
proﬁuced by the islet cells of vertebfates which act on
target tissues thréugh specific membrane interactions
(Turner end Bagnara, 1976). The two hormones are
-structurally dissimilar. Insﬁlin has a" molecular weight of
6000, ana is composed of 51 amino acid reasidues in-two ) \N///
. polypetide chains connected by two disulphide bridges.
G;ﬁcagon has a molecular weight of 2800, and is a single
polypeptide chain of 29 amino acid residuea.‘Insulin is
evolutionerily encient, with insulin-like molecules and ~
islet-like célls being fqund'in ;rechbrdate organisms;
insulin itéélf; and B cells from which it is produced, are
present in all agnathans.and gnathostomés examined to date
(Epple, 1968). Glucagon has not been found in organisms
more primitive than elasmobranchs. Insulin and.glucagon
from various vertebrate species show differences with
respect to biological activity and amino ;cid sequences
(Epple, 1969).
. The:iqlets'of Langerhans, or Bfockﬁan bodies, of
teleosts are strucfura@ly ard chemically similar to those
found in mammals. Insvliin is synthesized in the B cells and
glucagon in the A cells.lhigh levels_bf zinc are present in_

the tissue, ard the exocrine pancreas is associated with:

the islets {Epple, 1969). The islet cells are freely



“
permesble t; glucose in th&pe fish examined, and the major
carbohydrate—-metabolizing pathways are present (the
Embden-Meyerhof pathway and the pentose phosphate shunt)
(Epple, 1968). Such data have been used to support a role
for glucose in ipaulin and glucagon secretion. A néjor
.anatom;cal difference from mammals is that the pancreas of
most teleosts ia loosely scattered throughout the body
cgdity and organs.

The effects.of insulin and glucagon have been
exéensively studied in mammals and are well-defined, both
on whple animal and on liver metabolism. Biochemically the
two hormones have antagonistic functions. In general,
insulin in whole animal metabolism.is ansbolitc (Héiaer,
1967), while glucagon is catﬁbolic {Unger and Orci, 1981)
(Table 1-1). In;ulin secretion is stimulated primarily by
glucose (Turner and Bagnara, ;976) and it acts to decrease
blood glucose through enhancing élucose uptake into muscle
énd adipose tissues, and by increasing glucose oxidatioq
and glucose flux.tollipid.'protein, and carbohydrate
slores. The liver is freely permeable to ‘glucose (Guyton,
1977). Glucagon release is stinulated; in part, by low
glucose levels, and it increases blood glucose levels
through the mobilization of tissﬁe energy stores and their
subsequent conversion to glucose (Unger .and Orci, 1981).

The mammalian liver functions as a "glucostat" by

finely controlling glucose utilization or production

through the effects of hormones which include insulin and



glucagon. The poings of action of inaﬁlin and glucagon are
diagrammed in Fig. lfl and 1-2, respactively. The two
hormones affect the nétabolic‘nachinery by changing anind
acid uptake and by altering.enzyne activitiea, either by
post—-translational (phasphorylation) or genomic mechanisms.
Dephosphorylation of glycogen gynthetasq by insulin results
in its conversion from the inactive "b form™ to the active
"a form" and glycogen bhosphorylase from the "a" to the "b"
fornm through a protein kinase (Witters and Avruch, 1978).
Glycolysis is stimulated by the allos{eric activation of
phosphofructokinase (PFK) (Pilkis et al., 1983) and
deactivation of fructeose 1,6-bisphosphatase (FBPase)
(Pilkis et al., 1981). These changes are effected by the
deactivation, through dqpho:phorylation, of
phosphofructokinase 2 (PFK 2) and fructose
2,6-bisphosphatase (FBFase 2), and the resulting decrease
in F2,6-P levels which antagonistically.alters PFK and
FBPase activitiea: Pyruvéte kinase (PK) is dephasphorylated
by an insulin stimqulion of a protein phosphatase,
resulting in decreased activity (Feliu et al.,1976; Parks
and Drake, 1982), while the same mechanism is possibly used
to increase the activities 6f pyruvate dehydrodeﬁase (PDH)
(Wienbgrg end Utter, 1980)° and acetyl CoA carboxylase
(Wittera, 1981). Genomic effects of insulin are reported,
where the synthesis of glucokinase (Weber, 1971), PK (Parks

and Drake, 1982), and fatty acid synthetase (Pry and

-



Table 1-1: Insulin and glucagon effects on various pathways.
of the rat liver (Reiser, 1967; Unger and Orci, 1981).

PATHWAY INSULIN | GLUCAGON
GLYCOLYSIS | + -
GLUCONROGENESIS - +
. | .
LIPOLYSIS - +
. LIPOGENESIS + -
PROTEIN SYNTHRSIS + +
- l
) a



Fig. 1-1: Some points of action of insulin on
g£luconeogenesis and glycolysis in the rat liver. 1)
membrane transport, 2) glucokinase, 3)
glucose-6-phosphatase, 4),g§ycogén synthetase, 5)-glycogeq
phosphorylase, B) phﬁsphofructokinaée, 7) fructose ;
bisphosphatase, 8) pyruvate kinase, 9) phdsphoenolpyrqvate

carboxykinase, 10) pyruvate cérboxylase. +, increased

activity; -, decreased activit&.
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Fig. 1-2: Some points of action of glhcagon bn

gluconeogenesis and glycolysis in the rat liver. Legend as

in Fig.'1-1.
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Porter, 198;) are stinulatgd. while pyruvate carboxylase .
(PC) (Weinberg and Utter, 1980), and phoasphoenclpyruvate
carboxykinase (PEPCk) synthesis (Cimbala et al., 1981;
Felig, 1981; Sasaki et al., 1984) is decreased.

Glucagon effects generﬁlly antagonize those of
insulin. It increases phosphorylation mechanisws, resulting
in opposite effects on glycogen synthetase and
phosphorylase (Bxton, 1981), PFK and FBPase (Pilkis et al.,
1981, 1983), and PK (Feliu et al., 1876; Pilkis et al.,
1981). It acts genomicafﬁy to increase the activity of
'PEPCK (Cimbala et al., 1981; Sasaki et al., 1984; Iynedjian

.
et al., 1985) and PC (Felig, 1981), and by decreasing the
activity of fatty acid aynfhétaqe (Pry and Porter, 1981).
PDH activities hav;_been repgrted to decrease after
glucagon exposure (Oviasu.hnd Whitton, 1984). By altering
enzyme activities, insulin and glucagon direct the
move;;nts of specific metabolites in the liver and thus
decrease or incregae glucose production in a madner'
consistent with the gluco;tatic functioniof:the mammalian
liver. 'Insulin effects on the gluconeogenic pathway act
only to decrease the g}ucégon—stimulated increases {Hue,
19827, wherées ingulin'can act on the basal levels of other
patpways. Bth.insulin and glﬁcagén inqrease amino acid
uptake into the rat hepakocyte (Fré;;het et“al., 1979).
Insulin infreases protein syngpd&is (Eing and Kahn, 1981)

>
while glucagon increases gluconeogenesis from amino acids

[y
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(Freychet e£ al., 1979). Protein degradation is inhibited
by insulin and stimulated by glycagon (?oli et al., 1981).
Some protein effects such as growth may occur through =a
receptor which is different from that responsible for the
metabolic effects of insulin (Eing and Kahn, 1981).

The rqle of insulin anf glucagon in the liver of
teleosts is leas defined bhah in mammals. Insulin
administration altgys glucose and amino acid contents in
the blood of various Qeleoat fishes as in mammals (e.g.
Minick and Chavin, 1970; Larsson and Lewapder, 1972; Ince
and Thorpe, 1975, 1976, 1978; Inui and kaote, 1975; Murat
and Serfaty, 1975; Lewander et al., 1976; Mqrat et al.,
1978; Ablett et al., 198la,b; Carniero and Amaral, 1983),
but the changes iniliver metabolism are ambiguous. For
example, insulin ipqreases, decreases, or does not change
iiver glycogen content-in a variety of telecsats (Gray,
1828; Leibson and Plisetskaya, 1968; Inui and Yokote, 1975;
Murat et al., 1975; Lewander et al., 1976; Cerniero and
Amar;:?\u983). Similarily, diverse effects are noted on the
hepato—somatic‘index (Inui and Yokote, 1975;lLé;ander et
al., 1976; Ablett et al., 198la; Carniero and Amaral, 1983)
and protein and lipid levels (Inui and Yokote, 1975; °
Lewander et al., 1976; Ablett et al., 198la; Carniero and
Amaral, 1983; Sower et al., 1985). The flux of
14C-glucose and 13C-amino acids to various

endproducts in the pike and trout are also inconsistent

(Ince and Thorpe, 1976; Ablett et al., 198l1a,b). Glucagon

10
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has received leds study than'inuulin, but an increase in
blsod glucose Ievqls is generéllyrreported {Tashima ﬁnd
Cahill, 1964; Plisetskaya, 1972; Larsson and Lewander,
1972; Chan and Woo, 1978;VCaatiL1a et al., 1979; Carniero
and Amaral, 1983) coupled with incopsistﬁnt changesain
liver glycogeh (Mur;t.and Plisetakaya, 1977; Cha? and Woo,
1978; Carniero and Amaral, 1983). The renson for the great
divérsi%y of responses to Fhesg ﬁe?tidsjhofmones is
unknown, although_spgcies-and dose differences are obﬁious
factors. Unfértunately,'no.apecific‘method is yet available
to quantify ei&her hormone in the blood of a teleost, a
factér slowiné reSeafch in this f}eld-(e.g. Sower et al.,
1585). |

Whole animal studies suffef from e inability to

Qiﬁone feedback

control a veriety of variables, such as ho

mechanisms and the complex interactions between hormones.
~ :

\ .
More recently, isclated tissue studies have become the %/)V”

preferfed tools for hepatic studies (Hayashi et al., 198
Campbell et al., 1983; Mocon et al., 1985). Such sijjii%/
indicate a general incr?ase in glycogen }evels in ’ '
insulin-exposed hepatocytes of the salmon (Plisetskaya et
al., 1984) and the perfused catfish liver (Ottolenghi et
al., 1985), with increased glucose incprporation occuring
in the lattef specieq.'Renaud and Moon (1980) reported
decreased medium glucose levels, with no:change in
radioactive glucose flux to COz, lipid, or glycogen in

eel hepatocytes. These findings demonstrate an overall

11



anabolic effect of inauliu,.but'the resultant chdnges in
netaboiite fluxes are as vet poorly defined. For insteance,
no fish hepatocyte studies to date have exaq?ned insulin
effects on ‘gluconeogene‘sis and amino acid and lactate
coﬁparfnentalization. The>nechanistic changes occurring
with insulin in the liver also remain obscqre.

Glucagon—exposed_hepétocytes generally increase
total glucose production and gluconeogenesis from lectate
and amino acide (Tashima and Cahill, 1964; Walton and
Covey, 1979a; Renaud and Moon, 1980{ Morata et al., 1982;
Mommsen and Suarez, 1984) while glycogen levels decreased
in toadfish liver slicés‘tTaigjna and Cahill, 1964).
Whether glycogen plays a part in the increased glucoaé
production-in vitro, hqwever, haa noet been determined
directly. Effects on enzymes are unknown, except for one
study which found an increase in the apparent Kp of
pyruvate kinase in trout hepatocytes'exposédrto glucagpn
(H;mpsen and Suarez, 1984). While insulin effects .in the
teleost liver remain unclear, it is apparent that glucagon
increadeé total glucose production throuéh iﬁcreased.'
gluconeogenesis and, possibly, glycogenolysis.

Teleogt liver carbohydrate metabolism is distinct:

. L]
from that of mammals. For instence, the teleost liver has

no glucokinase, only a low Ka hexokinase (Ureta,
_19817,‘and the tissue exhibits low glucose utilization. The

tissue, however, has a significant gluconeogenic function .

(Cowey and Sargent, 1979; Moon et al., 1985). This apparent

12



unidirectionality of teleost liver net&bolisl may prevent
i;kfron functioning aé a glucostat and preclude any
profound antagopia- between insulin and glucagon as is seen
in mamﬁals.

Insulins from diverse species sre found to have
differential effects on livef mgtabolisu. Cadfish insulin
decreased blood glﬁcose, cholesterol, and amino acids in
the European eel, whereas bovine insulin decréaaed only the
amino acid content (Ince and Thorpe, 1974). In the pike,
codfish insulin decreased free fatty acid levels, while
bovine insulin was without effect (Ince and Thorpe, 1975}.

4

Only high levels of bovine insulin caused a lowering of ,
P

blood glucose in this fish (Thorpe and Ince, 1974). In the
goldfish, however, a variety of insulins, including bqvine
aﬁd teleost, decreased blood glucose levels at relastively
low doses (Minick and Chavin, 1970). The differential
effects of insulins are thought to be a function of the
primary';tructure of these proteins (Epple, 1969). Little
is known about thg differgntial effects of glucagon from
differeqt species or of the amino acid sequences of these
molecules.

Last}y, no atudiés to date have examined insulin
and‘glucagoﬁ effects on the isolated hepatocytes of a
single teleost species and, therefore, the degree of
antagonism which may.exist between fhe two hormones in fish
is not known.

The aim of. this thesis is to establish the

13
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consequenéeé of insulin and glucagon administration on the

metabolism of a teleost hepatocyte system. Specifically,

.the project addresses a number of questions related to the

function of the individual hormones and their inter-relatéd
activities:

l. are the effects of glucagon in sea raven hepatocytes
similar to ;he effects in other teleosts?

2. is glycogen, as well as gluconeogenic precursors, a
£

substrate for the observed glucagon—enhanced'glucoée

production?
3. how does insulin alter metabolite movements and enzymes

in a teleost liver? _ -

"4. does antagonism exist between glucagon and insulin in a

teleost liver?
6. are there differential effects of mammalian and teleost

1

insulins in teleost hepatocyteh?

The methodology involves the sp vitro estimates

of glucose production and utilization, changes in glycogen

content, glucose and amino acid fluxes, and ;elected enzyme
characteristics of hepatocytes isolated from the sea raﬁen,
Hemitripterus alericanqs. This species is suited for

such experiments because of its largelliver gaize, the ease
of obtaining large numbers of cells,'thg relative stability
of liver glycogeh levels, and the availabilty of some
background knowledge of this species (Milligan and Farrell,

1985; Walsh et al., 1985). The sea raven belongs to the

14



family Cottidee and is a "sit-and-wait" predator that feeds-
easily under laboratory co;ditioqs.

A teleost insulin is used in this study to
determine the differential effects of varioua insulins. few
telecst insulins are dvailable, but swordfish insulin was
kindly provided by Connaught Laboratories. The. insulins
from marine teleosts that have been sequenced to date have
shown relative reéidue conservation (Blundell, 1972), thus
it is assumed that the actions of the swordfish inaulin
ﬁill reflect the actions of the endogenous‘inaulin'of the
sea raven. Porciﬁe insulin was also used for comparative
purposes. Teleost glucagon is not available, so only bovine

glucagon was used in the experiments. The limitations of

this protocol must be considered in the interpretation of

the results.
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CHAPTER 2: ¢

MATERIALS AND METHODS

ANIMALS

Sea }avens, Hemitripterus emericanus, weighiﬁé
betwéen 760 and 2000 g were obtainedJ??bm Passamaquoddy
Bay, N.B. by otter trawl ana maingained in flowing,
unflitered sea water ét the ?ﬁ§¥§;an Marine Laboratofy or
the Biological Station, De /. of Fisheries and Oceans, St.
Andrews, N.B. Water tempeyatures were maintained at
10°/+/29 and the salin:ty vari?d between 26 and
300 /00, Animals were held in the 1aboratory for a
minimum of onehwéek..}hose held longer thén one week were .
fed live fish weekly, and all animels had food in their gut
at the time of sacrifice. j}
CHEMICALS

All biochemicals were obtained from either Sigma
Chemical Co. (St. Louis, MO} or Boehringer-Mannheim Canada
Lid (Lacine, PQ). Radioactive substrétes were acidified, |
and after the solvent was evaporefed under a stream of.
nitrogen, they were dissolved in the final resuspension

medium (see below) and frozen at -20°C. Bovine

N

glucagon and porcine insulin were generously provided b
Pr. M. Root of Eli Lilly (Indianapolis, IN) and the

swordfish insulin was a gift from Dr. J.P. Clement of
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Conﬁﬁught Laboratories (Toronto, Ont.). Starch gel
electrophoresis of the swordfish ig}di;n showed a single,
diffuse protéin band. The hérnones were dissolved in 0.001
‘N HC1l to a stock concentration of 1 mg.ml-! prior to
Vdilution'in the'hppropriate saline solution. Hormone
Eolutions were prepared and stored in plagtic teat tubes.
+ All other reagents were obtained from local suppliers and

were of the highest possible purity.

HEPATOCYTE PREPARATION

All hepatocyte'preparations were begun-between'B:OO
and 9:30 am to avoid the posibility of diurnal changeg in
hormone levels (Gutierrez et al., 1984).‘Sea raven
hepatocytes were preparéd with modifjeations to the classic
technique of Seglen (1976), and modified slightly from
Welsh et al. (1985). Blood vessels leading to the liver
were cennulated and.perfused with a saline solution
(Sclution A) containing 140 mM NaCl,‘5 mM KCl, 0.8 mM

MgS04, 0.6 mVM NaHzPOa, 0.4 mM
~ O S

KHz2POq, 10 mM NaHCOq, and 10 nM HEPES, at pH
7.6 (adjusted with NaQH). After the liver was cleared of
blood, the pérfusate was changed to solution A containing
collagenase (from Clostridium histolyticum, Sigma Type

4, 0.4 mg.ml-'). Neither heparin nor Ca** were ‘

used at any point in the procedure. Perfusion proceeded
until the liver had swollen (between 10 and 15 min),

whereupon the free cells were gently milked into a beaker.

o 17



The cells wefe filtered through a 180 um nylon yesh and
centrifugéd at 3000 g for 90 sec. at 5°C. The

resultant pellet (hépatocytes) was rinsed 2 times to remove
br;ken cells and red blood cells inagﬂﬁﬂfion A at 3000 g
for 90 ;éc., t?en resuspended in the final resuspension
medium (FRM) containidg‘140 mM NaCl, 5 mM KC1, 0,8 mM
MgS0Os4, 0.6 mM NaH2PO4, 10 mM NaHCOz, 1

mM CaClz, 10 aM HEPES, and 2% BSA at pH 7.6 (adjusted
with NaOH). The final resuspension contained 30 to 60 x

108 cells.ml-! or about 40 to 100 mg dry cell

wt.ml1S0-1. Walsh et al. (1985) demonstrated a high

degree of cell integrity using trypan blue and.succinate
oxidation measuremepts. Using fherlightly modified method
in this atudy (no.heparin, Ca**, or glucose at pH 7.6)

the 'cells consistently exhibited greater than 95% viability

By trypan blue exclusion.

EXPERIMENTAL PROTOCOL . ' | '

Substrate Utilization: The ability of the sea raven
hepatocytesn to utilize various subatrétes wa;\estimated by
measuring the rates of glucose and CO02" production from
selected [U-14C]-substrates. Hepatocytes (1 ;1) were
pipetted into 30 ml serum vials contaiﬁing 1 ;1 of 5 oM
substrate (eithgr lactate, alanine, serine, glycine,.
aspartate, leucine, or histidfne, with their respective
[U-14C] radioisotopes at 3.5 to 5.0 x 105 DPM per

incubation. Incubations proceeded for 2 h while shaking at

1
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10°C and were stopped by injecting 0.3 ml of 0.2 N

H2504 through the rubber stopper. COz and

1

' |
glucose were extracted as described in the Metabolite

Analyses seciion.

Hormone Studies: An initial study determined the
effgcta of hormone concentration on flux. ﬂepatocftes were
incubated in 30 ml serum viéls containing either 0,
10-° M, 10-28,- or 10-5% M bovine glucagon or
porcine insulin, or 10-° M or 10°8 M swordfish
insulin. Both 5 mM glucose and 5 mM serine were prea;nt
together for a 3 h pre-incubation period at 10°Q.
Following this period, the cells were rinsed and
fesuspended in ffesh FRM. The final incubations contained
the same hormone conditioné as initially used, but with
either 5 mM glucose or 5 mM serine. For the radioactive
studies, 3.5 to 5.0 x 105 DPM [U—14}—g1ué;ae or
—-serine were added to the appropriate vials. The final
incubations proceeded fo} 2 h (radioactive_atudies) or the
stated times.(metabolite determinations),'and were stopped
by the addition of 0.2 mi of 30X PCA (glycoéen/protein
studies) or 0.3 ml of 2 N H2504 (all other
experiments). |

In a seéoﬂd experimeni, the interactive effeéta_of
the hormones were studied;rThe same protocol was followed,
except that glucose w;s nof included in any of the
iqcubations, and the vials contained either (1) 10-7 M

bovine gluéagon, 10-7 M cortisol, or both‘10‘7 M

19



bovine glucagon and cortisol, or (2) 10-° M swordfish

insulin, 10-7 M glucagog, or both 10-8 H insulin

and 10-7" M glucagqn.

METABOLITE ANALYSES
Radiocactive Experimentg: 14¢02 was
captured into hyamine hydroxide‘after acidification of the
incubafe (NEN Canada Ltd.). The trapping agent (0.15 ml)
was injected through the stopper onto a filter paper
(Whatman GF/A) in & center well suspended over the
incubate., The filter paper was reﬁoved after 2 h of shaking
and counted in Lipofluor (Baker Chemical Co.).
Following !4C0z extraction, the incubate

was quantitatively tranhferred to a tube end centrifuged at
3000 k for 5 min. The supernatant was frozen at -200C
for futqre analysis. To determipe incorporation into
protein, the pellet was rinsed 2 times with 5 ml of 3X PCA,
solubilized in 1 ml of NCS (Amersham Cénada.Ltd.) and 0.5
nl of water. Countiné was carried,qpt in 10 ﬁl of Aqualyte
(Fisher Sciengific)} -~

' Gluco;e was separated by ion exchange methods. The
acidifigd incubation supernatant was passed through a
column of Dowex AG-1 x 8 {€1- form) to remove
negatively‘charged species (ﬁeilly, 1975). The column | .
effluent was added to a test tube containing equal amounts
" of Dowex 50 x 8 (H* form) and Amberlite IR-4B

(OH- form) to remove positively charged species (Exton
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and Parle, 1967)._Ag aliquot ;f the supernatant containing

glucose was counted in Aqualyte (Eisher Scientific); Counts

were corrected for extraction efficiency (92X) and serine

contamination (3x), which were independent of‘aanple pH. - A T
Lactate extraction was accomplished by passing a

neutralized (with KHCO3) aliquot of the incubation ~

supernatant through a célumn of Dowex'AGfl x 8 (Clj)

for#h), and the trapped lactate ;as liberated by adding 0.5 '

M formic acid to the column. Ap aliquot of the resulting

effluent was added to Aqual?te for countihg.‘COunté were
corrected for glucose contamination (7.5%) and collection b
efficienéy (B7%).

Glycogen was extracted by ethanol precipitation.
Ethanol w;s added to a final concentration of 60% to the
supernatant of the PCA-precipitated .incubates, and the
glycodgen was gllowed to‘precipitate er 12 h at 5°cC.
The pellet, containing the leéogen, was rinsed 2 timga
~with 95X ethanol, dried under a stream of nitrogen, and
redissolved in 1 ml of diastilled water. Aliquots were
counted for radioactivit& (Aqualyte; Fisher Scientific).

Total lipids were extracted according to Bligh aﬁd
Dyer (1959). An aliquot of the incubation supernatént waé
homogenized in 2:1 chloroform-methanol (v:v} and filtered
through Whatﬁan GF/A flter paper. The filtrate waé washed
with 0.04x CaClz followed by rinsing with 6:96:94
chloroform-methanol-0.04%CaClz (repeated 3 times). Tbe

chloroform layer was evaporated to dryness under nitrogen

21



- i ¢
and_10 ml of Lipofluor were added for. counting.

All radioactive counting was pgrformed with 9n#LKB
Rackbeta 1211 scintillation counter equipped with internal
standardization. . |

Glycogen/Glucose Assays: Aliquots of the
PCA-precipitated incubations were heutralized with 50 ul of
1M KHCOa_and ;he glycogen was hydrolysed by
amyloglucosidase (Sigma A 7255, from Rhizopus mold). -
Glucose levels in the hydrolysate and the initial incubate
we:e determined enzymatically according to Bergmeyer
(1974). Glucose production was estimated from the values
obtainbd in the unhydroiysed samples, and glycogen content

was calculated as the difference between the hydrolysate

and the unhydrolysed sample.

ENZYME ASSAYS‘

S5ea raven hepstocytes were prepared and incubated
ag previously described except that Both 5 mM glucose and 5
mM serine were present in the final incubations. The .
i;chFtes ;ére centrifuge& after fhe final 2 h incubation
period at 1500 g for 45 sec., the supernatan£ digcarded,
and the cell pellet resuspended in a hoﬁogeﬂizationlmgdium
containing 20 mM HEPES, 1 mM dithiothreitol (DT™, and 20
- mM NaPF, ai pﬂ 7.6t(adjuated with NaOH), The samples were
honogehized J?%h a PCU-2 Polytron (Bfinkman),band £
" centrifuged at 11 000 g for 15 min (Sorvsll RC-2B

centrifuge) at 5°C. The supernatants were‘dsed for the

22
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enzyme assays.

v

Enzyme activities were.estimated by measuring the-
extinction of NADH at 340 nm with an LKB Ultroaéec 4050
attached to & Zeiss chart recorder. Cgvette temperatures
were meintained at 10°C (Haake refrigerated
circulator). Phosphofructokinase ana pyruvatg kinase
activities were estimated at both saturating (Vopt
values) and sub—saturating cancentrations of substrates
(determined from substrate saturation curves). Control
activities-(without substrate addition) were subtracted
from activities with substrate present. To obtamin an idea
of possible phgnges in the Kinetic characteriastics of the
- enzymes, both Vopt (aétivities ét saturating substrate
concenﬁrations) and activity ratios (activity at
subsétur%;}gg\ijistrate concentrations ageinst activity at
saturatiﬁg substrate concentrgtions) were calculated from
values obtained ﬁith the crude hoﬁogenates. Activities are -
expressed as umoles.min-1.(mg ary cell wt})-1.

The specific énzyme conditions (from Walsh et =al.,
1985) were as follows: -

‘ Phosphofructokinase (PFK; EC 2.7.1.11). PFK was
assayed in a medium contain;ng 100 nmM imidazole:;EI { pH
7.6), 100 QM Kél, 10 mM MgClz, 2 mM ATP, 0.15 mM NADH,
and excess aldolase, triose phcﬁphate isomerase, and
glyceraldehyde—-3-phosphate dehydrogenase. Activity was

initiated by the addition of either 0.4 or 2.0 mM

fructose—ﬁ—phdéphate. Assays were alsc conducted in the
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presence pf fructose 2,6~bisph;sphate (16 uM) at both
substrate concentrations.
Pyruvate Kinase (PE; BC 2.7.1.40). PK was assaye;-_
in a mediunm containing 100 mM imidazole-HC1l (pH 7.6), 50 mM
.KCI, 10 mM MgClz, 0.5 mM ADP, 0.15 mM NADH, and excess
PK~free LDH. Activity was initiated by the addition of
either 2 mM or 10 nmM phosphoeholpyruvate.
Phosphoenolpygqvate Carboxykinase (PEPCK: EC
4.1.1.32). PEPCK was assaved in a medium containing.loo mM
imidazole-HC1 (pH 7.6), 20 mM NaHCOa, 1 mM MnClz,
~0.2 mM 2—deoxy§uanosine 5'-diphosphate, 0.15 mﬂ NADH, =and
excéas MDH. Activity was initiated by the addition of 1 mM

phosphoenolpyruvate.

DATA PRESENTATION .AND STATISTICS

All expé}iments.‘with the exception of glycogen
depletion rates, were performed in duplicate. Al)l n-values
listed on the tables and figurés represent experiments‘ow
preparations -from individual fish. All results are baséd on’
dry cell weight determined by drying cells for 48 h at
50°C. Due to dilution of the 14C-glucose by the *
continuously liberated glycogen, abﬁolute flux rates from
glucose cdn not be determined. Glucose flﬁx,,therefore, is‘
expressed as DPM converted.h-!.{(mg dry .cell
wt)-1; as the aqtual radiotracer additions varied
between experiments, the calculated values wefe normalized

to the addition of 10° DPM. The rate of glycogen
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-deﬁletion was dzpendent on the initial glycogen content, so
statistics "?fe gerforned on -the calculated relagive
changes in the glvcogen content. Ratio nofmality was '
established by the Kolmogorov-Samirnov test, and paired
t-tests were pefformed on the ratios. Significance of
correlation and régression coefficienta.were determined by
t-tests (Kfeyszig; 1970), and ali other significant

differences Were determined by the paired Student t-test on

the absolute values.



CHAPTER 3:
SEA RAVEN HEPATOCYTES AND GLUCAGON

.-

INTRODUCTION

Glucagon is considered to effect hyperglycaeﬁia in
mammals (Turner and Bagnara, 1976). Similarly, glucagon
induces'hyperglycaémia when administered to intact teleosts
(Thorpe and ince, 1974; Murat and Serfaty, 1975: Ince and
Thorpe, 1975,1977b; Carniero and Amaral, 19835, but it hés
~inconsistent éffects on liver glycogen (Plisetskéya, 1972;
Chan and Woo, 1978; Castilla et al., 1879; Carnierc and
Amaral, 1983). In v;tro, glucagon administratién
enhances éluconeogenesia from lactate and emino acids in
trout hepatocytes, while increasing the apparent affinity
of the'glycolytic enzyme, pyruvate kinase, for its
substrate phosphoenolpyrﬁvate (Walton and Cowey, 1979a;
Mommsén ana Starez, 1984). Similar changes in flux have
been reported in liver slices of the toadfish (Tashime and
Cahill, 1964). Glycogen 1eveis are in;reased in trout liver
slices (Morata et al., 1982), bﬁt reduced in isolated

v

hepatocytes of the American eel (Renaud and Moop, 1980).
t More comparative studies are required before a
generaliéed role for glucagon in the teleost liver can be

developed. In addition, glycogen effects need to be better

defined as does the mechanistic basis for these glucagon
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effects. The purpose_of tﬁis study, therefore, was to
éﬁtablish the metabolic effects of glucagon on hepatocytes
isclated from the sea raven, Eelitripférus americapus.

The effects of glucggon on glycogen and glucose levels,
alterations iﬁ glucose and amino acid fluxes, a;d selected

enzyhe activities are monitored in cells incubated with

bovine glucagon.

RESULT#

General Characterigticé of the Sea Raven Hepatocyte: The
sea raven is a good organism for hepatocyte studies. This
teleost is easy to maintain in the laboratory, feeds
readily, and large numbe}s of intact hepatocytes are
routinely obtained (ﬁalsh et al., 1985). A 15 min.
collagenase perfusion is adequate to liberate cells. The
short.expésure time t& this protease may be of significance
with respect to receptor sensitivity and hormone function.
The preparation resulted in consistently greater than 95%
celi’ﬁiability as determined by the trypan blue exclusion
technique, and red blood cell contamination was always less
thgn 5Xx.

The rates of oxidation and of glucose productién
from lactate and seven selected amiﬁo acids by sea ravén
hepatocytes are shown on Taﬁie 3-1. Rates of oxidation aré
highe; in each case than glucose production, with lactate

being particularly low in this regard. Serine was the most
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Table 3-1: Glucose and COz2 production from selected
substrates in hepatocytes isolated from the sea raven.
Incubations proceeded at 10°C for 2 h in the finel
resuspension medium (see Materials and Methods). Rates are
expressed as mean + SE (range). n=3 fish. All substrates
are present at 5§ mM, with 3.0 to 4.5 x 105 DPM of the
radioactive substrate. N.D., not detectable.
P-alanine=phenylalanine.

Rate of Production (umoles.h ! -mg-ldry wt.)

GLUCOSE CO2
Lactate N.D. 7.8 + 3.8
(3.8-15.5)
Alanine . 0.26 7.2 + 2.2
(0-0.59) (5.4-11.7)
Serine 2.2 + 0.9 5.2 + 1.1
(0.83-3.92) (3.4-7.2)
Glycine . 0.3 + 0.15 : 5.1 + 2.1
(0.13-0.42) (2.6-9.2)
Aspartate . 0.2 + 0.04 s ,8.9% 1.0
(0.15-0.32) Y (1.974.7)
P-alanine 0.19 + 0.09 7.9 + 1.7
(0.02-0.29) (5.3-11.3)
Leucine N.D, 2.8 + 1.2
‘ (1.1-5.1)
Histidine N, D. | 0.4

(0-0.7)
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readily utilized substrate and wds, therefore, used in all
further studies. Gluconeogénic rates were on the low side

of the range reported in other teleost studies except for

lactate which was very low (e.g. Walton and Cowey, 1979a;

Renaud and Mocon, 1980; French et 91., ;981: Mommsen and

Suarez, 1984; Moon et al., 1985).

. Metabolite Profiles: Sea raven hepatocytes show a‘steady
depletion of glycogen throughout the ihcuﬁation period
(Fig. 3-1}. The rate of this loss was related to the
init&al glycogen content such that greater lability
occurred at high initial concentrations (Fig. 3-2). These
cbservations are similar to those in salmcntand trout
hepatocytes'(Momﬁsen, pefsonal communication). The
depletion rates ranged from 0 to 15X h-! with a mean
of approximately 4% h-). Glucagon a&ministration
resulted in greater glycogen loss, although tﬂe only .
significant difference occurred at 1.5 h in the presence of
serine (Fig. 3—1). .

Hepatocytes incubated with either substrate
signifiééntly increased total glucose content (Fig. 3-3).
Ovér the two hour period, glucose levels with no hormone

present increased tc a greate

t in the presence of 5

mM glucose {0.014 + 0.003 mmoles.g-1) than in the
presence of 5 nM‘serine (0.011 + 0.004 mmoles.g"!)

(p<0.05). Glucagon addition at 10-83 M significantly
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Fig. 3-1: Glycogen content of sea raven hepatocytes as
affected by bovine élucagon. Hépatocytes were incubated in
the fiqal fesuapension medium containing either 5 mM
glucose tgolid symbols) or 5 mM serine (open symbols). No
hormone (ciréles); 10-8 M glucagon (triangles). Rates
of depletion deﬁendent on thevinitial glycogen conten}
{(To of the pre-incubation, see Fig. 3-2), thus
statiatics were pefformed on the normally distributed
(Kolmogorov4Sernoff'test) ratios of relative glycogen
changes within hepatocytes. Significant differences were

determined by the paired t-test. n=5 at all points. ¥

p<0.05, against control; *x p<0,05, against 0 h.
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Fig. 3-2: The dependence of glycogen depletion rates on the
initial glycogen content (mmoles glucosyl units.g-1)

of the sem raven hepatocytes. Initial samples (To)

were taken following the cell isoclation, and the final
samples (tr) were collected after the final 2 h o
incubation (no hormone). Eignificance of the correlation

and regression coefficients were determined by t-tests at

p<0.05.
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"Fig. 3—3; Total glucose levels (medium + cells) in sesa

raven hepatocytes inCubated with and without bovine

Elucagon. Fish and experimental profocol as in Fig. 3-1.

nM glucoge (qbenisymbols); 5 mM serine (closed symbols).

hormone (circles); 10-8 M glucagon (triangles). x

- p<0.05, againat 0 h; n=5.
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increased glucose production wifh increases of 0.030 +
| 0.009 mmoles.g-! (5 mM glucose) and 0.041 + 0.016
mmoles.g-! (5 nM serine) at 2 h (no significant
difference between aubstréte effects in the presence of
glucagon): The hormone also increased the ratio of glucose
production {(Fig.3-3) to glycogen loss (Fig. 3-1) over the 2
h incubation from 20X to 29X (p<0.05) in the presence of
gElucose, shggeating.increased flow of glucosyl units from

glycogen to glucose.

es: The incorporation of radioactive glucose carbon

glycogen, COz2, and protein is shown iﬂ Table 3-2.

As glyfoéen is cont@nuously breaking dOWn‘to_dilute the
radicactive glucose, rafea are presented as DPM-glucose
incorporated.h-! .mg-1!. dry wt. (corrected to the

addition $t 108 ﬁPﬁ). No radioactivity was detected in

\lipid or lactdte in sea raven h;pafocytes incubated with
glucose, while CO2 waa/fhe favoured endproduct. A “
relatively small amount of radioactivity was localized to
protein; and approximateiy twice as much was incorporated
into Elycogen. A small Gecreaée in the glucose flux to
COz was noted in the presence of glucagon. This may be
attributed to an inareased dilution of the isotope as
glycogen breakdown was e;hanced (Fig. 3-1). However, the

flux of glucose to glycogen gctually incréased slightly,

~suggesting the possibility of a direct effect of glucagon
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Table 3-2: The incorporation of [U-!4C]-glucose into

endproducts of sea raven hepatocytes incubated with various

Cells were pre-incubated
for 3 h with or without glucagon before a 2 h incubation
with added radioactive glucose.

concentrations of bovine glucagon.

Values are expressed as
mean (SE). Flux was corrected to the addition of 106

DPM. Significant differences determined by the paired

t-test; n=5. N.A.,

No Hormone
- 10-® M Glucagon
10-8 M Glucagon

10-3 M Glucagon

not assayed.

-

GLYCOGEN

71.5 (21.3)
73.2 (21.7)

78.0 (21.5)«%

37

CO:z2

11 600 (2 400)

9 900 (2 400)

8 300 (3 100)

8 B0OO (2 500)

Rate of Incorporation (DPM.h !.mg !dry wt.)

PROTEIN

41.4 (10.2)
40.5 (12.0)

45.3 (12.9)



Fig.3-4: Glycogen, glucose, and C0Oz production from
serine, and se;ine incorporation into protein as affeéted
by sg}ected concentrations of glucagon (ngted on the
abscissa) in sea raven hephtocyfes. Experiments were
conducted as stated on Table 3-2. Hormone molarity shown
below the bara. All experiments were paired, therefore SE
is presented only around the control values. The.
experiments were performed in late summer. Significant
differences-were’determined by paired t-tests; n=5. %

p<0.05, against No Hormone.
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Fig. 3—5; Glucose 'production (no radioactive addition) (A,
n=7), and serine incorporation into glucose (B, n=7),
glycogen (C, n=6) and COz2 (D, n=7) as affected by

bovine glucagon (10-7 M), cortisol {10-7 M) and .

glucagon + cortisol (10-7 M each). The expériments

Qére conducted as stated on Table 3-2, during the spring.
Significant differences were determined by paired t—tests’

at p<0.05. 1) different from no hormone.
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at this step. No effect on the glucose flux to protein was
fouﬁd. nor did the hormone alter flux to lactate or lipid.
Serine flux is premsented as either endproduct
incorporation (glucose, COz, and glycogen) or
aubastrate incorpérqtion into endproducts (protein) (Fig.
3-4 and 3—5)M5Aninitial experiment determined the effects
of_aelect;d lucagen concentrations (Fig. 3-4; performed i;
late summer}, QQZ a second experiment determined the

interactive effe b&«qi glucagon and cortisocl (Fig. 3-5;

v

performed in the sﬁrin&%W While the control rate# in the
spring experinenta were 1332g than the autupn experiment,
CO0z production (oxiéation) remained s8ix times greater

than glucose production in both cases. Glycogen ﬁroduction
was approximately half tha£ of g1u¢ose production.in the
lﬁte summerlgtudy. but the flux to glycogen in the spring
was oﬁly 2X of that found in the laée summer, suggesting
seasonal differences particularly in glycogen metabolism.
‘The sole effect of glucagon in the_late summer experiment
was to increase serine flux to glucose by 2.5 times (Fig.
3-4). Flux to glycogen and COz were also stimulated in

the spring experiment (éig..3—5), demonstrating seasonal
differesuces in live;?méiabolism. The addition of both
glucagon aqd coétisol slightly increased serine flux to
COz2 above the rates with glucagon alone (Fig. 3-5).
Cortiao} (10-7 M) alone did not influénce any of the

parameters st;died.
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Enzynes:‘Con;istent with increased gluccse production (Fig.
3-2), the characteristics of PF#, PK, and PEPCK chenged
(Table 3-3). Glucagon decreased the opti;al activities of
the glycolytic enzymes, PFK and PK (PK significant at
p<0.075) without éffecting ihe activity ratios (activity at
low substrate to activity at high substrate
concentratisnsl. This resﬂonse was more consistent at the
lowest glucagon concentration used. The activity of the
Bluconeogenic enzyme, PEPCK, was significantly stimulated

by glucagon at 10-5 M,

" DISCUSSION

The hepatocytes of the sea raven are capable of
utilizing 'a variety of amino ‘acid substrates (Table 3-1).
Glucose production from lactate and glucose flux'to lactate
were undetectable. These results are similar to those
previously reported for sea.ravens by Walsh et al. (1985),
although the lactate oxidation rateereporfed here are :
higher. The large difference between the rates of lactate
giuconeogenesis and oxidation requires more study. It is
known that sea ravens maintain low‘LDH titres in the liver
{(Walsh et 61., 1985) and may not release lactate from the
skeletal muscle, even~qfter exhaustive exercise (Milligan

_and Farrell, 1985). Whether these are related to the low
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rate of gluconeogenesis is ugknown. Lactate production
accounts for ab—sox_of the total glycolytic flux in rat
hepétocytes (Kimmig et al., 1983), whereas glucose'was
converted to CO:z ‘in these sea raven hepatocyte
experinediéi(Table 3—2). The lack of lactate formation from
glucssé‘and the small fraﬁtion of added glucosae converted
to endproducts studied (about 1X), suggests this tissue has
a low potential to utilize added glucose. Up to 75X of the
utilized serine is converted to glucose and glycogen
{agsuming a 2:1 ratio of serine conversion to carbohydrates
{Phillips and Hird, 1977)), and therefare the tissue may be
directed primarily towards glucose synthesis from-:amino
acids. While mos£ metabolic Eathwaya exhibit low
activities, including lipid oxidation (Walsh et al., 1984),
"gluconeogenic rates are comparable, although slightly
lower, to other teleost species studied to da¥e.(aee e.d.
Moon et al., 1985). With the exception of lactate, rates
are Qimilar to those found in eel hepatocytéa (Renaud and -
Moon, 1980) and in trout hepatocytes, where serine was also
thermost readily utilized substrate (Walton and Coweé,
1979a; French et al., 1981; Mommsen and Suareé, 1984).
Glucagpn addition to sea raven hepatocytes enhancgﬁ
glycogenolysias above controls (Fig. 3—1). An increase of
§ox in the ratio of glucose production to glycogen J/QV
breakdown (from 20? to 29X) demonstrates that tPe liberated
glucosyl units from glycogen account for some of the

enhanced glucose production. Also, the enhanced glucose
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production from serine (Fig. 3-4 and 3-5) indicates ‘that
glucagon stimulates gluconeogenesis from non-carbohydrate -
precursors. Thus, as in the rat (Hems and Whitton, 1980;
Kraus-Friédnann. 1984) and consistent with Ehanges in
teleost iiver phosphorylase (Umminger and Benziger, 1975;
.Umninger et al., 1975; Vernier and’Siré, 1978) and
gluconeogenesial(Tashima and Cahill, 1964; Walton and
Cowey, 1979a; Mommsen and Suarez, 1984), glucagon-enhanced
glucose produgtion_is accomplished by this dual mechenism.-
Studies by Morata et al.(1982) on trout liver sﬁices found
- glycogen levels increased with glucagon and cAMP,
sugfesting glucoae releaseloriginated primarily from
gluconeogenesis. Glucagon had little effect.on giucose
utilization, with one ;;?éble exception (Table 3-2). It
caused a slight increase in glucose flux to glycogen, an
observation inconsistent with the apparent role of the
horﬁdﬁé in this tissue. Tashima and Cahill 61964) reported
a similar effect in toadfish liver slices.

In the rat liver the effects of glucagon on'
gluconeogeneﬁis are enhahced by the permissive fole of
glucocorticoids. This is a consequence of the enhanced
stimulation of the enzyme PEPCK (Kletzein et al., 1981).
Althoggh no effects on serine glﬁconeogenesis were found in
Bea raven hepatocyteBAincubated with glucagon and cortisol
(Fig. 3-5) coordinate regulation of PEPCK cannot be ruled
out. This appears unlikely as in rainbow trout liv;r, aﬁd

other carnivorous vertebrates, serine is metabolized
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Fig. 3-6: Pathways of serine éluconeogenesis in trout (from
Walton and Cowey, 1979b). SDH, serine’dehyd;ataae; PC,
pyruvate carboxylase; PEPCK, phosp'hoenolpyruvate
carboxykinase; E.ase, enolase; SPT, serine-p}ruvat{

transaminase; GDH, glycerate dehydrogenase; GK, glycerate

i *

kinase. -
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through a pathwgy which bypasses PEPCEK as shown on Fig. 3-6
'(Waitoﬁ and Cowey, 19§9b). Rather than the carbbq movingr
througﬁ pyruvate, sefine is metabolized to hydroxypyruvate
by sefine—pyruvate transaminase (SPT), and two further
reactions result iﬁ the.fornation of 2-phosphoglycerate.
From this poiﬁf gserine gluconedgenesis occurs thfough the
normgl gluconeogenic pathway, including the reguiator§
enzymes, PfK and ‘FBPage, If this is the chse in the liver
of the ser ravénﬁ serine gluconeogenesis would be
unaffected by changes in PEPCK. Further sfudies of cortisol
and glucagon effects on PEPCK activities and flux from
.other substrates (e}g;, alanine) would elucidate this
mechanism. Mommsen and Suarez (1984) have reported =a
greater enhancement of alanine than ldﬁtate glucoﬁeogenesis
with glucagen in rainbowitrout hepatocytes, inplying
specific effects of the hormone on precursor conversian.
The addition 'of both hormones to sea raven hepatocytes,
however, aigﬁificantly increased serine oxidation above
tbgir individuel additions (Fig. 3-5). Cortisol and
glucagon:;hf bekaffecting oxidatiﬁe pathways and amino acid
uptake, respectively. .
| The amplification of the rates of serine flux to
glycogen and COz in the presence of glucagon that is
apparent in the spring experiments (Fig; 3-5) compa?ed to

the late summer experiment (Fig. 3-4) may be due to the

depressed control rates in the spring experiment (Fig.

[l
I
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3-5). The limiting factor in the sprigg controls may be
substrate availability and/dr uptake. A consistent'glucqse
to COz2 flux ratio of six in both expériménts is

oy

suggestive of a single mechanism causing the depressed

~ .activities in the spring experiments.

The enzyme changes observedbwith.glucagon addition
(Table 3-3) are cqnsistént with the alteréd state of the
hepatocmfgh, but unlike those prqyioualy reported. Mommsen
and Suarez (1984)lhave shown a glucagoﬁ—inducéd increase in
tﬁe Ko for phosphoenolpyruvate of trout hepaetocyte PK
following-a 1 h incubation with 10 uM glucagon or 100 uM
cAMP; there was no cha;ge in activities at high PEP
cqncgntratiéna, only ﬂow._Theae data support a mechaniéﬁ
involving t%ﬁ\ghosphorylation of trout PK by a
cAMP—dependent proteiﬁ kinase as in the rat liver (Riou et
al.,~1978}. In contrast, after the 5 h incubation of thé
present study, PK‘activitiea increased, without a change in
the activiﬁy ratio, implying no change in the Kz (PEP)
(Table 3—3). These differential effects may be rela£ed to
the duration'of the two experiments. Feiiu et al.(19786)
reported that an increase in the‘Kn(PEP) for PK from
'isolated rat hepatocytes occurred within 5 min of glucagon
'adaition, with no change in the Vmex. Taunton et )
al.(1974) 2}50 showed that short-term changes did not
involve cﬁanges in protein synth&g}s, but suggested that

long-term effecta may {nvolve changes in the rate of

specific enzyme synthesis and thus, maximal (optimal)

I
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éctivitiesQ As glucagon iﬁcreaéed the Vopt of PFK as

well, the same argynent could apply to this enzyﬁe {(Table
3-3), which are at variance to t%é short—tern’éhanges in
the rat hepatocytes (Pilkis et ai?, 1979). The increaéed
activity of PEPCK, measured under saturating substrate
conditions, 'is consistent with ephanced gluconeogenesis and
" the results obtaiped Qi%ﬂ rat hepatocytes (Iynedjian et
‘'al., 1985). The enzyme changes noted in this study are
consistent_gith,enhanced gluconeogenésis, but Groen et al.
;(}983) suggest that Pélis the key regulating enzyme in
glucoqeogenésis, thyq future studies of gluconeogenesis
should consider the role of this enzyme. The lack of any
obsefved changes jn thé'activity ratios (i.el,
phoﬂphorylatioq;dephosphorylation) may be due to the
composition of the homogenization medium (Pilkis et al.,
.1979).

In summary,lthe rocle of glucagon in sea raven
hepatocytes is to increase hepatic glucose production by
enhancing both gluconeogenesié and glycogenolysis. Changes
in the enzymeﬂ'assayed are consistent with the enhanced
gluconeogenesis. Thus, glucégon is directly inyolved in the
regulation of glucose levels in a manner resembling that
seen in the mammalian liver and other species where it has
been investigated. Whether the effects oanK»afé distinct
requires further studies of the time course of the

response.



CHAPTER 4:

SkA RAVEN HEPATOCYTES AND INSULIN

INTRODUCTION

Insulin has a well-established hypoglycqemic action
in the intact teleést {(Thorpe, 1976), and redioisotope
studies and mefabolite measurements have established a
general anabolic role for insulin in teleost muscle ,
(Castilla and Murat, 1975; Ince and Tho}pe, 1976; Ablett et -
al., 1981b). Insulin effects on liver metabolism, howe§er,
are still poorly defined, particularly with respect to
glycogen metabolism (Inui and Yokote, 1975; Ince and
Thorpe, 1976; Ablett gt al., 198la; Carniero and Amaral,
1983). Intact animal studies have major drawbacks (see
Chap. 1), and recently, isolated hepatic studies have led
to a new understanding of insulin actions. Results with
preparations, includiné isolated hepatocytes, liver slices,
and perfused livers, support a general anabolic role for
insul;n, with enhanced glycogen content and amino  acid
uptake and utilization resﬁlfing from insulin
administration (Inui and Ishioka, 1983; Plisetskaya et al.,
1984; Ottolenghi et ai.,I1985)..Hepatocyté preparations
have beéome thé preferred tool for liver studies iﬁ
teleosts (Moon et al., 19855. Preparations of salmon
hepatocytes are sensitive to presumably physiological
doses of insulin (Plisetskaya et al., 1984),ﬂihereas in |
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vivo studies (Ince and Thorpe, 1974; Lewander et al.,

1976; Carniero and Amqralb/i983fhhnd liver - perfusions and
slice—(de Vliaming and Pardo, 1975; Otgoienghi et al., ;985)
preparations require Relafively high hormone doses to
obtain a response.

I;sulindfﬁnctiona to increaselglucose utilization in
t@e rat lgver_by increasing glucose conyeréion to lipid,
increasing glyéogen gynthesis and élycolysisl(Turne} and
Béénara, 1976), and depressiné the glucagon-enhanced
gluconeoge;ic flux (Hue, 1982). The teleost liver is

\
A .
biochemﬁgableQifferent from that of mammals, and there is

no a priori re?@on for the mechanism of insulin action to
.be the same. F%r example, fish livers examined to date
exhibit poorfgiucose utilization,'ﬁave onlyJa low Km.
hexokiqasg,(ﬁreta, 1981), and are considered poor
"gluéostats" (Cowey and Sérgent, 1979). Hepatectomy is nqt
acutely lethal in some fish, including an Anguillid apeq}es
(Inui, 1969).

This chapter attempts to establish the effects of
insulin on the metabolism of hépatocytes isolated from the
sea raven. Key enzyme activities and metabolite fluxes are
examined in the presence éf porcine and teiﬁost.insulins,
and the interactive effects of teleost insulin‘énd glucagon
are also aetermined. Teleost (swordfish) and mammalian
{porcine) insulins are used to compare their effects, as

the potency of species-specific insulins has been

questioned {Ince and Thorpe, 1974; Leibson et al., 1976;
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P1isetskayi§et al., 1984).
- r’\ . “l‘\

[ /
\\_f/ A}

RESULTS \\\.

Metabolite ProfilesR_Mammalian (porcine) insulin at

\
16-% M maintained the \glycogen content of sea raven
. b

\
\.

hepatocytes for 1.5 h,_ihhk?th the presence of 5 mM glucose
' .

or 5 mM serine (Fig. 4-1); thils—result is especially marked

\ .

with serine. In contrast, glycogen\kontent dereased in the

presence of swordfish insulin at IO"A\M, in a manner

~————

similgr tg\the control (po hormone) incubatiops (Fig. 4—});
Differential effects were also noted with’respect to total
glucose content (Fig. 4-2). Glucose content with porcine
insulin parélleled the control (no hormone)'condition, but
swordfish insulin caused & pronounced incréaae in‘content.‘
Consistggg/ﬁf?h these changes, the ratio-.of net glucose
production (Fig. 4-2) to glycogen breakdown (Fig. 4-1) over
n}he 2 h incubation with glucose present decreased from 22%
to 9% with porcine insulin, while wi;h swordfish insulin

the ratio increased from 19% to 69%.

Flux Rates: Table 4-1 indicates radicactive glucose carbon
incorporated into various endprﬁducts. Control (no hormone)
flux to glycogen was thé same in both insulin experimehts
(pé}cine'{nsulin. late suﬁmer;'awordfish insulin, autumn)

while protein rates were lower,_and oxidation rates were
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~ Fig. 4-1: Changes in glycogen content in hepatocytes
isolatgd from the sea raven in the presence of porcine and
awqrdfish insuiins. Experiments we;e performed in the
autumn., Cells were pre-incubated for 3 h, and resusﬁended
at 0 h in fresh.FRM containing either 5 mM glucoseA(A) or 5
mM serine .(B). No hormone (circles); 10-9 M porcine
insulin (closed triangles}); 10-8 M swordfish. insulin
(open triangles). Significant differences were determined
by paired t-tests on the normally distibuﬁed
{Kolmogorov-Smirnoff test) ratios of glycogen contents
between To ard 2 h; n=5 at all points. * p<0.05,

against no hormone; *%x p<0.075, against no hormone; **x

p<0.05, againat 0 h.
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Fig. 4-2: fofal glucase content in hepatocytes prepared
from the sea raven and incubated with porcine and swordfish
insulins. Eish Qnd experimehtal protocol as in Fig. 4-1.
(A) 5 oM gl;cose; (B) 5 mM serine. No hormone (circles):
10-9 M porcine insulin (solid triangle;); 10-8 M

swordfish insulin {(open triangles). Significant differences
were determined by_paired t-tests on the absoclute values.
n=5 at all points. x p<0.05, againsznp hormone; **
p(0.07‘5, against no t;ofmone.
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higher in the autumn experiments. Porcine insuliﬁ
significantl& increésed isotope incorporation into
glycogen. However, this does not neccesarily indicate
increased glucosé flux.to glycogen as the hormone also
decreasgd glycogen depletion (Fig. 4-1), which ceould
decrease the dilution of the radiocactivity and result ip an
"appareht"” increase in flux. No significant hormone effects
_ Were noted on glucose oxidation or, 1ncorporat10n into
‘protein, although the trend is to increase incorporation.
As in the previocus experiments (Chap. 3), oxidation was the
principal route of glucose metabsliam in-these:cells. Na
consistent hbrmone effects on oxidation are noted.
- Control rates of serine oxidation in the experiments
with swordfish insulin (autumn experiments) were higher
tgpn when porcine insulin was used (late summer), while
flux to protein was lower in the former experiment, and
flux to glycogen and to lipid at-both times were comparable
(Fig. 4-3). These‘seasonél differences are similar to those
found for glucose utilization (Téble 4-1). Serine
oxidétion was unaffected by mammalian insulin, while
ineorporptipn into lipid tends to increase, but not
significantly (Fig. 4-3). Serine incorpdération inFo protein
was enhaﬂced. Effects on carbohydrates were generally.
apparent at 10-° M mammglian insulin, while effects on
protein appeared onlg at 10-8 M, changes‘equivalent

with those found in salmon hepatocytes (Plisetskaye et al.,
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Fig. 4-3: Serine incorporation inte glycogen, protein, and
lipid and‘glucose and C0Oz production from serine as s
affected by‘porcine and swordfish insulins in hepatocytes
isolated from the sea raven. Experimental protocol. as in
Fig. 4-1. Hormone molarity stated below the bars énd the
n-value is within the bars. Vertical bars around the
control values represent SE. The experiments wefe performed
in late summer (porcine insulin) and autumn (swordfish
insulin). Multiplication factors (B and C) denote fhe
multiplication required to obfain the absolute rates with
the swordfish insulin. Significaent differences determined
by paired t-tests. (A) glycogen production; (B) glucose
production; (C) COz production; (D) lipid and (E)

protein incorporation. ¥ p<0.05, against.no hormone.



- we z
. 10
[0 4
t too 2
. 1072
> .
o * 10.8 1"z'I
@ 8 B 10‘9 [Cz)
- Q. o
1 . 1 1 1
=g e -
Y/Bbwy/aunes sappwu Y/ bwy suiles sajowy
- . o8
o
\ —— 9 & — < o F—1~— <0
Lu: l_\___“.
m.
- S 1072
g N - —“" _8
3 O x 10
O )
g . * S 10
H w  — ] © | ¥
<¥| ' . l o I . Ul I 1 L? 0
] 1 ! ' | 1y
~¥ o~ Y o~ w = o] ?&
o~ — —

478wy n thsoon6 sejouns

I

Y/ 6w sas00n)b sojou

62

U/ bw/Zpy sajouwu

SWORDFISH

PORCINE

Ly



_———
e

f9g4) and coﬂsistent with the dose differengés of metabelic
and growth-promoting aspects of rat epididymal cells (King
gnd Kahn, 1S81).

Swérdfish insulin had effects similar to mammalian
insulin with_resbect to carbohydrateametaboliam and
oxidation in the autumn experiments (Fig. 4-3). The small
increase in flux to lipid was significant, but no effecf on
.protein metabolism was qoted. Con£roijf1hx to protein was
lower in the fish compared to the mammalian insulin
studi€s, and apjthea?:anmals were used durigg active .
spawning (autumn), the lack of the effect may be linked to
s%gsonality,

In the rat liven insulin generaily suppreéées
- glucagon-stimulated gluconeogenesis (Hue, 1982). The
addition of swordfish insu;in to sea raven hepatocytes diq
not offset the'glucagonre%fect on net glucose production
(Fig. 4-4) or serine flux to glucose (Fig. 4-5). In fact,
the twoe hormones had additive effects on glucose production
and gluconeogenesis.' The two hofmones were, however,

antagonistic with respect to serine flux to glycogen and

C0z (Fig. 4-5).

Enzymes: Fructose 2,6-bisphosphate (F2,6-P) hes been
found to modulate mammalian liver PFK and FBPase activities
(Hers et al., 1982). In the sea raven hepatocyte, F2,6-P

increased .both the maximal activities of PFK and the
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Fig. 4-4: Glucose production iﬁ\sea raven hepa}ocytes

incubated with bovine gluc (10-7 M), swordfish

.

insulin (10-8 M) aﬁd insulin + glucagon (10-7 H

éhd 10-2 M, respectively). The exéerimental.prQEEFol

ig noted on Fig. 4-1; no radioacgjve subst;ate was
involved. The experiments were perfprmed in the spring.

Significant differences degjermined by paired t-tests at
p<0.05, '1) different from‘controlf 2) different from !
glucagqn; 3) different ffbm iﬁsglinﬁ:Shdding as in Figg

b
»

“4-5. _ .
o . . PR
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&

Fig. 4-5: The production of glucose (A, n=7), CO2 (B,

n;7), and glycogen (C, n=6) from 5 mM serine as affected by
'bovi;e glucagon (10-7 M), swordfish insulin

- (10-2)y, and glucagon + insulin (10-7 and

10-¢ M, respectively)} in sea raven hepatocytes. The
experiments wéfg;;?hformed in the spring. Protocgl and
statistics as in'Fig. 4-4. Level of significance at §i0.05.
1) different from no hormone; 2) different from giucagon;[

3) different from insulin,

A ) ‘ ' o .
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Table 4-2: Phosphofructoklnase (PFK) -activity
(umoles.min"'.g ! dry wt.) in sea raven
hepatocytes with fructose 2,6-bisphosphate (F2,6-P).
Hepatocytes were pre-incubated in FRM for 3 h, rinsed, and
incubated for a further 2 h. The cells were homogenlzed and
enzyme assays were performed on the highspeed supernatants.
F2,6-P was added to the enzyme 'assay. Activities were
estinated at low (0.4 mM) and high (2.0 mM, Vopt) FB6-P
concentrations. The activity ratio is the ratio of these
two activities. Significant dlfferences were estimated by
paired t-tests at p<0. 05 (x). ' .

L
.  NO ADDITION 10 uM F2,6-PHOSPHATE
Vopt . 0.51 + 0.10 0.96 + 0.12%
Activity Ratio 0.11 + 0.04 0.84 + 0.05%
¢ f
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activity ratio, implying a decrease in thg K:;gor FS—#
(Table 4-2). Teleést insulin had no effect on the maximal
activity or activity ratio of the three enzymes tested,
while nammaliansinaulif resulted in a 33% increase in the

activity retic of PFK, with no other apparent*i{;ects

: .
" {(Table 4-3). High control activities preveqted the
eatimation of FBPase in sea raven thatocytes.
] /’- ‘ ' B
. DISCUSSION . | S

]

This study demonstfptes that the actions of insulin
on the sea raven hepatoéyte system are differeht‘from_that
previously noted in'thglmammalian liver. The hormone
increased glucose production (Fig. 4-2) and increased the
flux of_qerine to botH’EIuCSse and glycogen (Fig. 4-3 and
4-5). The only bhange'in glucose utilizat;on was an
enhancement of flux to glycégen (Table 4-1). As total
glueose u}ilization accounted for less than 1X of tpe added
substrate this effect is comsidered to be minor. Serine
oxidationhﬁas stimulated (ﬁif;fi;ﬁi, in contrast to insulin
- effects on PbH hctivitiqﬁ'in the fgt_liver‘(Weiﬁberg.anq_ﬂ
' ' efﬁly
slightly altered by inswlin (Tdble 4-3).'This latter . g

Utter, 1980), and three key enzymes were unaltered or

obaérvétion suggeéts aE the nechanlsm of 1nsu11n action

0

in the teleost llver 18 not the ‘same as that- proposed for
—_ X a
. - _/ . B
b > a '

. - \tﬂ . S U: :‘



F

the mammalian liver: Also, insulin did not reverse the
glucagon-stimulated gluconeogenesis. Rather, it mscted

additively upon 'the:-glucagon efféct (Fig. 4-5). As glﬁcose

flux changes were minor, insulin.appears not to‘acl througﬂ-

this su£strate to accomplish its role in these he%atocytes.
consistent with'the u;idirectional glucoseyproducing

capacity of the sea ravénlhepafocytes (see Cﬁap: 3).and e

-

other feleost liéers {Cowey and Sargent, 19879).

. The increesed flux'of serine to gluco;e\anJ

gi&cogen (Fig. 4-3 and 4—5) indicetes insulin is gmenting

amino acid conversion to carbobydraﬁes in sea raven

ﬁepa?ocytes, while the hormone does not alter glucose 0
utilization (Tsable 4;1). These results demonstrate two : /)//
potential functions of insu%in in this.preﬁaration.

Firstly, &E the swordfish inqulin did not maintain glycogen

levels (Fig. 4-1), fhe prﬁme function of this insulin may

be tb'increase glucose production for export. The sea raven

is g sit-and-wait predator égaf;EEETS;: its primariiy white ’
ﬁuscie to dart after'prey, {%d‘carbohydr tes(}hat;fuél:this
activify can only arise from giucose synthesized through

the gluconeogenic pathway. The increased incorporation of

P - .
serine radioactiﬁdtyftnff glycogeén (Fig., 4-3 and 4-5) could
AN ; :

S

then be attribited toiéiﬁincreased availability of
glucose—~6-phosphate from serine and the saturation of. the

—8—phosph ase reaction. Secondly, the maintenance
L .

atocyte glycogen content in the presence of

wlin (Fig. 4:-1).suggests’a s;cond function fdr

71 » -



insulin, that of enhancing the glycogen stores. Piiaetskaya
et ai. {(1984) reported increased salnon'hepatocyte glycogen
levels with exposure to salmon and bovine imsulin, and

similar effects were noted in Notemigonus chrysoleucas

_/'*‘/

(de Vlaming and Pardo, 1975) and cetfish (Ottolenghi et

q‘..,IQBS). The present study, using the sea raven

hepatocyte system supports the literature and implies that
. A )

LU .
insulin functions in hepatocyteas to increase glycogen
atores, in addition te increasing glucose production,

-,

Further work is required towunderstand the differentfal
¢

effects of the two insulins on the metabolism of t sea

-

raven hepatocy&%s,'as well as to determine the relative
\ _

-importance of the insulin ‘effect on gluconeogenesis and its

glycogen effect. Regardless of the differential actions on

glycogen and glucose, it.is clear that insulin ‘increased

¢

carbohydrate pronftion from ahinq acids. should not be

ovefléoked that, and consistent with the pbserved effects
of insulin on sea raven hepatocytes, amino acids are a more
potent secretagogue ;f insulin than'is ucose in a number
of teleod® species (Patent.and Faa, 1971; Plisetskaya et

31_311975; Ince and Thorpe, 1977&{/ﬂ§€e; léég, 1980). Also,

"Plisetakaya et al. (1983) have reported increased glucose

° T) .
leveI&,in salmon hepatocytes exposed to bovine insulin when

. S , &
. incubated in the presence of amino acids, consistent with

o 1Y

the insulin effect on gluconeogenesis observed in sea raven

-

e
heperocytes.

N The action of insulin fﬁ the sem raven hepatocyte

;//

g . 72.
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b

system was to increase glucose pro tion, an effect also

noted for glucagon in this preperatiop {(see Chap. 3). It

appears, however, that the mechanism hployed by the two
hormones to increase glucose production are different.
Glucagon increaseg glycogenolysie (Fig. 3-1), offset the .
insulin-induced increase in serine glycogenesis (Fig. 4-5),
and stimulated the use of an amino acid as a substrate for
glucose production (Fig. 4-3 and A-5). Thus, thegactions of?
glucagon are upon storage carbohydrate and giuconeogenesis

from amino acids (resulting from muscle breékdown?). and

appear ideally suited to the regulation of glucose

production during perioda of food-deprivation. The effects

of insulin appear to be basicaelly anabolic, as would be
appropriate under-feeding conditions.

Glucagon generally depressed the activity of the
glycblyt{é enzymes assayed, and activated PEPCK kTable
3-3)}. Insulin, on the other hand, affected the activity of

* | .
only PFK, and tha$‘ogi;\;argina11y {Table 4-3). Thus, even
fhough both hormones stimulated gluconeogenesis, these data
iﬁply that different mechanisms éré used. Insulin increasses
amino acid transport in mammalian hgpptocytea {Freychet et
al., 1979), and amino acid uptake in liver slices of the
eel (Inui and Ishioka, 1983)‘apd salﬁon hepatocytes
(Plisetakaya et al.,‘1984). This effect o6f insulin on 
membrahe.ﬁran;poftkcould prove to be e criticel point of
insulin action on 'gluconeogenesis' ini

'a raven hepatocytes.

Porcine insulin haé only minimal effects on PFK
\ bu,

73 | , ‘ 3‘




I

(Table 4-3), vet the addition df F2,6-P to the crude enzyme
homogenate increased the tivity ratio by nearly 8-fold
{Table 4-2). Thus F2,6-P may.ﬁ -an allosteric activator of
the sea raven enzyme, as in the mammalian liver {(Hers et
al., 1982). Further studies involving the determinatioh of
'in&ulin effects on the sensitivity of thg enzyme to.FZ,S—P,
and changes in the intracellular concentration of this
metabolite, are neccesary to define the effects of insulin
in this system. |

The generalized action of insulin on sea raven
hepatocytes is an increasg'in sefine glycogenesias and
gluconeogenesis, but differential effects of po?dine and
awordfiqh insﬁlin, as noted abqve, were found. Alfhough
there is no ;xplhnation for these differential effects, it
ia apparent that the-e{fects of the porciﬁe ingsulin are
Qore comparéblé to ﬁhe_%arbohydrate effects generally
reported in mammals. Idfaddition. these in vitro
insuliﬂﬂegfects are quite different from those reported by
Thorpe (197?). He found that a teleost (cod) insulin
;njec;ed into an intact teleost decreased blood glucose

\
lgvels,_whereas bovine insulin wes without effect on this

paradeter. These differences between the in vive
effects reported by'Thorpe (1976) and the'jn vitro‘dat{/XH
presﬁntéd here, iﬁply £hat a compléx interaction occurs
between:hormones in vivo, and/or thét thg relationship
between liver glucose production énd_its uptake Ey
peripheral tissues (e.g. skeletal lﬁscle) mAay Pe tightly

p .

¢ ) / ) - . r . )
: 74 ' ' o8



regulated in vivo.

A major effect of insulih in other sy?tens,
including both teleosts (Ince and Thonpe,IIQTBr Ablett et
al., 198]l; Plisetskaya et al., 1984) end mammals (Poli et
al! 1981), is a Bé&hﬁiation of protein synthesis. A small,"
but significant, increase in serine incorporation into
protein was noted in the sea raveﬁ hepatocyte ;yatem, but
only at concentrations'aﬁgve those eliciting the'_
carbohydrate effects (Fig. 4-3). Plisetskaya et al. (1984)
found a siﬁilar gonqentration.dependant effeq& in the
salmon hep_4dcyte preparation. These differential effecfs
nay indic;£é the presence of.more_;han one membrane-‘
receptor bipdihg insulin or inaulin-like subatangee in the
teleost liver. King and Kahn (1981) have identified dual
insulin receptofs,which modulate the metabolic and
‘growth-promoting effects of insulin in the:rat epididymal

preparétion..ln addition, they demonstrated diffé}ent
sensitivities of species-specific insulin for these two
effects of insulin. Bonito (a pelpgié teleost) insulin
shdwed 50% of the metabolic ef;fect,.b:_:t 160X of the
growth-promoting effect of porcine insulin in their
standard preparétion. More studies aré'requifed to
-eiucidate the role of inaﬁ&in iﬁ-protéin aypthesis in the

Y

teleost liver.

Seasonal differences were found in both glucose

4

flux to CO2 and protein and serine flux to COE,

"

glucose, and'pfotéih. Oxidation rates of serine and

| /.
. & o /
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'

glucose, and serine gluconeogenic rates during the autumn

spawning season were above the summer values (Table 4-1 and

\
L)

Fig. 4-3), while the flux of glucose and‘seriné to protein
showed tﬁe opposite trend.” These data imply a metabolic
increase'and'proteiﬁ biosynthetic.rate decreasé‘guring
spawning. All flux patterns were depressed in the spring
experiments compaéed.to the avtumn rates (Fig. 4-5).
Spawning during the autumn would place a.high demand on
metabolism, and tﬁus increase oxidation rate§ over summer
values (Fig.'4-3). The decreased protein'hynthesis during
the reproductive-ph;sé indicates energy is directed away
from growth to prqvide energy qu reproduction. The
diminished éerine flux observed in t@e spring experiments
(Fig; 4-5 compared to Fig. 4-3) may be part of an annual
cycleriwith metabolism still erreased even after water
tempefatureé have started to rise in the spring.
In—summary, insulin increased carbohydrate
pfoduction‘(glucose and glycogen) in sea raven hepatocytes.
Glucose utflization was unaffected by irsulin, except forj;
anall'ingxgagé\i:\flux to glycogenf The gluconeogenic ‘
effecj/df insulin>was additive‘with glu;agon, whereas

glucagon offset the stimulation of serine giycoanesls ‘and

oxldatlon by insulin. . The mechanlsm of action of insulin, -

AOes not appear to involve PFK, PK, or PEPCK, but may
{involve changes in the membrane transport of amlﬁo acids.,
\Based on these findings, itois pProposed that 1nsuf1n is

in

ihportant for glucore product:on, and poas1bf§ glycogen

< g

-2
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deposition, during.periods of feeding, whereas the role of

glucagon is to increaég,glucose production during periods
. o n

of fasmting. Furtherﬁétudies of the mechanism of energy

storage in the liver and muscle would better define the

rocle of insulin in these animals. Studies of substrate

"~ .uptake and protein synthesis, and measurements of other

enzyme activities would be.useful to idéntif& the point(s)

of insulin action in the sea raven hepatocyte acheme.

L
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CHAPTER 5
CONCLUDING DISCUSSION AND SUMMARY
- — The actions of insulin on the metabolism of

///’ﬂzzibgs; fishes are'far from'clea: (e.g. Plisetaskaya et al.,
1984); Based upon im vive studies of carnivorous
‘specfés, the role of insulin has been suggested to be on
protein aﬁq lipid rather than carbohydrate metabolism. K{pg
and Kahn (1881) fpund greater growth-promoting effécts of a
h telettst (bonito) insulin than with porcine and bovine
insulin in the rat epididymal cell assay. In vivo
Fadioisotope studies have shown ihat insulin administratioq
incregsed 14¥—g1ucose flux to liver lipid ;nd muscle
lipid and profeiﬁ. with no change in flux to liver or
muscle glycogen (Ince and.Thorpe. 1976; Ablett et 'al.,
1981b). As noted in Chapter 1, the im vivo study of
hormones is complicated by many factors, “wome of which can

be eliminated by _an in vitro system (Moon et al.,
N

Ay

~

1985). In ?itra studies using teleosts have
démonstrated an increased glycégen content in liJer slices
and perfused livers after iqsulin exposure (de Vliaming and
.Eardg, 1975; Ottolenghi et al., 1985), plus an increased
l4C-glucose flux to glycogen (Ottolenghi et al.,

1984). This latter effect, however, is not universal
(Renaud and Moon, 1980). No studies have Bpecificglly
determined the role of inaulgn on the gluconeogenic pathway

and, in fact, most studies have used amino amacids which are

< - 78



_ poor gluéoneogenic substratea (Ince and Thorpe, 1976;
Ablett et al., 1981b). The'present study, using serine as a
substrate and ;adioactive'tracers,\has found =a strong"
positive‘effect of insulin on the gluconeogenic pathway.
Althoﬁgh this result was not expected based- upon the -
mammalian literature, it is coﬁsistent with the eﬁhanced
_ glucose output found in”thiﬁ-study (ng. 4-2) and in salmon
heptocytes as reported by Plisetskaya et al. (198&1. While
increased glucose production is'éﬁ appanent:funchén of
insulin in sea.raven hepatocyfes, its role on glycogen
metabolism pemains obscure. Only porcine insulin .increased
the ﬁlycogen content aboﬁe controls (F}g. 4-1) in contrast
to the results of Plisetskaya et al. (1984), where both
bovine and salmon insulins incréased the glycogen content
of.thé_EnI;bh_ﬁEBazaé;Ees. Even though more studies are
neccesary to define the pregise mechanism, it is'apparent
that insulin has a major effect on cgrbohydrate metabolism
in sea raven hepatocytes, albeit in a ;anner distinct from
mamnals.

The two p;evious chapters have showﬁ that both
- glucagon and insulin increase glucose production in sea
raven hepatocytes,. but the mechanisms involved are
apparently different.- Glucagon was shown to stimulate
glycogﬁgglysis, increa;e gluconeogenesis through alteriqg
Rey regulatory enzyme acpifities, and offset the .

insulin~-stimulation of serine glycogenesis. In dontrast,

the main action of insulin was to increase gluconeogenesis.
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with no apparéﬁt effect on glycogenolysis.-Furthernore, the ¢ -
ingsulin stlnulatlon of gluconeogen7s1s was accomplished

-through m‘ﬁagz;dms {e.g. amino acigd trensport) wh1ch »
apgagently did-not involve the regulatory enzynés PFK, PK,
and PEPCK. Neither hormone af%scted glutbse utilization,
and this finding:-is con31stent w1th the\hnid1rect10nal
character of the carbohydrate pathways of-the teleost
liver.

These resulég suggested two’proposala'for the
separation. of thé acfiohs of,flucagon aﬁd insulin. Firstly,
glucaéon iﬁcreasesoﬁlasma glucose levels through the |
enhancement of gluconeogenesis apd‘glyéoiysié, which is a
.sqitable sékgfegy during periods of fasgiﬁg. Secondly,
insulin 1ncreaseswgluconeo§F;es1s from newly-absorbed amino
acids‘in 8 feeding fish, for the production of glucose, the
substrate“;eccesary for energy storage'ﬁn peripheral-
tissues. insulin may also function to inéreaae glycogen
stpres"in t2$ hepatocytes.‘The actions.of insulin and
glucagon appear to accomplish the same catabolic and

) anabolié functioné, respectively, as they perform in
mammals. Thé mechanisms,‘however, are well-suited to the

4

biochemical capabilities and requirements of the animal.
B . K '

It must be kept/in mind that the‘é;ddggnous insulin

and glucagoﬁ&gf“ﬁhe'se raven were not used in these
studies. For the reasons stated in Chapter 1}, however, the._

effects of the awordfish insulin and bovine glucagon

probably reflect‘the effects of -the endogenous hormones,
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- but caution mist be applied fo the interpretatian of.these
dqfe until specieé*specific hormones are avdilablé and the
quantificatibn'of the circulating hormones in fish can be
made. The techniques for such studies are being devéloped,
and they promise to provide inggreéting results. It -could
Be argued that since the carbohydrate effects of the -
mammalian insulin (e.g. the small .change in the acii;ity
ratic of PFK (Table 4-3) énd the maintenance of glycogen
content (Fig. 4-1) resemble 'the situation in mammals more
than does the awordfish inahlin; the carbohydrate effects
presenghwith the bovine glucagon may be greater than that

_which would be found with a te1e05£ glucagon. One can
postulate, however, thqt there may have been no
evolutionary'pressure on.glucagon to change its function in
the‘liver. The vertebyatélliver has a conﬁistené
glucose-producihg capacity (e.g. fish (Cowéy and Sargent,

“11979), amphibiang (Brown et al., 1975), aﬁd birds (Dickson

and Langslow,'lé?B)), and a recent study demonstrated that
giugose is important in réghlating glucagon secretion in.
the A-cells of the European eel (Ince ;nd So,I1984).
Insulin, on the other hand, may have evolved more
dfaiatically as the fuhction of the live} changed to
included:glﬁcose homeostasis ("glucostat”, see below).

’ : . Teleost insulin did-not effect the &ctivity of the

'*Enzymés tested (Table 4-3), thué the factor responsible for

'the increased qerine flug‘to giucose‘must reside él#ewﬁere.

Also, where low control rates'of serine flﬁx were_found
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{the spring studies; Fig.” 3-5 and 4-5%, glucagon resﬁltgd

in increased fluk to all-the endproducts neasured;uéfféctq
not apparent when control r&i%f were higher (Fig. 3-3 and
3—3)..Both observations could Ezﬂéxplained‘by effecta on..
‘amiﬂo‘acid uptake. Insulin and glucagon increase amino acid
transport in ‘eel” liver slices (Inui and Ishioka, 1983) and’
mammalian hepatocyles (Freychet et al., 1979). The increase
+in gluconeogen?sis and other rates estimated in the spring

étudy maxﬁbe related to amino acid uptake as the limiting

. factor on which the hormones act. Alternatively, it may be

. due Fo priming énﬂ(or_increased Fensitivity of the
wrééep' S in qhe spring. Uptake studies, and in paPticu}ar
estimates éf'sqasona} changes in transport ratés wouid help
ciarify'this i%sue.
Serine}was the chosén amino acid substrate for the

studies in this thesién In all carnivorous ve;tébrates
examined to date, ;ériné is metabolized to glucose in the
livéf ;hrouéh a pdthway that bypasses PEPCK (Rowsell et
al., %973, 1974, ngton and Cowey, 1979b). This may be the

y

" gituation in the sea raven. In the rat, sefine—pyruvete
transaminase (SPT) is the first committed step in serine
metabolism end this énzyﬁe is stimulated by glucégon and by
alloxap_administration {Rowsell et al., 19%3; Snell and.
W&lﬂ;r, 19743. No studies of insulin éffects on this
pathway in teleosts have been reported to déte, to my

knowledge, but certainmly it should be investigated.

As discussed above, glucagon increases glucose
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production as in mammals, while insulin effects are'
different thain in mammals. These conclusions are congistent

wifh the apparent capabilitiéé of the teleost liver (Cowey:

- -

“and Sargent, 1979) including that of the sea raven (see

Chap. 3), and they raise somé interesting suggestions with
C-’ o

respect to evceclution and environmental;physiology.

The rat liver has a glucostatic function, with

insulin increasing glucose utilization in the tissue

{Reiser, 1967), and glucose is the main secretagogue of tﬁe
hormone. In contrgsir the teie?ég_iiverlapp;rently Kas no -
glucostatic function (gdﬁey and Sargent, 1979), insulin
does not increase glucose utilization (Table 4-1), and :in a
variety of'teleosts, amino acids are the prime secretagogue
of insulin (Patent and Foa,_1971; Plisefbkaya et al., 1975;
Ince and Thgrpe,.}977a).‘There is an apparent correlation
here with both diet and metabolic activity. Insulin effects
may be related to the protein diet of the sea raven (see
éhap. 4) 5ut, alternatively, it may be'related to the low
met;bolic activity of 'the sea raven. Severe depfﬁysion of
blood glucose in the rat will cause convulsions ana deatﬁ;
a similar rgsponﬁe p¢6urs.}n relatively active teleosts but
not. inactive species (Gr;?: 1928; Gray and Hall, 1930;‘

Leibson, 1268). Active organisms have a greater demand for

glucose and rély on the blood supply to provide this

metabolite (Leibson, 1968). These species maintain blood

> .
glucose concentrations at a higher level than inqctive'ones

(Umminger, 1977) and more tightly regulate its content

L
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~is not appafgnt in -the more active teleosts like the

/

L

SO,

‘. ) o
(Leibson, 196é§% The liver in these species may have a
signifiéang'glubdstatic role. While a glucgstatic functi

r

salmonids Cdeey(?Qg\Sargent, 1979), extremely actisfe fish,
such as the continuously swimming tunas, may ha#e evolved

ate metabolism

thgs ¢ pability. Stpdies of liver carbo
';ég/iﬁétTin effect; in these or ms c9uid prove to be
Qﬁluable and provide some insight into the development of
glucose regulatory éyetems thét have enabled the
development of, or are a result of, the high metabolic
rates found in homeothermic organisms.

Summary. Previous to the present work, little
was known about the mechanisms involved in
glucagon-enhanced glucose production,.the mechanism of
actioﬁ of ihsulin, and the degree of antagonism that exists
between the tw§ hormones inxa teleost liver. Chapter 1

stated the reasons for using an in vitro preparation

rather than the intact enimal, and a successful hepatocyte

' preparation-waé obtained from the sea rqgen. In this

manner, the confounding factors in & more complex system
were removed. |
In response to the questions asked in the Chapter 1
the following answers can:/now be provided:
“{1) are the effects of'glucagon in the sea raven
hepatocytes similar to the effects iq other teleosts?

The overall effects of glucagon in sea raven hepatocytes

resemble those found in most teleost speéies.
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(2) is glycogen a precursor in glucagon-stimulated
glucose productibn”

Glycogen* 48 -well as gluconeogenic substrates, hes a role

~— &
in the glucagon enhanced glucose productlon 1n sea raven

Pl
-

hepatocytes.

L4

(3) what are the effects of iosulin on carbohydrate

-
’

metabolism in sea raven hepatdcytes?

Insulin effects anabolic changes in sea raven hepatocytes \\\\
by increasing. the flux of serine to glucose and glycogen.

The enhanced gluconeogenlc flux may be part of a mechanisnm

to incrégs; glucose production for storage in q)

.

glucose—utilizing tissues.

" insulin and gYucagon?

-

(4) ::rt degree of antagonism exists between

Glucagon ‘and insulin function antagonlstlcally with respect
" to éx1dat1on and glycogen metabolism, bqt not within the
gluconeoggnic/glycolytic pathways. In fact the effec&s on
these bathways are additive. The mechenistic effects on the
pathway are different, with glucagon altering PFK, PK, and
PEPCK activities. Insglin did not affect any of these .
enzymes.

(5) are there differantial‘effeéts oé a teleost and
mammalian insulin in sea’raven hepatocytes?_
' Whereas_ggifine insu}in maintained klycogen levels, did no;
alter glucose values, and increaéed the activity ratio of

PFK, the swordfish insulin did not protect glycogen from

degradation, increased glucose production, and did not

85



alter PFK activities. Both insulin typed“%esulted in
similar effects on serine.flux.x ' .

o

Various experiments required to fur;her elucidate
these studies have been suggested throughout the theais.
Certeinly the findings of this thesis indicate that future

work will prove to be exciting. T ' -
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