6 Studies on Eel Liver Functions Using Perfused Liver and Primary Cultured Hepatocytes

Table 1. Culture medium: A, Williams’ E medium containing fetal bovine serum; B, Williams’ E medium
without serum.

A (100 mL) B (100 mL)
William’s E medium 1.1g 11g
Penicilin 7 mg 7 mg
Streptomycine 10 mg 10 mg
NaHCO, 23 mM 23 mM
Insulin 0.16 uM 1 mg
Others FBS 5o0r10 mL Glucagon 100 pg

Prolactin 2 U
Growth hormone 1 ug
EGF 5 ug

H,SeO; 3 nM

although about half the amount of serum proteins is albumin in human serum. Therefore, in fish
cell culture, the use of FBS is not the best choice. Kondo and Watabe (2006) have examined the
components of carp serum to promote growth of goldfish cells and they have found lipoprotein
fraction containing HDL has a promoting effect. However, the mechanism is still uncertain but
fish cells seem to require more lipid than mammalian cells.

Eel hepatocytes were cultured in a serum-free medium, as shown in Table 1B, for 2 to 3
weeks (Hayashi and Ooshiro 1986). Insulin, glucagon, prolactin, growth hormone, epidermal
growth factor (EGF), and H,SeO, were used for culture instead of FBS. The serum-free medium
is the modified medium reported by Enat ef al. (1984) and all these hormones and EGF origi-
nated from mammals. Asami et al. (1984) have reported that rat hepatocytes do not survive in a
serum-free medium over 2 days without a trypsin inhibitor because a trypsin-like enzyme is
present in the plasma membrane of rat hepatocytes and this enzyme damages cultured rat
hepatocytes. As FBS contains a trypsin inhibitor, rat hepatocytes can be cultured in Williams’
medium E with 10% FBS. Eel hepatocytes could be cultured in a serum-free medium without a
trypsin inhibitor.

To investigate the effect of hormones or EGF in a serum-free medium on cultured eel
hepatocytes, the eel hepatocytes were cultured in a serum-free medium deprived of one hor-
mone or EGF (Hayashi and Ooshiro 1986). The hepatocytes cultured for 11 days in a complete
serum-free medium are shown in Fig. 4(1). An insulin-deficient medium had the most remark-
able effect on the morphology and cell survival of the hepatocytes (Fig. 4(2)). Their morphology
was of a round shape like isolated hepatocytes, even after 11 days and the cell numbers were
about half compared with those of the control in a complete serum-free medium. This result
shows that insulin is essential for the attachment and spreading of eel hepatocytes.

The morphology of the hepatocytes cultured in a glucagon or prolactin-deficient medium
was normal during the first 7 days but oil-like droplets in the cultured hepatocyte were observed
at 11 days (Figs. 4(3) and (5)). The cell numbers of both hepatocytes were about 60% of the
control cells. The hepatocytes cultured in an EGF or growth hormone-deficient medium had a
normal morphology but the EGF deficient medium made the cell numbers decrease to about
60% of the control cells (Figs. 4(4) and (6)).

3. Glucose metabolisms in eel liver
3-1. Gluconeogenesis in rat liver

Generally, gluconeogenesis means glucose synthesis from pyruvate or lactate. Four moles
of ATP and two moles of GTP (or ITP) are required for the synthesis of one mole of glucose

from two moles of pyruvate or lactate. The pathway of gluconeogenesis is principally the re-
verse of the glycolysis pathway except for three steps, specifically between glucose and
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Fig. 4. Effects of insulin, glucagons, prolactin, growth hormone, and epidermal growth factor on primary culture of eel
hepatocytes. Eel hepatocytes were cultured for 11 days in Williams’ E medium without serum as shown in Table 1B. Reprinted
from Hayashi S. Primary culture of eel hepatocytes. Iden, 1988; 42(7), 6-11 (in Japanese) with permission of Shokabo.

glucose-6-phosphate, fructose-6-phosphate and fructose-1,6-bisphosphate, and phosphoenolpyru-
vate (PEP) and pyruvate (Fig. 5).

When lactate is used as a substrate for gluconeogenesis, lactate is converted to pyruvate by
lactate dehydrogenase (LDH) in the cytosole. Then the pyruvate passes through the mitochon-
drial membrane and is converted to oxaloacetate by pyruvate carboxylase. Because the liver
pyruvate carboxylase of all animals investigated so far is localized in the mitochondria
(Gumbmann and Tappel 1962; Bottger et al. 1969; Garber and Hanson 1971) and oxaloacetate
can not pass through the mitochondrial membrane (Haslam and Griffiths 1968), the reaction of
PEP syntheisis from oxaloacetate by PEP-carboxykinase should be carried out in the mitochon-
dria. However, subcellular distribution of PEP-carboxykinase is different among animals. Three
subcellular distributions of PEP-carboxykinase are known. PEP-carboxykinases of pigeon (Gevers
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1967), rat (Bottger et al. 1969), and eel (Hayashi and Ooshiro 1979) liver distribute in the mito-
chondria, in the cytosole, and in both the mitochondria and the cytosole, respectively. Therefore,
the step from pyruvate to PEP boxed in Fig. 5 is rather complex. In rat liver PEP-carboxykinase
distribute in the cytosole, therefore oxaloacetate, which can not pass through the mitochondrial
membrane, must be transported to the cytosole from the mitochondria. In rat liver, PEP is syn-
thesized from oxaloacetate and GTP by cytosolic PEP-carboxykinase in the cytosole (Bottger et
al. 1969). This transportation of oxaloacetate to the cytosole is done by an aspartate-oxaloacetate
or a malate—oxaloacetate pathway.

When lactate is used as a gluconeogenetic substrate, lactate is converted to pyruvate by a
cytosolic enzyme of LDH and, at the same time, an equivalent amount of NADH is formed. But
when pyruvate is used, about half of the pyruvate is converted to lactate by LDH, as shown in
Fig. 6B (Krebs 1968) and so an equivalent amount of NADH in the cytosole is consumed. There-
fore, cytosolic NADH is increased when lactate is used as a gluconeogenetic sustrate, but de-
creased when pyruvate is used. NADH in the cytosole is necessary for glyceraldehyde-3-phos-
phate dehydrogenase reaction in gluconeogenesis, as shown in Fig. 5. The reason why the quan-
tity of the cytosolic NADH is changed by lactate or pyruvate seems to be due to the muscle-type
LDH of rat liver (Fine et al. 1963; Ogihara 1975).

There are two types of LDH-isozymes. One is muscle-type and the other is heart-type.
Catalytic properties of heart- and muscle-type LDHs are different from each other. It is known
that substrate inhibition of LDH is due to the formation of a ternary complex such as LDH-
NAD*-pyruvate (Everse ef al. 1971). The formation of a ternary complex proceeds more readily
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with heart-type LDH than with muscle-type LDH. As shown in Fig. 6B, about half of the pyru-
vate is converted to lactate and this is due to little inhibition of rat liver LDH by the pyruvate. If
rat liver LDH is of the heart-type, little lactate is produced, as shown in Fig. 6A which also
shows gluconeogenesis from pyruvate by a perfused eel liver. Eel liver LDH is heart-type, as
described in Section 3-2A.

In rat liver when pyruvate is used as a gluconeogenic substrate, the malate—oxaloacetate
pathway is used to supplement the decreased cytosolic NADH, as shown in Fig. 7 (Lardy et al.
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1965). The pathways within the box are the mitochondrial pathways. NADH formed by malate
dehydrogenase in the cytosole is used for glyceraldehyde-3-phosphate dehydrogenase in the
gluconeogenetic pathway, but when lactate is used, the aspartate—oxaloacetate pathway is used
for gluconeogenesis. These metabolic pathways were also confirmed by inhibitors of enzymes.
Amino-oxyacetate (AOA), b-malate, and quinolinic acid inhibit glutamate-oxaloacetate transami-
nase, malate dehydrogenase and PEP carboxykinase, respectively. PEP-carboxykinase in the
cytosole is also inhibited by tryptophan. In rat liver, AOA inhibits gluconeogenesis from lactate,
but not from pyruvate, while p-malate inhibits gluconeogenesis from pyruvate, but not from
lactate. Thus, the aspartate—oxaloacetate pathway functions for gluconeogenesis from lactate
and the malate—oxaloacetate pathway functions for that from pyruvate (Krebs er al. 1967;
Rognstad and Katz 1970; Anderson ef al. 1971; Arinze et al. 1973; Arinze and Rowley 1975;
Meijer et al. 1978).

3-2. Gluconeogenesis in eel liver

3-2A. Gluconeogenesis by perfused eel liver

Gluconeogenesis from lactate (10 mM) by a perfused eel liver is shown in Fig. 8. Glucose
was determined by the colorimetic method using a o-toluidine-borate reagent (Sasaki 1969) and
lactate was determined by the enzymatic method (Noll 1984). The rate of glucose synthesis
from lactate was 0.90 = 0.07 wmol (g-liver)" min™'. The rate of removal of lactate during the
initial 30 min was 4.5 umol (g-liver)”' min~' and that during the following 30 min was
2.07 wmol (g-liver)! min~' (Hayashi and Ooshiro 1975a). During the initial 30 min, lactate was
used in another metabolic pathway as well as gluconeogenesis. However, in the following
30 min, gluconeogenesis was the main fate of lactate and one mole of glucose was synthesized
from 2 moles of lactate. The ability of gluconeogenesis by a perfused eel liver was almost the
same as that by a perfused rat liver (Hems et al. 1966), although the experimental temperature at
28°C for eel was lower than that at 37°C for rat.

Eel livers contain glycogen in spite of a long starvation period such as several months
(Larsson and Lewander 1973; Dave et al. 1975). Therefore, glucose produced by gluconeogen-
esis in the perfusion medium can not be distinguished from glucose produced by glycolysis of
glycogen. To avoid this confusion, a radio-isotope labeled precursor was used for determining
the gluconeogenesis. Gluconeogenesis from 5 mM “C-pyruvate by a perfused eel liver is shown
in Fig. 6A (Hayashi et al. 1982b; Hayashi 1983). The incorporation of '*C-pyruvate into glucose
was determined as follows. A part of the perfusion medium (0.5 mL) was taken at the indicated
time and applied to pencil-type columns of Dowex 1 x 8 (formate type) and Dowex 50 x 8
(H* type). “C-Glucose was eluted by 4 mL of water and *C-glucose in the eluate was measured
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by a liguid scintilation counter (Beckman LS-230). Lactate and pyruvate were determined by
enzymatic methods (Noll 1984; Lamprecht and Heinz 1984).

Gluconeogenesis from pyruvate by a perfused rat liver prepared from a starved rat is also
shown in Fig. 6B (Krebs 1968). As there is almost no glycogen in the liver of rat starved for
48 h, the glucose in the perfusion medium is posturated to be derived from gluconeogenesis. A
remarkable difference between eel and rat is the production of lactate. As shown in Figs. 6A and
B, lactate production at 20 min perfusion in eel and rat perfused liver was 1.6 and 43 umol (g-
liver)™, respectively. Pyruvate consumption at 20 min perfusion in eel and rat perfused liver was
40 and 85 umol (g-liver)™, respectively. Whereas glucose production at 20 min perfusion in eel
and rat perfused liver was 15 and 16 wmol (g-liver)™, respectively.

The difference of lactate production between eel and rat liver is due to the difference of the
type of LDH. The LDH of rat liver is of the muscle type (Fine et al. 1963; Ogihara 1975),
whereas that of eel liver is of the heart type, as shown in Fig. 9 (Hayashi et al. 1985). Further-
more, LDH types of cod (Sensabaugh and Kaplan 1972), rainbow trout (Bailey and Wilson
1968), and other fish livers (Whitt ez al. 1975) have been reported to be of the heart type. Cata-
lytic properties of heart- and muscle-type LDHs are different as described in Section 3-1. The
substrate inhibition proceeds more readily with heart-type enzyme than with muscle-type en-
zyme. Actually, the activity of the eel liver LDH is inhibited by 70% in the presence of 1 mM
pyruvate and NAD*, whereas that of the eel muscle LDH is inhibited only by 9% (Hayashi ez al.
1985). As shown in Fig. 6A, little lactate formation from pyruvate seems to be due to the substrate
inhibition of the eel liver LDH. The heart type of the eel liver LDH seems to induce a different
PEP synthesis pathway in gluconeogenesis from pyruvate from that of rat, as described in Sec-
tion 3-1. The PEP synthesis pathway in the eel liver will be described in Section 3-3.

Gluconeogenesis in eel liver from “C-lactate was investigated by a non-circulated perfusion
system to measure the mean time for convertion of lactate to glucose. As shown in Fig. 10, the
mean time for gluconeogenesis from lactate was 60 = 15 sec (Hayashi and Ooshiro 1975b). This
mean time is the same as that of a perfused rat liver, about 75 sec (Exton and Park 1967).
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3-2B. Gluconeogenesis by isolated eel hepatocytes and cultured eel hepatocytes

The average gluconeogenesis from 5 mM "“C-pyruvate, '“C-lactate, and “*C-alanine by
isolated eel hepatocytes were 19 =7 (n =5),24 £+ 3 (n=4),and 11 = 2 (n = 4) umol (g-wet
weight)™' h™', respectively (Hayashi and Ooshiro 1979). These were determined by the incorpo-
ration of “C-substrate into glucose. The reaction mixture with 2 mL of final volume con-
tained 1 mL of isolated eel hepatocytes, 20 uL of *C-substrate and a Krebs—Ringer bicarbonate
buffer gassed with 95% 0,/5% CO,. The mixture was incubated at 30°C for 60 min. The reac-
tion was initiated by the addition of isolated eel hepatocytes and stopped by the addition of
0.2 mL of 60% HCIO,. After centrifugation, the supernatant was neutralized with 2 M K,CO,
and 1 mL of neutralized supernatant was applied to pencil-type columns of Dowex 1 x 8 and
Dowex 50 x 8. “C-Glucose was recovered in the eluate. The wet weight of the cells was calcu-
lated from the dry weight and the water content of the cells (73.2 + 2.8%, n = 10). All these
procedures are described in the paper by Hayashi and Ooshiro (1979).

Isolated eel hepatocytes were used within 2 h after the preparation of isolated eel hepatocytes.
They retain gluconeogenetic ability within 2 h. The average number of isolated eel hepatocytes
prepared from one eel liver is 5 x 108 cells and 50 mL of hepatocytes suspension is possible for
45 experiments on gluconeogenesis.

After eel hepatocytes were cultured in WE-5% FBS (Table 1A) or a WE-serum-free defiened
medium (Table 1B) on dishes precoated with fibronectin for 7 to 10 days, the hepatocytes were
washed with glucose-free MEM medium containing 0.5% bovine serum albumin (BSA) and
incubated in the same medium with or without 10 mM pyruvate or lactate. The medium was
removed at the indicated time and the glucose in the medium was determined by the colorimetric
method with glucose oxidase and peroxidase (Kunst ef al. 1984).

Gluconeogenesis from 10 mM pyruvate and lactate in the cultured eel hepatocytes were
determined as 0.104 + 0.029 (n = 3) (Fig. 11) and 0.032 (n = 2) umol (mg-cell protein)™ h™,
respectively. If the protein content of the cultured eel hepatocytes is hypothesized to be 20%, the
rates of glucose synthesis from 10 mM pyruvate and latate are calculated as 21 and 6.4 umol-
glucose (g-cell)™ h™', respectively. Gluconeogenesis from 5 mM pyruvate was determined as
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45 uwmol (g-liver) h™' by perfused eel livers and as 19 wmol-glucose (g-cell)' h™' by isolated
eel hepatocytes as described above. The value of 21 wmol-glucose (g-cell)™ h™! is about 47%
and 111% of gluconeogenesis from 5 mM pyruvate obtained by perfused eel livers and isolated
eel hepatocytes, respectively. However, as the concentration of 10 mM pyruvate used for the
cultured eel hepatocytes was two times higher than those used for the perfused eel livers and for
the isolated eel hepatocytes, gluconeogenesis from 5 mM pyruvate and lactate by cultured eel
hepatocytes seem to be lower than 21 and 6.4 umol-glucose (g-cell)™ h™!, respectively.

3-3. Phosphoenolpyruvate synthesis pathway in eel liver

As described in Section 3-1, PEP synthesis from oxaloacetate in gluconeogenesis is differ-
ent among animals. These differences are mainly due to the difference of LDH type (heart- or
muscle-type) and to the difference of subcellular distribution of PEP-carboxykinase, which
catalyze the synthesis of PEP from oxaloacetate and GTP (or ITP).

In rat liver, LDH is muscle-type and PEP-carboxykinase distributes in the cytosole. These
factors induce two pathways to transport mitochondrial oxaloacetate to the cytosole, namely
aspartate—oxaloacetate pathway and malate—oxaloacetate pathway (Fig. 7). These pathways were
confirmed by the investigations of the type of LDH, subcellular distributions of some enzymes,
and effects of inhibitors, amino acids, and fatty acids. Effects of amino acids on gluconeogen-
esis are investigated relating to the aspartate—oxaloacetate pathway containing glutamate-
oxaloacetate transaminase reaction. Effects of fatty acids are also investigated relating to the
NADH/NAD* ratio by fatty acid oxidation or to glutamate dehydrogenase reaction, which con-
cern the glutamate concentration in the mitochondria.

In the following sections, effects of inhibitors, amino acids, and oleic acid on gluconeo-
genesis, are described to clarify the PEP synthesis pathway in the eel liver gluconeogenesis and
subcellular distribution of enzymes related to gluconeogenesis are also described.

3-3A. Effects of inhibitors

The effects of AOA, p-malate, quinolinic acid, and tryptophan on gluconeogenesis were
investigated by isolated eel hepatocytes (Hayashi and Ooshiro 1979). AOA, p-malate, and
quinolinic acid inhibit glutamate-oxaloacetate transaminase, malate dehydrogenase, and PEP
carboxykinase, respectively. Tryptophan also inhibits PEP carboxykinase in the cytosole as well
as quinolinic acid. Because the PEP carboxykinase of pigeon liver distributes in the mitochondira,
quinolinic acid has no effect on gluconeogenesis by perfused pigeon livers (Soling ez al. 1971).
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As shown in Table 2, AOA inhibited gluconeogenesis from lactate and pyruvate by about 60%.
However, b-malate, quinolinic acid, and tryptophan had no effect. These results agreed with the
report on isolated hepatocytes of rainbow trout (Walton and Cowey 1979). It has been reported
that the permeability of quinolinic acid to the plasma membrane is different among animals
(Elliot et al. 1977). No effect of quinolinic acid on gluconeogenesis in eel and rainbow trout
hepatocytes seemed to be due to the impermeability of the cell membrane to quinolinic acid or
to the properties of the enzyme itself.

In eel and rainbow trout liver, b-malate did not inhibit gluconeogenesis from pyruvate. It
seems that the oxaloacetate—malate pathway with malate dehydrogenase is not included in the
pathway of PEP synthesis in gluconeogenesis from pyruvate. In contrast to the effect of
p-malate, AOA, an inhibitor of transaminase, inhibits gluconeogenesis from both pyruvate and
lactate. That AOA , but not b-malate, showed an inhibitory effect on gluconeogenesis from
pyruvate in eel and rainbow trout liver is remarkably different from gluconeogenesis from pyru-
vate in rat liver. As described in Section 3-1, when pyruvate is used as a substrate for gluconeo-
genesis in rat liver, about half of the pyruvate is converted into lactate with the consumption of
an equimolar NADH in the cytosole (Fig. 6B) because rat liver LDH is of the muscle type.
Therefore, supplying NADH in the cytosole is necessary for glyceraldehyde-3-phosphate dehy-
drogenase reaction in gluconeogenesis from pyruvate in rat liver and the oxaloacetate—malate
pathway supplies NADH through malate dehydrogenase in the cytosole (Krebs et al. 1967;
Anderson et al. 1971). As shown in Fig. 6A, pyruvate is used to synthesize glucose, and little
lactate is formed in perfused eel livers. This means that even if pyruvate is used as a gluconeogenic
substrate, there is no decrease in the cytosolic NADH in eel liver. This seems mainly due to the
heart type of LDH in eel liver, as shown in Fig. 9 (Hayashi ez al. 1985). Therefore, the oxaloacetate
—malate pathway for gluconeogenesis is not essential in eel liver, as supported by the fact that
p-malate did not inhibit gluconeogenesis from pyruvate.

Table 2. Effects of amino-oxyacetate (AOA), b-malate, quinolinic acid (QA) and tryptophan on gluconeogenesis in isolated eel
liver cells.

Addition (mm) Gluconeogenesis (pmoles glucose/g wet weight-h)
Substrate
Lactate (%) Pyruvate (%) Alanine (%)

A. None 23.8 +1.0(100) 159 +1.3(100) 11.4 +0.4(100)
AOA (0.2) 9.3 +0.2 (39)° 6.9 +0.1 (43)° 02 +0 @°
D-Malate (5 18.0 +1.8(113)

(10) 25.5 +£3.7(107) 140 + 1.8(88)
(15) 145 +1.7 (91)

B. None 18.7 +0.7 (100) 16.3 +1.3(100) 7.8 +0.1(100)

QA (2.5) 17.8 +£0.7 (95 17.4 +2.1(106) 7.1 +£0.3 (9D
(5.0 18.9 +0.7 (101) 17.8 +1.2(109) 7.4 +0.2 (54)

C. None 28.2 +1.7(100) 159 +1.2(100) 14.1 +0.7(100)

Tryptophan (2.5) 26.0 £1.9 (92) 16.5 +2.0(104) 140 +1.9 (99)
(5.0) 24.1 +1.0 (85) 16.1 +1.8(101) 12.6 +0.8 (89)

The initial concentration and radioactivity of substrates were 5 mM and 9.25 kBq, respectively. The data are the means = S.D.
for three observations. *p < 0.01. Reprinted from J. Comp. Physiol. B, 132, 1979, 343-350, Gluconeogenesis in isolated liver
cells of the eel, Anguilla japonica, Hayashi and Ooshiro, Table 1. © 1979, Springer-Verlag. With kind permission of Springer
Science+Business Media.
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fraction were inhibited by 30 and 25%, respectively (Hayashi and Ooshiro 1979). No effect of
quinolinic acid on the gluconeogensis in isolated eel hepatocytes shown in Table 2 seems due to
the impermeability of the plasma membrane of eel hepatocytes to quinolinic acid. PEP
carboxykinase of rat liver is found only in the cytosole (Nordie and Lardy 1963; Bottger et al.
1969), but that of guinea pig liver is found in both the cytosole and the mitochondria (Nordie
and Lardy 1963). In pigeon liver PEP carboxykinase is found only in the mitochondria (Gevers
1967). Thus, there are three types of subcellular distrubution of PEP carboxykinase among ani-
mals. Comparison of the PEP synthesis pathway between eel, rat, and pigeon liver will be de-
scribed in Section 3-4.

The PEP synthesis pathway in eel liver is shown in Fig. 12. The pathways within the
square show the mitochondrial pathways. These are assumed from the results of the effects of
inhibitors such as AOA, p-malate, and quinolinic acid and of the subcellular distributions of
pyruvate carboxylase, glutamate-oxaloacetate transaminase, and PEP carboxykinase.

3-3C. Effects of leucine and other amino acids

As shown in Fig. 12, oxaloacetate in the mitochondria is synthesized by mitochondrial
pyruvate carboxylase and then converted to aspartate by the mitochondrial glutamate-oxaloacetate
transaminase. Aspartate formation is affected by the glutamate concentration in the mitochon-
dria and the glutamate concentration is affected through glutamate dehydrogenase or some
transaminases. Glutamate dehydrogenase is stimulated by leucine and some amino acids stimu-
late transaminases. Then the effects of leucine and other amino acids on gluconeogenesis were
investigated.

The stimulatory effect of leucine was observed in gluconeogenesis from 5 mM '“C-lactate,
HC-pyruvate, and '“C-alanine (Table 4). Gluconeogenesis from 5 mM *C-lactate, *C-pyruvate,
and "“C-alanine was stimulated by 5 mM leucine by 8, 76, and 45% compared with the control,
respectively. The stimulation of gluconeogenesis by leucine depended on the concentrations of
leucine. For example, 10 mM leucine stimulated gluconeogenesis from “C-lactate but 2.5 mM
leucine did not affect it, as shown in Table 4.
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Incorporation of “C-pyruvate into glucose and amino acids in the presence or absence of
leucine (5 mM) was investigated (Table 5). The incorporation into glucose was increased
1.8 fold by leucine and the incorporation into neutral, acidic, and basic amino acids was in-
creased 2.6, 3.7, and 1.6 fold by leucine, respectively. Furthermore, effects of leucine on aspar-
tate and glutamate concentrations and on the incorporation of “*C-pyruvate into these amino
acids were investigated. As shown in Table 6, the glutamate content increased 3.6 fold in the

Table 4. Effect of leucine on gluconeogenesis.

Leucine  Gluconeogenesis (umoles glucose/g wet weight-h)
(mm)

Substrate

Lactate (%) Pyruvate (%) Alanine (%)

None 247+0.7(100) 154+1.6(100) 12.2+40.2(100)

2.5 253+0.7(102)  23.9+1.7(155)° 17.7 +0.9 (145)°
5.0 26.6 +1.2(108) 27.1+2.5(176)° 17.8 +0.7 (145)°
10.0 31.8+1.6(129)° 29.8+3.0(193)" 19.9+1.1(162)°

The initial concentration and radioactivity of substrates were as described in Table 2. The data are the means = S.D. of three
observations. *p < 0.01. Reprinted from J. Comp. Physiol. B,132,1979, 343-350, Gluconeogenesis in isolated liver cells of the
eel, Anguilla japonica, Hayashi and Ooshiro, Table 2. © 1979, Springer-Verlag. With kind permission of Springer
Science+Business Media.

Table 5. Incorporation of “C-pyruvate into glucose and amino acids in the presence or absence of leucine (Leu), tryptophan
(Trp) or amino-oxyacetate (AOA).

Control Leu Leu Trp Trp AOA AOA
(5 mm) Control (2 mm) Control (0.2 mm) Control
f.‘plTI Cprn cpm cpm
Glucose 3,341 +88 6,075 +360 1.8 3,799 +156 1.1 2,094 +57 0.6
{Amino acids)
Neutral 773 1,994 2.6 1,047 1.4 535 0.7
Acidic 627 2,337 3.7 696 1.1 424 0.7
Basic 76 120 1.6 107 1.4 68 0.9

The initial concentration and radioactivity of '“C-pyruvate were 5 mM and 9.25 kBq, respectively. The data are the means + S.D.
of three observations. Reprinted from J. Comp. Physiol. B, 132, 1979, 343-350, Gluconeogenesis in isolated liver cells of the
eel, Anguilla japonica, Hayashi and Ooshiro, Table 4. © 1979, Springer-Verlag. With kind permission of Springer Science+Business
Media.

Table 6. Effects of leucine on aspartate and glutamate concentrations and on incorporation of C-pyruvate into these amino
acids.

Addition Gluconeogenesis Glutamate Aspartate 14C-Glutamate 4C-Aspartate
(umoles/h-g wet wt) (umoles/g wet wt) (pmoles/g wet wt) (cpm)  (cpm/umole) (cpm)  (cpm/umole)

None 33.18 + 4.26 1.49 +0.26 1.23 +0.09 470 315 108 88

Leucine (5 mm) 67.55 +10.77° 5.48 +0.25° 1.51 £0.26 2,858 532 581 385

The initial concentration and radioactivity of '“C-pyruvate were 5 mM and 9.25 kBq, respectively. The data are the means + S.D.
of three observations. %p < 0.001, °p < 0.05. Reprinted from J. Comp. Physiol. B, 132, 1979, 343-350, Gluconeogenesis in
isolated liver cells of the eel, Anguilla japonica, Hayashi and Ooshiro, Table 5. © 1979, Springer-Verlag. With kind permission
of Springer Science+Business Media.
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The site of the inhibitory effect of oleic acid in isolated eel hepatocytes is not a pyruvate
carboxylase reaction. Because acetyl-CoA derived from the oxidation of oleic acid in the mito-
chondria is an activator of pyruvate carboxylase, oxaloacetate production by pyruvate carboxy-
lase increases and then gluconeogenesis is stimulated. However, oleic acid strongly inhibited
gluconeogenesis in eel liver. The reaction site of the inhibitory effect of oleic acid seems a more
later reaction than the pyruvate carboxylase reaction. As shown in Fig. 12, the aspartate—
oxaloacetate pathway is the main pathway of gluconeogenesis in eel liver and the glutamate
concentration affects the glutamate-oxaloacetate transaminase reaction. Glutamate is formed by
glutamate dehydrogenase (GDH), and GDH and glutamate-oxaloacetate transamiase are inti-
mately connected. The activity of GDH purified from eel liver mitochondria was completely
inhibited by 10 uM of oleic acid or oleoyl-CoA (Hayashi and Ooshiro 1985b). Palmitic acid and
caproic acid at 10 uM also inhibited eel GDH by 85 and 20%, respectively.

The effect of leucine on gluconeogenesis was described in the previous section and it is
known that it plays an important role as the activator of eel liver GDH. In contrast to leucine,
oleic acid plays the role of the inhibitor of GDH. Both leucine and oleic acid affect GDH activity
which in turn affects the glutamate concentration in the mitochondria followed by the regulation
of gluconeogenesis.

3-4. Comparison of PEP synthesis pathways between eel, rat, and pigeon liver

Figures 14A, B and C show PEP synthesis pathways of eel, rat, and pigeon liver, respec-
tively. The pathways within the boxes show the mitochondrial pathways which have been char-
acterized by the subcellular distribution of enzymes such as pyruvate carboxylase, glutamate-
oxaloacetate transaminase, and PEP carboxykinase, by the effects of enzyme inhibitors on glu-
coneogenesis, and by the effects of leucine and oleic acid on gluconeogenesis.

Table 11 compares the subcellular distribution of pyruvate carboxylase and PEP
carboxykinase in rat, eel and pigeon liver. Pyruvate carboxylase from all three animals was
localized in the mitochondria (Gevers 1967; Botttger et al. 1969; Hayashi and Ooshiro 1979).
However, PEP carboxykinase of rat, eel, and pigeon liver is localized in the cytosole (Nordie
and Lardy 1963), in both the cytosole and the mitochondria (Hayashi and Ooshiro 1979), and in
the mitochondria (Gevers 1967), respectively.
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Fig. 14. Comparison of PEP synthesis pathways between eel (A), rat (B), and pigeon (C) livers. The pathways within squares
show the mitochondrial pathways. (A) is reprinted from J. Comp. Physiol. B, 132, 1979, 343-350, Gluconeogenesis in
isolated liver cells of the eel, Anguilla japonica, Hayashi and Ooshiro, Figure 3. © 1979, Springer-Verlag. With kind permission
of Springer Science+Business Media. (B) is reproduced from Lardy et al., Paths of carbon in gluconeogenesis and lipogenesis:
The role of mitochondria in supplying precursors of phosphoenolpyruvate. Proc. Natl. Acad. Sci. USA, 53, 1965; 1410-1415.
© 1965, The National Academy of Sciences with kind permission of Prof. Henry Lardy and Prof. Verner Paetkau.
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Table 11. Comparison of subcellular distribution of pyruvate carboxylase and PEP carboxykinase among
eel, rat, and pigeon livers.

Animal Pyruvate Carboxylase PEP Carboxykinase
Cyt. Mt. Cyt. Mt.
Eel - +++ ++ +
Rat - +++ +++ -
Pigeon - +++ - +++

In rat liver, oxaloacetate formed by pyruvate carboxylase in the mitochondria must be
transported to the cytosole to synthesize PEP by cytosolic PEP carboxykinase. Oxaloacetate is
impermeable to the mitochondrial membrane and then the malate—oxaloacetate pathway or as-
partate—oxaloacetate pathway is used to transport the mitochondrial oxaloacetate to the cytosole
in rat liver. Another characteristic point in the PEP synthesis pathway in rat liver is that there are
two PEP synthesis pathways. When pyruvate is used for the gluconeogenesis in rat liver, the
malate—oxaloacetate pathway is used for the PEP synthesis pathway. While lactate is used for
the gluconeogenesis, the aspartate—oxaloacetate pathway is used for the PEP synthesis pathway,
as described in Section 3-1.

In the eel liver, the remarkable characteristic for the PEP synthesis pathway is absence
from the malate—oxaloacetate pathway in gluconeogenesis from pyruvate. This is mainly due to
the heart type of LDH. As shown in Fig. 6A, most pyruvate was used to synthesize glucose, and
lactate is not formed by LDH. Contrasting with eel perfused liver, rat perfused liver converts
about half the amount of consumed pyruvate to lactate (Fig. 6B) in association with the con-
sumption of equivalent of cytosolic NADH. Therefore, if the cytosolic NADH/NAD" ratio is
similar in rat and eel liver, the supply of cytosolic NADH is not required for gluconeogenesis
from pyruvate in eel liver. However, the redox state in eel hepatocytes still remains to be inves-
tigated.

In pigeon liver, PEP carboxykinase is localized in the mitochondria. Oxaloacetate is con-
verted to PEP in the mitochondrial PEP carboxykinase and PEP is transported to the cytosole for
gluconeogenesis. This PEP synthesis pathway is the simplest of the three species (Fig. 14C).

3-5. Glycogen metabolisms in eel liver

The reason why eel liver glycogen is retained in spite of a long period of starvation (Larsson
and Lewander 1973; Dave et al. 1975) is uncertain. The ability of glycogen synthesis from 10 mM
pyruvate or lactate was determined by using cultured eel hepatocyetes. After eel hepatocytes
were cultured in WE-5% FBS—0.16 uM insulin on dishes precoated with fibronectin for 7 to
10 days, the hepatocytes were washed with glucose-free MEM medium containing 0.5% BSA
and cultured in the same medium at least for 4 h. Then the hepatocytes were incubated in glu-
cose-free MEM medium—0.5% BSA with or without 10 mM pyruvate or lactate. After incuba-
tion the medium was removed and the cells were homogenized in HCIO,. The supernatant of the
homogenate after centrifugation was neutralized with KHCO; and after centrifugation the neu-
tralized supernatant was used for the determination of glycogen which was digested by
glucoamylase (Keppler and Decker 1984) and the glucose formed was determined by an enzymatic
method (Kunst et al. 1984).

The glycogen synthesis from 5 mM “C-pyruvate or *C-glucose was also determined by
using cultured eel hepatocytes which were cultured in WE-5% FBS—0.16 uM insulin for 7 to
10 days. Then the hepatocytes were washed with serum- and insulin-free WE medium and incu-
bated in the same medium in the presence of 5 mM “C-pyruvate or *C-glucose. The cells were
then homogenized in HCIO,. After centrifugation glycogen in the supernatant of the homoge-
nate was precipitated with ethanol and then washed with ethanol. After washing, the glycogen
was dissolved in water and the radioactivity was determined.
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As shown in Fig. 11, glycongen synthesis from 10 mM pyruvate was observed in eel
hepatocytes cultured in glucose-free MEM medium. The rates of glycogen synthesis from 10 mM
pyruvate and lactate were 0.407 = 0.127 (n = 4) and 0.163 (n = 2) wmol-glucose (mg-cell pro-
tein)”' h™' in the absence of glucose, respectively. If the protein content of the cultured eel
hepatocytes is hypothesized to be 20%, the rates of glycogen synthesis from 10 mM pyruvate
and lactate are calculated as 81 and 33 wmol-glucose (g-cell)™ h™', respectively. It was found
that the rates of glycogen synthesis from pyruvate and lactate were 3.9 and 5 times higher than
the rates of glucose synthesis from pyruvate and lactate because gluconeogenesis from 10 mM
pyruvate and lactate by cultured eel hepatocytes was 21 and 6.4 umol-glucose (g-cell)™ h™',
respectively.

The effects of glucagon and insuilin on balancing blood glucose are well known in mam-
malian livers (Darnell et al. 1990). Glucagon stimulates glycogen degradation and gluconeo-
genesis, whereas insulin stimulates glycogen synthesis and inhibits gluconeogenesis. We inves-
tigated the effect of glucagon or insulin on glycogen metabolism and gluconeogenesis by using
cultured eel hepatocytes.

The eel hepatocytes were cultured in the defined serum-free WE medium, as shown in
Table 1B, for 7 to 9 days and then washed with glucose-free MEM-0.5% BSA. The cells were
incubated in glucose-free MEM-0.5% BSA for 4 h. After that the cells were again washed with
glucose-free MEM—-0.5% BSA and inbubated for 1 h in the same medium in the presence of
10 mM pyruvate or lactate with or without different concentrations of glucagon.

In the presence of 10 mM pyruvate without glucagon, glycogen was synthesized at the rate
of 0.560 wmol-glucose (mg-cell protein)' h™'. However, glycogen was still synthesized from
10 mM pyruvate in the presence of 10° and 10”7 M glucagon at the rates of 0.313 and 0.286 umol-
glucose (mg-cell protein)™ h™!, respectively (Fig. 15), although glucagon at 10% and 107 M
repressed glycogen synthesis compared with glycogen synthesis without glucagon. Glucagon at
1076 and 107 M did not stimulate glycogen degradation to glucose in the presence of 10 mM

Fig. 15. Effect of glucagon on the glycogen metabolism in the presence of 10 mM pyruvate or 10 mM lactate.
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pyruvate. When 10 mM pyruvate was used, the glucose appeared in the medium which was
possibly due to gluconeogenesis from 10 mM pyruvate, because the glycogen content in the eel
hepatocytes was always higher than that in the eel hepatcytes at O min incubation, as shown in
Fig. 15.

Whereas the glycogen content in the eel hepatocytes incubated with 10 mM lactate was
decreased by 10° or 10”7 M glucagons, below the glycogen content in the eel hepatocytes before
incubation (Fig. 15). These results show that glucagon at 10 and 10”7 M stimulated glycogen
degradation. Therefore, the glucose appeared in the medium in the presence of 10 and 107 M
glucagon seemed due to glycogen degradation to glucose.

When eel hepatocytes were cultured in a serum- and insulin-free WE medium, which con-
tains 11 mM glucose, glucagon at 2.5 x 10~” M stimulated not only gluconeogenesis from 5 mM
HC-pyruvate but also glycogen synthesis from 5 mM “C-pyruvate (Fig. 16). These results were
obtained from the incorporation of 5 mM “C-pyruvate into glycogen or glucose. In the presence
of 11 mM glucose in a WE medium, glycogen synthesis and gluconeogenesis from 5 mM
HC-pyruvate were stimulated by 2.5 x 10~ M glucagon 2.5- and 37-fold compared with those in
the absence of glucagon, respectively (Hayashi and Ooshiro 1985d). Ui and Tokumitsu (1979)
reported that glucose inhibits glycogen phosphorylase and activates glycogen synthetase.

c
3,710 3,:20 a commm Intracellular Protein € C——3 Glucose
d

fl R 990b Extracellular Protein d Glycogen
d

(%) d

200

100

I G 14G 1

(2]
—
+

(2}
—
[}

1+G

14 1

14C-l"yr‘uvate C-Glucose 4C-Leuci ne

Fig. 16. Effects of insulin (I),0.25 uM, and glucagon (G),0.25 uM, on the incorporation of “C-precursor into glucose, glycogen,
and proteins in cultured eel hepatocytes. Control cells were cultured in Williams’ E medium with 10% NU-serum (Flow Laboratory)
for 6 days. After 6 days, the hepatocytes were washed with a serum-free medium and the cells were incubated in the serum-free
medium with a '“C-precursor at 30°C for 4 h. The incorporation of 5 mM "“C-pyruvate (9.25 kBq) into the intracellular protein,
extracellular protein, glucose, and glycogen in the control cells were 36,200,4,600, 735, and 563 dpm (mg-protein)~', respectively.
The incorporation of 5 mM “C-glucose (9.25 kBq) into the intracellular protein, extracellular protein, and glycogen in the
control cells were 4,930, 690, and 2,250 dpm (mg-protein)™', respectively. The incorporation of 5 mM “C-leucine (9.25 kBq)
into the intra- and extra-cellular proteins in the control cells were 23,160 and 4,740 dpm (mg-protein)™', respectively. Percentages

show the ratio of the dpm (mg-protein)™' obtained in the presence of insulin or glucagon or both to the dpm (mg-protein)™
obtained in the absence of insulin and glucagons. Reprinted with permission from Nippon Suisan Gakkaishi, 51, Hayashi and
Ooshiro, Effects of glucagon, insurin, and the eel serum in the eel liver cells in primary culture, 1123-1127, 1985, the Japanese

Society of Fisheries Science.
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Glucose in WE medium seems to inhibit glycogen phosphorylase and to activate glycogen syn-
thetase in the cultured eel hepatocytes.

In contrast to glucagon, insulin at 2.5 x 107 M inhibited gluconeogenesis from 5 mM
HC-pyruvate by 33% and slightly stimulated glycogen syntheisis by 18% compared with those
of the control. However, in the presence of both glucagon and insulin at 2.5 x 10”7 M, gluconeo-
genesis and glycogen synthesis from 5 mM “C-pyruvate were stimulated 35- and 10-fold com-
pared with those of the control, respectively (Fig. 16) (Hayashi and Ooshiro 1985d). In the
presence of insulin alone, glycogen synthesis from 5 mM “C-pyruvate was slightly stimulated
by 18% compared with the control. In the presence of glucagon alone, glycogen synthesis was
stimulated 2.5-fold, as described above.

Glycogen synthesis from 5 mM *C-glucose was stimulated by 2.5 x 10”7 M insulin 2.3-
fold and inhibited by 2.5 x 10”7 M glucagon by 78% as shown in Fig. 16. In the presence of both
glucagon and insulin at 2.5 x 10”7 M, glycogen synthesis from 5 mM “C-glucose was inhibited
by 66%.

Intracellular- and extracellular-protein synthesis from 5 mM !“C-leucine was stimulated
by 2.5 x 10”7 M insulin by 73 and 52% compared with those of the control, respectively, and also
stimulated by 2.5 x 10”7 M glucagon by 63 and 31% compared with those of the control, respec-
tively.

The effects of eel serum on glycogen synthesis and gluconeogenesis were investigated by
using cultured eel hepatocytes. After the eel hepatocytes were cultured in WE medium contain-
ing 5% eel serum (final protein concentration of 1.35 mg mL™") instead of NU serum (final
protein concentration of 1.36 mg mL™', artificial serum equivalent to FBS) for 4 days, the
hepatocytes were washed with a serum- and insulin-free WE medium and incubated in the same
medium for 4 h in the presence of 5 mM “C-pyruvate. As shown in Fig. 17, gluconeogenesis and
glycogen synthesis by eel hepatocytes cultured in eel serum increased 39-fold and 8-fold higher
than those by the control hepatocytes cultured in NU serum, respectively (Hayashi and Ooshiro
1985d).
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The stimulatory effects of eel serum on glycogen synthesis and gluconeogenesis from
5 mM “C-pyruvate, resembled the stimulatory effects of glucagon, as shown in Fig. 16, but the
substance giving stimulatory effects in eel serum is uncertain. During 4 days’ culture in a WE
medium containing 5% eel serum, the substance seemed to affect glycogen synthesis and gluco-
neogenesis in the cultured eel hepatocytes and to maintain the stimulatory effects during 4 h
incubation in a serum-free WE medium. Glucose concentrations of eel serum and NU serum in
the culture medium are almost the same, about 0.61 mM, and so stimulatory effects by eel serum
are not due to glucose. The stimulatory effects of eel serum on glycogen synthesis and gluco-
neogenesis from 5 mM “C-pyruvate disappeared after the addition of 1.6 x 10°° M insulin

(Fig. 17).
4. Lipoprotein metabolisms in eel liver
4-1. Characteristics of fish serum lipoproteins

Babin and Vernier (1989) reviewed fish serum lipoproteins that, except for Chondrichthyes
such as skates and shark, Agnatha such as lamprey and Teleostei such as carp and rainbow trout
are classified as hyperlipidemic and hypercholesterolemic compared with human serum. For
example, concentrations of cholesterol and triglyceride of eel serum are 476 and 749 mg dL',
respectively, whereas concentrations are 180 and 100 mg dL™' in human serum, respectively
(Hayashi 1999). Total lipid concentrations of eel and human serum are 2,100 and 480 mg dL',
respectively. On the other hand, protein concentrations of eel and human serum are 4,000 to
5,000 and 8,000 mg dL!, respectively. In fish, most serum lipids are associated with lipoproteins.
Therefore, lipoproteins are the main component of eel serum proteins, whereas albumin is the
main component in human serum protein. In general, fish serum contains more lipoproteins than
human serum. This leads to a hyperapolipoproteinemia in fish and the plasma concentration of
apolipoproteins accounts for about 36% of plasma proteins in rainbow trout (Babin 1987) and
30% in channel catfish (McKay et al. 1985). However, in human serum it is lower than 10%.

In fish lipoproteins, high-density lipoprotein (HDL) is the main lipoprotein although very
low-density lipoprotein (VLDL) and low-density lipoprotein (LDL) are also present. In human
serum LDL is a main lipoprotein. Protein concentrations of HDL in eel and human serum are
770 mg dL-" and 170 to 190 mg dL-, respectively (Hayashi 1999). Fish VLDL and LDL contain
apoB48-like proteins as human VLDL and LDL and fish HDL contains apoA-like proteins.
However, fish VLDL and LDL lack apoB100-like proteins and contain apoA-like proteins as
well as in HDL. Contrary to fish VLDL and LDL, human VLDL and LDL contain apoB 100 but
do not contain apoA.

Why the amounts of fish lipoproteins are so high is still unclear and the role of the
lipoproteins is also unclear, particularly the role of HDL is an interesting problem, but why such
a high concentration of HDL is necessary is unresolved.

On the other hand, the role and function of vitellogenin is clear. Female fish serum during
maturation for spawning contains vitellogenin as do other oviparous animals. Vitellogenin is a
precursor of egg yolk and classified as very high-density lipoprotein (VHDL). It is induced and
synthesized in liver by 17 -estradiol, circulated through blood, and incorporated into oocyte by
a specific receptor in the oocyte plasma membrane. The lipid content of VHDL is about 20%
and the main lipid component is phospholipids.

4-2. Lipoproteins secreted by primary cultured eel hepatocytes

We determined the lipoprotein secreted by cultured eel hepatocytes, isolated the lipopro-
tein, and the secreted lipoprotein was defined as VLDL-like lipoprotein. The secreted lipopro-
tein was determined as described below.

Hepatocytes of 1.5 x 107 cells were cultured on a 10-cm plastic dish in WE medium con-
taining 5% FBS and 0.16 uM insulin for 6 days. After the hepatocytes were incubated with
14C-leucine in WE medium without serum and insulin for the indicated period, a medium (7 mL)
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and PBS (3 mL), used to wash cells, were combined and the combined medium was applied to a
Sephadex G-25 column (1.6 x 15 cm). The protein fraction was pooled as extracellular protein
and lyophilized. The lyophilized protein was dissolved in 50 uL of sample buffer for SDS-
PAGE and used for the measurement of radioactivity and autoradiography.

The intracellular protein was recovered as follows. Three milliliters of 0.1 N NaOH was
added to the cells on a dish, and the dissolved cells were transferred to a test tube. Then proteins
in the test tube were precipitated with 5% trichloroacetic acid. The resulting precipitate was
dissolved in 2 mL of 0.1 N NaOH, and the solution was used for the measurement of radioactiv-
ity and to assay the proteins as an intracellular protein.

The time course of the syntheses of intra- and extra-cellular proteins is shown in Fig. 18.
Syntheses of intra- and extra-cellular proteins from 2 to 32 h were increased over 32 h, and the
synthesis of intracellular protein was higher at any time than that of the extracellular protein
(Fig. 18A). A fluorogram of extracellular protein shows that after 16 h incubation almost all
proteins corresponding to eel serum proteins were observed (Fig. 18B).

The lipoprotein secreted by cultured eel hepatocytes was also isolated by density gradient
ultracentrifugation, as described below.

After hepatocytes of 1.5 x 107 cells on a 10 cm plastic dish were cultured in WE medium
containing 5% FBS and 0.16 uM insulin for 5 to 7 days. The hepatocytes were washed three
times with a serum- and insulin-free WE medium and 7 mL of the serum- and insulin-free me-
dium and "“C-leucine was added to the cells. Then hepatocytes were incubated at 28°C for 24 h.
After incubation, the medium was recovered as decribed above. The medium and the PBS used
to wash the cells were combined. The medium pooled from 6 to 10 dishes was centrifuged at
3,000 rpm for 5 min to remove cell and cell debris, and the supernatant was applied to a Sephadex
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Fig. 18. Time course of the synthesis of intra- and extra-cellular protein by hepatocytes cultured for 6 days. After hepatocytes
were incubated with “C-leucine (56 kBq) in Williams’ E medium without serum and insulin for the indicated period, the
medium was recovered and applied to a Sephadex G-25 column. The protein fraction was pooled as extracellular protein and
lyophilized. Lyophilized protein was dissolved in 50 uL of the sample buffer for SDS-PAGE and used for measurement of
radioactivity (20 uL) and for autoradiography (15 uL). Intracellular protein was prepared as described in the text and in Yu et
al. (1991). (A) Incorporation of '“C-leucine into intra- and extra-cellular protein. @, intracellular protein; O, extracellular
protein. (B) Fluorogram of extracellular protein. Samples were loaded on a 14.5% polyacrylamide gel. Fifty micrograms of
eel serum protein as the control was loaded on a 15.5% polyacrylamide gel and the proteins were stained with Coomassie
Brilliant Blue R-250. Reprinted with permission from Cell Struct. Funct.,16,Yu et al. Characterization of lopoprotein secreted
by cultural eel hepatocytes and its comparison with serum lipoproteins, 347-355, 1991, the Japan Society for Cell Biology.
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G-25 column (5 x 18.6 cm) equilibrated with PBS. The protein fraction was pooled and concen-
trated with a membrane of YM10 (Amicon).

The lipoprotein was fractionated by density gradient ultracentrifugation (Chung et al. 1980).
An equal amount of 0.75% NaCl was gently laid over 19 mL of the sample containing 7.6 g of
KBr, and centrifuged at 35,000 rpm (150,000 x g) for 14 h at 15°C in a 410-rotor using an
International B/60 model ultracentrifuge (DAMON/IBC). After centrifugation, 40 fractions were
collected from the bottom of the tube by a peristaltic pump and a fraction collector (Pharmacia).

Proteins secreted by cultured hepatocytes were fractionated by density gradient ultracen-
trifugation, as shown in Fig. 19A. The radioactivity of proteins labeled with *C-leucine and the
proteins determined by the colorimetric method were observed at densities above 1.21 g mL™!
and below 1.063 g mL-". The fractions with densities below 1.063 g mL-" appeared to have
triglycerides, which were determined by the enzymatic method (Determiner TG-S555, Kyowa
Medix), as the main lipid component (Fig. 19A(2)).
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Fig. 19. Fractionation of secreted and serum lipoproteins by density gradient ultracentrifugation. After hepatocytes cultured
on a 10-dm dish were incubated with “C-leucine (37 kBq/dish) for 24 h, the medium pooled from 10 dishes was centrifuged
and applied to a Sephadex G-25 column (5 x 18.6 cm). Then the protein was fractionated by density gradient ultracentrifugation.
Eel serum was fractionated in the same way. (A) Fractionation of secreted lipoprotein: 1, Distribution of protein (@) and
radioactivity (x); 2, Distribution of lipid. (B) Fractionation of serum lipoproteins: 1, Distribution of protein (®); 2, Distribution
of lipid (M, triglyceride; [, phospholipids; A, cholesteryl ester; A, free cholestero). Reprinted from Cell Struct. Funct., 16,
Yu et al. Characterization of lopoprotein secreted by cultural eel hepatocytes and its comparison with serum lipoproteins,

347-355, 1991, with permission from the Japan Society for Cell Biology.
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On the other hand, eel serum proteins fractionated in the same manner as secreted proteins
were observed at densities above 1.21 g mL™', between 1.08 and 1.17 g mL', and below 1.063 g
mL! (Fig. 19B(1)). Fractions with densities between 1.08 and 1.17 g mL~! had phospholipids
and cholesterol as the main lipid components (Fig. 19B(2)). Phospoholipid, total cholesterol,
and free cholesterol were determined by enzymatic methods of Determiner PL, Determiner TC555,
and Determiner FC555 (Kyowa Medix), respectively. As shown in Table 12, the fraction
(1.08 <d < 1.17 gmL™") was found to resemble a typical HDL found in human and rat serum in
respect of protein and lipid compostions. Furthermore, the fraction contained two main
apolipoproteins corresponding to apoAl and AIl of mammalian HDL. This fraction was defined
as HDL. The lipoprotein with densities below 1.063 g mL™" had triglycerides as the main lipid
component. The protein content was 6.2% and this lipoprotein had apolipoproteins correspond-
ing to apoB48. These results show that this lipoprotein is VLDL.

However, secreted proteins contained no lipoprotein corresponding to serum HDL, as shown
in Fig. T9A. Recent research on HDL formation suggests that HDL is formed from serum free
apoAl and AIl and an intracellular free cholesterol mediated ATP-binding cassett transporter I
(ABCALI) in plasma membranes (Tsujita et al. 2005; Brunham et al. 2006). Actually, free apoAl
and Al in the secreted proteins were detected in the fraction with a density above 1.21 g mL™" by
antibodies against the apoAl and All purified from eel serum HDL (Katoh et al. 2000). Further-
more, although the secreted lipoprotein is a VLDL-like lipoprotein, apoAl and AII of the se-
creted lipoprotein are easily transferred to liposome particles by incubation with the secreted
lipoprotein and liposomes (Yu ef al. 1992).

When the secreted lipoprotein with densities below 1.063 g mL~' was compared with eel
serum VLDL, 12% of protein and 69% of triglycerides contents of the secreted lipoprotein were
higher than those of eel serum VLDL (Table 12). The total cholesterol (4%) and phospholipid
(15%) content of the secreted lipoprotein were lower. Apolipoproteins of the secreted lipopro-
tein consisted of apoA and B48 as the main components (Fig. 20A). Molecular weights of the
secreted apolipoproteins are as follows: proteins corresponding to apoB48 are 290,000, 265,000,
245,000, and 220,000, and proteins corresponding to apoAl and AIl are 28,000 and 14,000,
respectively. These apolipoproteins were found in eel serum VLDL (Fig. 20B).

VLDL-like lipoprotein was secreted at the rate of 10.9 +4.34 ug protein (mg-cell protein)~'
(24 h)! (n = 6). It has been reported that in rat hepatocytes VLDL is secreted at the rate of 0.28 ug-
protein (mg-cell protein)~! (24 h)~! (Bell-Quint and Forte 1981). This value was much lower than
that of eel hepatocytes.

Table 12. Composition of VLDL-like lipoprotein secreted by eel hepatocytes, serum VLDL, and HDL. VLDL-like lipoprotein
was pooled from fractions 37 to 40 shown in Fig. 19A.

VLDL-like Eel serum
lipoprotein (%) VLDL (%) HDL (%)
FC 3.840.3 9.6+0.8 3.8+0.3
CE 0.36+0.50 4.5+1.1 14.0+2.2
TG 69.0+5.1 53.347.0 42417
PL 14.7+2.9 26.4+4.7 32.0+2.8
Protein 12.0+4.8 6.2%1.1 46.1+1.0

The values of VLDL-like lipoprotein, VLDL, and HDL are the means = S.D. for 5, 4, and 4 experiments, respectively. FC, free
cholesterol; CE, cholesteryl ester; TG, triglyceride; PL, phospholipids. Reprinted with permission from Cell Struct. Funct., 16,
Yu et al. Characterization of lopoprotein secreted by cultural eel hepatocytes and its comparison with serum lipoproteins, 347—
355, 1991, the Japan Society for Cell Biology.
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Fig. 20. SDS-PAGE of secreted and serum
proteins. Gradient gel of 5 to 17.5% was used.
Samples for SDS-PAGE were taken from each
fraction, as shown in Fig. 19, and 15 uL of each
fraction was loaded on to the gel. (A) Fluorogram
of secreted proteins fractionated as shown in
Fig. 19A; (B) Serum proteins which were
fractionated as shown in Fig. 19B, stained with
Coomassie Brilliant Blue R-250. Reprinted with
permission from Cell Struct. Funct., 16, Yu et al.
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cultural eel hepatocytes and its comparison with
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4-3. Effects of maturation on eel lipoprotein metabolism

4-3A. Comparison of body length, body weight, gonad-somatic index, and plasma thyrox-
ine between silver and yellow eels

Yellow eels are immature and grow in rivers. Silver eels migrate to the sea from the river
for spawning. We captured silver and yellow eels in the Sendai River in Kagoshima, Japan and
determined the body length, body weight, GSI [=(gonad weight/body weight) x 100], and con-
centrations of the plasma thyroxine. As shown in Table 13, body lengths and weights of silver
eels were significantly higher than those of yellow eels. The GSI of silver eels was also signifi-
cantly higher than that of yellow eels. We determined total thyroxine concentrations by enzyme
immunoassay (ICN Pharmaceutical) in the plasma of silver and yellow eels. The former was
109 =82 ug dL' (1.40 x 107 M, n = 20) and the latter was 3.0 + 4.3 ug dL™' (3.86 x 10 M,
n = 20). The thyroxine concentration of silver eels was significantly higher than that of yellow
eels. The high concentration of plasma thyroxine of silver eels strongly suggests a correlation
between the migration of eels for spawning and thyroxine. Namely, when eels migrate to the sea
for spawning as silver eels, the thyroxine concentration in their plasma increases.

4-3B. Comparison of plasma lipoproteins between silver and vellow eels

Plasma lipoproteins of silver and yellow eels were separated by density gradient ultracen-
trifugation. The VLDL of silver eels has two remarkable characteristics. The first is the high
ratio of protein (apolipoproteins). The protein composition of silver eel VLDL was 17% and the
value of yellow eel VLDL was 6%. The second is the low composition of triglycerides, and the
value in silver eels was 40%, whereas the value of yellow eels was 53%. However, phospholipids
compotion of silver eel (30%) was slightly higher than that of yellow (26%).
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Table 13. Comparison of body length, body weight, and gonad-somatic index (GSI) between yellow and silver eels.

Eels Silver Eel Yellow Eel
Body length (mm) Body weight (g)  GSI Sex Body length (mm) Body weight (g)  GSI Sex

1 585 253.3 0.76 ? 458 96.4 0.26 ?
2 573 241.5 0.74 ? 467 84.8 0.33 ?
3 712 530.5 0.88 ? 596 284.5 0.55 ?
4 579 294.4 1.01 ? 553 264.6 0.85 %
5 581 210.3 0.73 ? 547 239.9 0.44 2
6 601 356.1 0.82 % 611 304.2 0.58 ?
7 583 281.7 0.91 % 616 296 0.61 ?
8 588 302.9 1.03 % 424 80.3 0.29 %
9 642 320.9 556 224.7 0.61 2
10 509 227.4 0.2 J 525 177 0.44 %
11 855 935.2 493 140.8 0.35 ?
12 523 148.5 0.16 J 519 149.3 0.22 %
13 862 1128.9 1.58 ? 570 265.6 0.65 ?
14 867 1188.5 1.46 ? 531 199.5 0.42 ?
15 568 269.1 0.11 J 488 131.7 0.26 ?
16 796 969.4 1.44 2 469 106.9 0.34 ?
17 778 991.8 1.57 % 532 173.3 0.37 ?
18 666 455.9 1.31 % 742 609.7 0.44 %
19 759 620.8 1.62 % 614 284.8 1.23 %
20 757 699.8 1.96 ? 670 503.4 0.64 ?
x+SD. 6692 + 118.2% 521.3 £ 341.3* 1.02 £ 0.53* 549.1 £ 77.2 230.8 + 134.7 0.49 = 0.24

GSI = (gonad weight/body weight) x 100.
*Significantly different from yellow eels. p < 0.01.

The HDL of silver eels also had the same tendency as the VLDL of silver eels. The high
compositon of protein and the low composition of triglycerides were recognized in silver HDL.
Particularly, the total cholesterol composition was remarkably low, 8%, and that of yellow eel
was 18%, but the phospholipid composition of silver eel (35%) was slightly higher than that of
yellow eel (32%) (Ndiaye and Hayashi 1997a).

4-3C. _Comparison of lipoprotein synthesis by cultured hepatocytes of silver and yellow eels

The incorportion of *H-leucine and '“C-acetate into the lipoprotein synthesized by cultured
hepatocytes of silver eels was higher than those of yellow eels (Ndiaye and Hayashi 1997a).
Particularly, the incorporation of *H-leucine into the lipoprotein by silver eel hepatocytes was
significantly higher than that by yellow eel hepatocytes.

The secretion rate [ug (mg-cellular protein)™ (24 h)™'] of lipoprotein by cultured hepatocytes
of silver eels was 291 + 49 (n = 4), whereas that of yellow eels was 130 = 19 (n = 3). The
secretion rate of silver eels is significantly higher than that of yellow eels. The chemical compo-
sitions of protein and triglycerides of the secreted lipoprotein by cultured silver eel hepatocytes
were 9 and 67.2%, respectively, whereas those by cultured yellow eel hepatocytes were 18 and
60%, respectively. These characteristics of the compositions were the reverse with plasma VLDL
of silver eels.

Serum VLDL of silver eels has a high composition of protein and low composition of
triglycerides. The synthesized lipoprotein by cultured hepatocytes of silver eels has a low com-
position of protein and high composition of triglycerides, though the incorporation of *H-leu-
cine into lipoprotein by silver eel hepatocytes was 2.4 times higher than that by yellow eel
hepatocytes. These results allow us to speculate that the lipoprotein synthesized by silver eel
hepatocytes transports the triglycerides to other organs such as muscle and then serum VLDL of
silver eels with a high protein composition is formed.

Stimulation of lipoprotein synthesis by silver eel hepatocytes seems to be due to hormonal
effects such as by thyroxine or estradiol. In avian liver, estradiol stimulates VLDL synthesis and
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secretion (Tarlow et al. 1977; Lin et al. 1986). Thyroxine stimulates lipid synthesis in cultured
rat hepatocytes (Blennemann et al. 1995).

4-3D. Effect of thyroxine on lipoprotein synthesis by cultured eel hepatocytes

Hepatocytes were prepared from aquacultured immature eels and cultured in a WE me-
dium containing 5% FBS and 0.16 uM insulin. Addition of 10®* M thyroxine (T4) in the WE
medium stimulated lipid synthesis by hepatocytes. Thyroxine (10® M) increased the amount of
intracellular free cholesterol, phospolipid, and triglyceride, and the sum of these lipids was
510 ug (mg-cell protein)™ corresponding to 143% of the control (Table 14) (Ndiaye and Hayashi
1997b). Thyroxine also increased the amount of extracellular free cholesterol, phospholipids,
and triglycerides, and the sum of these lipids corresponded to 143% of the control.

The incorporation of “C-acetate into cholesterol, phospholipid, and triglyceride in cul-
tured hepatocytes was stimulated by thyroxine. The incorporation into the sum of these lipids
corresponded to 157% of the control. The incorporation of “C-acetate into extracellular lipids of
thyroxine treated hepatocytes corresponded to 133% of the control (Table 15).

These results suggest that thyroxine stimulates lipid synthesis in hepatocytes and lipid
efflux into the culture medium. Most of extracellular lipids associate with lipoproteins. Then we
investigated the effect of thyroxine on lipoprotein synthesis and secretion.

Table 14. Lipid contents of intra- and extra-cellular fraction of eel hepatocytes cultured with or without thyroxine.

Intracellular Lipid

Extracellular Lipid

Condition pg/ mg cell prot. ug/mg cell prot.
FC PL TG Total FC PL TG Total
Control 29.4 233.5 93.6 346.5 48.9 082 6924 849.5
+2.7 +56.5 +9.0 +56.8 +14.1 +33.8 +88.2 +95.0
+T4(10-% m) 44.0* 326.8"" 139.0 510.0** 63.1 227.1% 925.5" 1215.7*
+4.2 +26.0 +31.0 +40.6 +11.7 +5.6 +54.2 +56.6

Hepatocyes (2 x 107/dish) were cultured with or without 10 M thyroxine (T4) in 7 mL of Williams’ E medium (WE medium)
containing 5% FBS and 0.16 uM insulin for 5 days. Then the medium was changed to 7 mL of FBS- and insulin-free WE
medium with or without 10-® M T4. After 24 h, intra- and extra-cellular lipids were extracted. FC, PL, and TG represent free
cholesterol, phospholipids, and triglyceride, respectively. The values are the means = S.D. for three experiments. *p < 0.01,
**p <0.05. Reprinted from Comp. Biochem. Physiol. B,116,Ndiaye and Hayashi, A lipoprotein secreted by cultured hepatocytes
of silver or yellow eel: Comparison with their plasma lipoproteins, 209-216, © 1997, Elsevier Inc. with permission from
Elsevier.

Table 15. Effect of thyroxine on lipid synthesis and efflux in cultured eel hepatocyes.

Intracellular Extracellular

Condition * 10~* dpm/mg cell prot. B x10-% dpm/mg_ceil prot.
FC CE PL TG Total FC CE PL TG Total
Control 0.88 0.04 3.73 3.94 8.59 3.82 0.22 2.22 9.90 16.16
+0.25 +0.01 +1.23 +1.05 +1.61 +1.78 +0.05 +0.52 +3.23 +3.60
+T4(107% M) 1.69** 0.17* 6.75* 4.88 13.49* 7.04* 0.17 2.48 11.85 21.54
+0.36 +0.05 +1.56 +1.80 +2.40 +0.66 +0.08 +0.95 +0.76 +1.38

Hepatocyes (2 x 107/dish) were cultured with or without 10 M thyroxine (T4) in 7 mL of Williams’ E medium (WE medium)
containing 5% FBS and 0.16 uM insulin for 5 days. Then the medium was changed to 7 mL of FBS- and insulin-free WE
medium containing 74 kBq “C-acetate with or without 10® M T4. After 24 h, phospholipids (PL), triglyceride (TG), free
cholesterol (FC), and cholesterylester (CE) of the extracted lipid were separated by TLC. The each lipid after TLC was cut
into pieces and the radioactivity of each piece in 5 mL of scintillation-cocktail was measured by a scintillation counter. The
values are the means = S.D. for three experiments. *p < 0.01, **p < 0.05. Reprinted from Comp. Biochem. Physiol. B, 116,
Ndiaye and Hayashi, A lipoprotein secreted by cultured hepatocytes of silver or yellow eel: Comparison with their plasma
lipoproteins, 209-216, © 1997, Elsevier Inc. with permission from Elsevier.
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Hepatocytes prepared from immature and aquacultured eel were cultured with or without
thyroxine (10* M) for 5 days. After the 5 days, the medium was changed to an FBS- and insulin-
free WE medium containing *H-leucine and “C-acetate, and hepatocytes were incubated for
24 h. After incubation, the medium was recovered, centrifuged, and filtered with a membrane of
3.0 um pore size. 100 uL of the filtrate was applied to a Superose 12 HR 10/30 column. Lipopro-
tein and other proteins were eluted by PBS, as shown in Fig. 21.

As shown in Table 16, the incorporation of *H-leucine and '“C-acetate into lipoprotein
syntehsezed by thyroxine-treated hepatocytes were 206% and 132% of the control, respectively
(Ndiaye and Hayashi 1997b). On the other hand, the incorporation of *C-acetate into the pro-
teins, except lipoprotein synthesized by both thyroxine-treated and control hepatocytes, was not
observed, but the incorporation of *H-leucine into the proteins, except lipoprotein synthesized
by both hepatocytes, was almost the same. These results show that thyroxine specifically stimu-
lates lipoprotein synthesis.

Silver eels migrate to the sea from the river for spawning. The concentration of the thyrox-
ine in their plasma is significantly higher than that of yellow eels. Thyroxine seems to stimulate
lipogenesis and lipoprotein synthesis in the liver of silver eels. Cultured hepatocytes from silver
eels show high activity of synthesis of protein as well as lipoprotein. However, the effect of
thyroxine on lipoprotein and protein synthesis in the cultured hepatocytes prepared from imma-
ture eel showed that thyroxine specifically stimulated lipoprotein synthesis but not proteins
excluding lipoprotein. These disagreements seem to be due to the effect of another factor ex-
cluding thyroxine on the liver of silver eels. Actually, isolated hepatocytes prepared from silver
eels showed higher gluconeogenetic activity than hepatocytes prepared from yellow eels (Hayashi
and Ooshiro 1985a).

Control
g 2000 | ; i g.
© ©
I (]
= 74000 = Fig. 21. Gel-filtration of the medium from cultured
hepatocytes treated with or without thyroxine by a
? 1000 + Superose 12 HR 10/30 column. Hepatocyes (2 x
- 2000 107/dish) were cultured with or without 10 M
I i thyroxine (T4) in 7 mL of Williams’ E medium (WE
medium) containing 5% FBS and 0.16 uM insulin
0 A : 0 for 5 days. Then the medium was changed to 7 mL

0 10 20 30 40 of FBS- and an insulin-free WE medium containing

185 kBq *H-leucine and 74 kBq '“C-acetate with or

without 10-®* M T4 for 24 h. After incubation, the

3000 8000 medium was centrifuged at 3,000 rpm for 5 min

and the supernatant was filtered with a membrane
of pore size 3.0 um (Millipore). One hundred
microliters of the filtrate was applied to a Superose
12 HR 10/30 column equilibrated with PBS and
secreted lipoprotein and other proteins were eluted
with PBS at a flow rate of 18 mL h™'. A fraction
was collected every 0.5 mL and the radioactivity of
each fraction was measured with a scintillation
counter (Aloka LS-3500). Reprinted from Comp.
Biochem. Physiol. B, 116, Ndiaye and Hayashi, A
lipoprotein secreted by cultured hepatocytes of
silver or yellow eel: Comparison with their plasma

0 10 20 30 40 lipoproteins, 209-216, © 1997, Elsevier Inc. with

Fraction No. permission from Elsevier.
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Table 16. Effect of treatment of the eel hepatocytes with thyroxine on the incorporation of *H-leucine and '*C-acetate into the
secreted lipoprotein and other proteins.

Lipoprotein Other Proteins
—— - Extracellular
Condition % 1075 dpm/mg cell prot. »% 10~% dpm/mg cell prot. Protein
mg/mg cell prot.
H Lo} *H "“C
Control 0.71x£0.10 3.24+0.50 2.14+£0.46 4] 0.463+0.18
+T4(107% m) 1.46+0.16% 4.27+1.80 2.20£0.15 4] 0.6000.07

Hepatocyes (2 x 107/dish) were cultured with or without 10 M thyroxine (T4) in 7 mL of Williams’ E medium (WE medium)
containing 5% FBS and 0.16 uM insulin for 5 days. Then the medium was changed to 7 mL of FBS- and insulin-free WE
medium containing 185 kBq *H-acetate and 74 kBq '*C-acetate with or without 10 M T4 for 24 h. After incubation, 100 uL.
of the medium was applied to a Superose 12HR 10/30 column, and the secreted lipoprotein and other proteins were eluted, as
shown in Fig. 21. The secreted lipoprotein and other fractions were the fractions from Nos. 15 to 20 and from Nos. 22 to 30
in Fig. 21, respectively. The values are the means = S.D. for three experiments. *p < 0.01. Reprinted from Comp. Biochem.
Physiol. B, 116, Ndiaye and Hayashi, A lipoprotein secreted by cultured hepatocytes of silver or yellow eel: Comparison with
their plasma lipoproteins, 209-216, © 1997, Elsevier Inc. with permission from Elsevier.

4-4. HDL binding to primary cultured eel hepatocytes

4-4A. Stimulatory effect of HDL on VLDL-like lipoprotein synthesis and secretion

The primary function of HDL is known as a reverse transport of cholesterol from periph-
eral tissues to liver. Liver is the only tissue that metabolizes excess cholesterol to bile acid to
exclude or to use as a detergent for lipid absorption in intestine. The main apolipoproteins of
HDL are apoAl and AIl. Free apoAl and AIl are synthesized in liver and secreted into circula-
tion. Excess cholesterol of peripheral tissues are transported to free apoAl and AIl through
ABCALI of peripheral tissues and thereafter a mature HDL is formed (Yokoyama 2004). Infor-
mation on the mechanism of HDL formation and HDL function seem to be available for eels, but
there are few reports on HDL formation and the reverse transport of cholesterol in fish.

When HDL transports cholesterol to liver, HDL binds to an HDL receptor in the plasma
membrane of hepatocytes. Scavenger receptor Bl is most well known as an HDL receptor of
liver in mammals (Acton ef al. 1996). In fish serum, including eel serum, HDL is a main compo-
nent and its concentration is about several to ten times higher than that of human (Babin and
Vernier 1989). We investigated whether eel hepatocytes have an HDL receptor.

HDL isolated from eel serum by density gradient ultracentrifugation was labeled by li-
pophilic dye of N,N-dipentadecylaminostyrylpyridinium iodide (di-15-ASP), FITC, or '*I. By
using di-15-ASP-HDL or FITC-HDL, binding of HDL to hepatocytes was investigated. Incor-
poration of HDL into hepatocytes was also investigated by using '*I-HDL.

Freshly isolated eel hepatocytes were incubated with di-15-ASP-HDL at different concen-
trations in a WE medium at 0°C for 2 h in the dark. After the incubation, the cells were washed
with cold PBS and then suspended with 0.5 mL of cold PBS. The cell suspension was analyzed
by a flow cytometer (Epics Elite, Coulter Electronics). As shown in Fig. 22, specific binding of
di-15-ASP to hepatocytes was saturated at a concentration of over 100 ug-HDL-protein mL"!
and K, was about 20 ug-HDL-protein mL~" (Ndiaye et al. 1995).

Eel hepatocytes were cultured in a 96-well microplate, and different concentrations of
FITC-HDL/mL-PBS were added to each well and incubated for 30 min at 28°C in a CO, incuba-
tor. After incubation, each well was washed with cold PBS and 100 uL of cold PBS was added.
The binding of FITC-HDL to cultured eel hepatocytes was determined by measuring the fluo-
rescence intensity using a Cyto Fluor 4000 (Applied Biosystems). The binding of FITC-HDL to
the hepatocytes was inhibited in the presence of 50 times excess of non-labeled HDL. These
results show that FITC-HDL bound specifically to cultured hepatocytes (Kumagai et al. 2007).

I5I-HDL was linearly incorporated into the acid-insoluble and acid-soluble fractions of
the cultured hepatocytes (Fig. 23). Though the amount of incorporation of '*I-HDL into the
acid-soluble fractions was about 7% of the total incorporation amount, which was relatively low
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Fig. 22. Binding experiment of N,N-dipentadecylamino-
styrylpyridinium iodide (di-15-ASP)-HDL to eel hepatocytes.
Freshly isolated hepatocytes of 2 x 10° cells mL™" were
incubated with di-15-ASP-HDL at the indicated concentration
in Williams’ E medium at 0°C for 2 h in the dark. After
incubation, the cells were washed with cold PBS and suspended
with 0.5 mL of cold PBS. The cell suspension was analyzed
with a flow cytometer. (A) Total binding; (B) Nonspecific binding
determined in the presence of unlabeled HDL of 0.8 mg HDL
protein mL™'; (C) Specific binding. Reprinted with permission
from Cell Struct. Funct., 20, Ndiaye et al. Effect of specific
binding of high density lipoprotein to eel hepatocytes on their
secretion of lipoprotein, 301-310, 1995, the Japan Society for
Cell Biology.

Fig. 23. Incorporation of '*I-HDL into the cultured hepatocytes.
The hepatocytes of 107 cells/dish (6 cm) were cultured for 8 days
in 2 mL of Williams’ E medium (WE medium) at 28°C and
then washed with FBS- and insulin-free WE medium twice.
The hepatocytes were incubated with '*I-HDL at the indicated
concentration in FBS- and insulin-free WE medium at 28°C
for 1 h. When the cells were incubated in the presence of cold
HDL, its concentration was 100 times higher than that of '*I-
HDL. After incubation the cells were divided into the acid
insoluble and soluble fractions and the ratioactivities of both
fractions were measured. Specific activity of '*I-HDL was 188
cpm (ng-HDL protein)™. (@) and (M), the acid insoluble
fraction in the absence and the presence of cold HDL; (O) and
(O), the acid soluble fraction in the absence and the presence
of cold HDL. Reprinted with permission from Cell Struct.
Funct., 20, Ndiaye et al. Effect of specific binding of high
density lipoprotein to eel hepatocytes on their secretion of
lipoprotein, 301-310, 1995, the Japan Society for Cell Biology.

compared with that of the acid-insoluble fractions, the appearance of radioactivity in the acid-
soluble fraction shows that '*I-HDL incorporated into the hepatocytes was decomposed within
the cells during 1 h incubation. In the presence of 100 times excess of cold HDL, the incorpora-
tion of 'I-HDL was extremely inhibited, as shown in Fig. 23 (Ndiaye et al. 1995).

These results show that eel hepatocytes have an HDL receptor in the plasma membrane of
eel hepatocytes. The K, value between the HDL receptor and HDL was determined to be about
20 wg-HDL protein mL~", which corresponds to 40 ug-HDL mL~' because HDL consists of
about 50% protein. This value is almost the same as those of rat liver, the K, values are 10 to
50 wg-HDL mL™" (Leitersdorf ef al. 1984; Glass et al. 1985; Mitchel et al. 1987; Morrison et al.
1992).

When cultured hepatocytes prepared from immature eels were incubated with HDL, intra-
cellular phospholipids and cholesterol ester contents increased, but not significantly, compared
with the control. The levels of intracellular free fatty acids, triglycerides, and free cholesterols
showed a tendency to decrease (Ndiaye ef al. 1995). However, the rate of secretion of lipopro-
tein by the cultured eel hepatocytes incubated with HDL increased 2-fold higher than that by the
control hepatocytes (Table 17). The composition of the secreted lipoprotein was 53.9%
triglycerides, 5.0% free cholesterol, 6.2% cholesterol ester, 21.6% phospholipids, and 13.3%
protein. The compositions of free cholesterol, cholesterol ester, and phospholipids of the
secreted lipoprotein increased significantly. These results show that the addition of HDL to

Aqua-BioScience Monographs VOL. 1T NO. 2 2008



Studies on Eel Liver Functions Using Perfused Liver and Primary Cultured Hepatocytes 37

Table 17. Effect of HDL on the lipid composition and secretion rate of lipoprotein (A) and on the lipid contents in cultured
hepatocytes (B).

A Secreted Lipoprotein (p:g/mg ce[l, prot.)

Condition TG FC CE  PL_ Protein Total

Control 101.7+29.8 4.32+1.58 3.77+1.62 21.12+6.32 29.7+6.8 160.61+31.29
63.3% 2.7% 2.3% 13.1% 18.5% 100%

HDL 170.9+33.3 15.92+3.67* 19.64+7.81%* 68.56+24.54** 42.2+4.5 317.22+42.49*%
53.9% 5.0% 6.2% 21.6% 13.3% 100%

B Cultured Hepatocytes (pg/mg cell. prot.)

Condition FFA TG FC CE PL ‘Total

Control 1.95+0.49 72.09+15.06 24.16+4.95 1.78:1.68 121.98+25.79 221.96+30.32

HDL 1.76:£0.05 70.71:+3.29 22.39+0.85 4.54+3.00

147.78 £7.21 247.18+8.52

TG, FC, CE, PL, and FFA represent triglyceride, free cholesterol, cholesterol ester, phospholipids, and free fatty acids,
respectively. Addition of HDL to the cultured hepatocytes was 2.6 mg-protein mL™". The values are the means = S.D. for three
experiments. *p <0.01, **p < 0.05. Reprinted from Comp. Biochem. Physiol. B, 140, Kumagai and Hayashi, Participation of
high-density lipoprotein in vitellogenesis in Japanese eel hepatocytes, 543-550, © 2005, Elsevier Inc. with permission from
Elsevier.

Table 18. Effect of HDL on the incorporation of “C-leucine into the secreted protein including secreted lipoprotein and the
intracellular proteins.

" Total secreted Secreted Secreted Intracellular  Cellular

Condition _ Protein Lipoprotein Protein® Protein Protein

. - - o o dpmfmg cell prot. e - mg/dish
Control (2.3840.57) x 10¢ (3.18+0.95) = 10¢ (1.33£0.30) x 10° (1.31£0.32) x 10° 3.71£0.75
HDL® (2.61+0.21) % 10° (4.55+0.78) x 10¢ (1.33+£0.09) x 105 (1.47+0.14) % 10¢ 3.89+0.10

Addition of HDL to the cultured hepatocytes was 2.6 mg-protein mL™". The values are the means = S.D. for three experiments.
Reprinted from Comp. Biochem. Physiol. B,140, Kumagai and Hayashi, Participation of high-density lipoprotein in vitellogenesis
in Japanese eel hepatocytes, 543-550, © 2005, Elsevier Inc. with permission from Elsevier.

cultured hepatocytes stimulated the efflux of lipids from hepatocytes through secreted
lipoprotein. Furthermore, the synthesis of lipoprotein was specifically stimulated by HDL be-
cause only the incorporation of “C-leucine into the secreted lipoprotein increased by HDL and
the incorporation of intracellular proteins or other secreted proteins, except that the lipoprotein,
showed almost no change compared with that of the control (Table 18) (Ndiaye et al. 1995).

The primary effect of HDL on the cultured eel hepatocytes seems to be an increase of
intracellular cholesterol ester and phospholipids and this increases stimulates the efflux of intra-
cellular lipids through the secreted lipoprotein. The effect of thyroxine on the cultured eel
hepatocytes described above was an increase of lipogenesis in the cells and the increase of
lipogenesis stimulated the efflux of intracellular lipids through the secreted lipoprotein. There-
fore, both HDL and thyroxine seem to induce an increase of intracellular lipids and the efflux of
intracellular lipids through the secreted lipoprotein.

4-4B. ApoAl and apoAll of HDL do not function as a ligand for eel HDL receptor

As described in Section 4-4A, eel hepatocytes have HDL receptors, but the ligand of HDL
receptor is still unknown. Scavenger receptor BI (SR-BI) is most well known as an HDL receptor
of mammals (Acton et al. 1996) and the apoAl of HDL is identified as the ligand of SR-BI
(Acton et al. 1996). ApoAl and AlI are the main proteins of both HDL and mammal HDL.

Two methods are applied to investigate whether apoAl or AII functions as the ligand of eel
HDL receptor. One is the method for investigating the effect of anti-apoAlI and AIl antibodies on
binding of FITC-HDL to the cultured eel hepatocytes and the other is the method for investigat-
ing the effect of apoAl and AII on ligand blotting by FITC-HDL. The results from the former

Aqua-BioScience Monographs VOL. 1T NO. 2 2008



38 Studies on Eel Liver Functions Using Perfused Liver and Primary Cultured Hepatocytes

method were that FITC-HDL treated with anti-apoAl or AII antibody bound to hepatocytes with
the same affinity as FITC-HDL without treatment with the antibody (Table 19). The results
from the latter method were that FITC-HDL binding to 67 kDa plasma membrane protein of eel
hepatocytes was not affected in the presence of an excess of apoAl or AIl (Fig. 24). These
results suggest that neither apoAl nor All functions as the ligand of eel HDL receptor (Kumagai
et al. 2007).

4-4C. Ganglioside of HDL functions as a ligand for an HDL receptor of eel hepatocytes
Hakomori (1981) have reviewed that oligosaccharide side chains of intrinsic membranes
of glyco-sphingo lipids, particularly gangliosides, specifically bind to receptors. For example,
ganglioside GM1 of the plasma membrane of intestinal epitherial cells is known as the ligand of
chorela toxin protein (Fishman 1982). Chisada et al. (2005) reported that Vibrio trachuri, which
causes vibriosis in fish, adheres to ganglioside GM4 of the intestine of red sea bream (Pagras

Table 19. Effects of HDL, anti-apoAl antibody, anti-apoAll antibody, and the purified ganglioside from the eel HDL on binding
of FITC-HDL to hepatocytes.

None Non-labeled HDL Anti-apoAl antibody Anti-apoAll antibody Ganglioside from ecl HDL Non-labeled HDL incubated with
(1.5 mg/ml) (6 pg/ml) ganglioside from cel HDL

2484220 18.7+2.50 ** 24.7+2.50 24.3+1.20 36.843.20* 7.68:+0.700 *

(n=4) (n=3) (n=3) (n=3) =5 (#-3)

100% 5% 99% 98% 148% 3%

Eel hepatocytes (1.2 x 10° cells) were cultured into a 96-well microplate. One hundred microliters of FITC-HDL (30 ug-
protein mL™") with or without non-labeled HDL, antibody against apoAl or AIl, and the purified ganglioside was added to
each well, followed by incubation on ice for 30 min. After incubation, each well was washed with twice cold PBS, and then
added to 100 uL of cold PBS. FITC-HDL (30 ug-protein mL") was incubated with 1.5 mg of non-labeled HDL, 6.0 ug of the
purified ganglioside or 1.5 mg of non-labeled HDL incubated with 6.0 ug of the purified ganglioside. FITC-HDL (30 ng-
protein mL") was treated with 15 ug of the antibodies. The binding of FITC-HDL was determined by measuring the fluorescence
intensity using Cyto Fluor 4000. Each number = S.D. represents the relative fluorescence intensity of FITC-HDL binding to
hepatocytes. *Significantly different from the value of FITC-HDL. p < 0.01. **Significantly different from the value of
FITC-HDL. p < 0.02. Reprinted from Comp. Biochem. Physiol. B, 147, Kumagai et al., Ganglioside from eel serum high
density lipoprotein (HDL) and its role as a ligand for HDL binding protein, 635-644, © 2007, Elsevier Inc. with permission
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Fig. 24. Effects of apoAl and apoAll on binding of FITC-HDL
by ligand blotting. Plasma membrane proteins of hepatocytes
were applied to a gradient gel from 5 to 17.5% polyacrylamide,
followed by transblotting to a PVDF membrane. Lane 1 was
stained with 0.1% Coomassie Brilliant Blue R-250 in 50%
methanol-7% glacial acetic acid. Lane 2 was incubated with
2 ug protein of FITC-HDL. Lanes 3, 4, and 5 were incubated
with 2 ug protein of FITC-HDL in the presence of 50 times
excess of non-labeled HDL, apoAl, and apoAll, respectively.
Reprinted from Comp. Biochem. Physiol. B, 147, Kumagai et
al.,Ganglioside from eel serum high density lipoprotein (HDL)
and its role as a ligand for HDL binding protein, 635-644,
© 2007, Elsevier Inc. with permission from Elsevier.
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major). Whether the ganglioside of eel serum HDL functions as the ligand of eel HDL receptor
was investigated.
4-4C-1. Ganglioside GM4 isolated from eel serum HDL

Gangliodside GM4 was purified from lyophilized eel serum HDL, as reported by Kumagai
et al. (2007). The mobilities of the purified GM4 and its lyso-form were the same as those of
authentic GM4 from human brain and its lyso-form on HPTLC analysis. As shown in Fig. 25,
the lyso-form of GM4 was positive against a ninhydrin reaction, because the amino-group ap-
peared in lyso-form of ganglioside after ganglioside is treated by sphingolipid ceramide
N-deacylase.

The mass of purified GM4 from eel serum HDL was 1088.7 and authentic GM4 from
human brain was 1118.8. The masses of ceramide of the purified and authentic GM4s were
618.6 and 648.6, respectively (Fig. 26). From these values, masses of oligosaccaride of both
GM4s were calculated as 470.1 and 470.2, respectively. The oligosaccaride of GM4 consists of
N-acetylneuraminic acid and galactose, the mass of which corresponds to 470. Recombinant
endoglycoceramidase II (TAKARA Bioscience) did not hydrolyze GM4, but hydrolyzed
gangliosides such as GM3, the seramide of which binds to the glucose of the oligosaccaride.
This means that purified ganglioside has no glucose in its oligosaccaride. The difference of
30 mass between GM4 of eel serum HDL (1088.7) and that of human brain (1118.8) is due to the
difference of fatty acids of the GM4s. The fatty acid of GM4 of eel serum HDL seems to be 22:1

(C,,H,,0, 321) and the fatty acid of GM4 of human brain seems to be 24:0 (C,,H,,0, 351).

A
1 2
Resorcinol-HCl  CBB
1 2 3 1 2 3
B L

GMi» g ‘

Lyso-GM4d»- u -~y “ ¢ '.
~ ..M':quso-Gms

Resorcinol-HCI Ninhydrin

Fig. 25. HPTLC of the purified
ganglioside and its lyso-form.
(A) HPTLC of the purified ganglioside
from eel serum HDL and authentic
GM4 with a solvent system of
chloroform/methanol/0.2% CaCl,H,O
(65/25/4,v/v). Lane 1, authentic GM4
from human brain (1 ug); Lane 2, the
purified ganglioside from eel serum
HDL (0.5 ug); (B) HPTLC of lyso-
form of the purified ganglioside,
authentic GM4 and GM3. The purified
ganglioside from eel serum HDL and
authentic GM4 were treated with
sphingolipid ceramide N-deacetylase,
and the lyso-form of the purified
ganglioside was further purified using
a Sep-Pak Plus Silica column. The
lyso-form of authentic GM4 (lane 1,
5 ug), the purified ganglioside (lane
2, 1.5 ug), and authentic GM3 from
bovine milk (lane 3, 5 ng) were
developed on HPTLC with a solvent
system of chloroform/methanol/0.2%
CaCl,H,0 (65/25/4,v/v) and visualized
with resorcinol-HCl reagent and 0.5%
(w/v) ninhydrin in 100% acetone.
Reprinted from Comp. Biochem.
Physiol. B, 147, Kumagai et al.,
Ganglioside from eel serum high
density lipoprotein (HDL) and its role
as a ligand for HDL binding protein,
635-644, © 2007, Elsevier Inc. with
permission from Elsevier.
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Fig.26. TOF mass spectrometry and assumed structures of the purified ganglioside from eel HDL. Authentic GM4 from human
brain and the purified ganglioside from eel HDL were dissolved in chloroform/methanol (2/1, v/v) at a final concentration of
0.17 and 0.12 ug uL™!, respectively. Each sample of 1 uL was applied to an Agilent 1100 TOF mass spectrometer (California,
USA) with an HPLC of Agilent 1100 system equipped with a column of ZORBAX SB-08. The column equilibrated with 10 mM
ammonium acetate/acetonitrile (80:20) was eluted at a flow rate of 0.3 mL min™" at 40°C. (A) Authentic GM4 from human brain.
(B) Purified ganglioside from eel HDL. Reprinted from Comp. Biochem. Physiol. B, 147, Kumagai et al., Ganglioside from eel

serum high density lipoprotein (HDL) and its role as a ligand for HDL binding protein, 635-644, © 2007, Elsevier Inc. with
permission from Elsevier.
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Serum HDL of immature eels contained 47.8 = 17.8 nmol (n = 6) GM4 (MW 1089) per
100 mg dry weight of HDL calculated from the amount of N-acetylneuraminic acid. The HDL
contained 52.6 = 16.4 mg protein per 100 mg dry weight of HDL, and about the half of the HDL
proteins consist of apoAl (MW 28,000), namely apoAl of 26.3 mg protein, which corresponds
to 939.2 nmol of apoAl, containing per 100 mg dry weight of HDL. The molecular ratio of
apoAl to GM4 in 100 mg dry weight of HDL is roughly 20:1. If the molecular weight of eel
HDL is about 400,000 as well as mammalian HDL, 5 molecules of apoAI and AIl (MW 14,000)
are contained in each HDL particle. Therefore, taking an average that one in four molecule of
HDL contains one molecule of GM4. If 1 molecule of HDL contains 20 molecules of GM4, the
molar ratio of the HDL with GM4 to that without GM4 is 1/80, although how many molecules of
GM4 are contained in 1 molecule of HDL has not yet been determined.

Although there are reports on gangliosides of serum lipoproteins in human serum (Chatterjee
and Kwiterovich 1976; Clark 1980), the report on ganglioside GM4 of eel HDL is the first one in
Teleostei (Kumagai et al. 2007). In human serum the major gangliosides of serum HDL are
gangliosides GM3, GD3, and GM2, but GM4 is not detected (Senn et al. 1989). On the other
hand, other gangliosides, excluding GM4, were not detected in eel serum HDL.

4-4C-2. GM4 as the ligand for eel HDL receptor

Two methods were applied to investigate whether GM4 functions as the ligand of eel HDL
receptor. One is the method for investigating the effect of GM4 on binding of FITC-HDL to
cultured eel hepatocytes. The other is the method for investigating the effect of GM4 and GM1
on ligand blotting by FITC-HDL. The results from the former method were that FITC-HDL
incubated preliminarily with GM4 bound to the eel hepatocytes with a higher affinity than FITC-
HDL without incubation with GM4. However, in the presence of non-labeled HDL incubated
preliminarily with GM4, binding of FITC-HDL to the eel hepatocytes was strongly inhibited
(Table 19).

The results from the latter method were that FITC-HDL incubated preliminarily with GM4
bound to 67 and 80 kDa plasma membrane proteins of eel hepatocytes with a higher affinity than
FITC-HDL without incubation with GM4 (Fig. 27). Particularly, 80 kDa plasma membrane
protein could be detected only by FITC-HDL incubated preliminarily with GM4. However, the
binding of FITC-HDL incubated preliminarily with GM1 was strongly inhibited (Fig. 27). These
results suggest that GM4 of eel HDL is the ligand of the eel HDL receptor.

1 3 4 5
Fig. 27. Effects of gangliosides on binding of
Marker FITC-HDL by ligand blotting. Plasma
membrane proteins of hepatocytes were applied
212kDap- on a gradient gel from 5 to 17.5% polyacrylamide,
170kDa) followed by transblotting to a PVDF membrane.
Lane 1 was stained with 0.1% Coomassie
116kDay Bril!iant B.1u6 R—ZSO in 50%.methanol—7.%
94kDa)> glacial acetic acid. Lane 2 was incubated with
4 80 kDa 2 ug protein of FITC-HDL. Lanes 3, 4, and 5
67kDa )y 7 kD were incubated with 2 ug protein of FITC-HDL
53kDa » 6 a preincubated for 30 min with the purified

43kDay

30kDa »

ganglioside, authentic GM4, and GM1,
respectively. The molar ratio of the purified
ganglioside, authentic GM4 or GM1 to GM4 in
FITC-HDL was 300. Reprinted from Comp.
Biochem. Physiol. B, 147, Kumagai et al.,

20.1kDa)y Ganglioside from eel serum high density
e lipoprotein (HDL) and its role as a ligand for

e
l4'4kDa>-._ HDL binding protein, 635-644, © 2007,

Elsevier Inc. with permission from Elsevier.
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As described in Section 4-4A, the K, value for binding eel HDL to eel HDL receptor is
about 20 ug-HDL-protein mL~', which corresponds to 40 ug-HDL mL~" because HDL consists
of about 50% protein. If the molecular weight of eel HDL is about 400,000, the K, value is
calculated as 1 x 1077 mol L™'. The concentration of HDL containing GM4 is calculated as
follows. As the concentration of eel serum HDL is about 500 mg dL-!, the HDL concentration is
calculated as 1.25 x 10~ mol L. As described in Section 4-4C-1, if 20 molecules of GM4 are
contained in one molecule of HDL, the molar ratio of the HDL with GM4 to the HDL without
GM4 is 1/80. Then the concentration of the HDL containing GM4 is calculated as 1.56 x 10~
mol L', which is comparable to the K, value. However, this concentration is calculated on the
hypothesis that one molecule of HDL among 80 molecules of HDL contains 20 molecules of
GM4.

It is thought that the ganglioside of serum lipoprotein is synthesized in a liver (Senn ez al.
1989). Fish livers such as horse mackerel, Pacific mackerel, bonito, red sea bream, and shark
contain GM4 as a main ganglioside, but mammalian liver contains GM3 as the main ganglioside
(Saito er al. 2001; Li et al. 2002). Ganglioside is secreted into blood as a component of secreted
lipoprotein (Kivatinitz et al. 1992), probably VLDL. The concentration of GM4 in serum HDL
probably varies depending on the degree of GM4 synthesis, synthesis and secretion of lipopro-
tein, and transportation of GM4 to HDL from secreted lipoprotein. These variations of GM4
concentration in HDL may affect the interaction between eel serum HDL and the eel HDL receptor.

4-5. Vitellogenin induction by cultured eel hepatocytes

4-5A. Vitellogenin induction by estradiol-178

Vitellogenin, a calcium-binding glycophospholipoprotein, is a precursor of primary egg
yolk proteins and is synthesized and induced in the liver by estradiol-17f. Vitellogenin secreted
from the liver is circulated through the blood and is incorportated into the oocyte by receptor-
mediated endocytosis.

When aquacultured immature eels were intraperitoneally injected with 2 mg estradioil-
17 per kg weight three times every 4 days, vitellogenin appeared in the plasma. Vitellogenin is
a very-high density lipoprotein with a density from 1.27 to 1.30 g mL~" and was isolated by
density gradient ultracentrifugation. Vitellogenin was further purified by a DEAE-Toyopearl
650S column. During the purification procedures, aprotinin (1,000 KIE mL") and 20 mM EDTA
were necessary to protect against protease digestion (Komatsu and Hayashi 1997). The purified
vitellogenin had a single protein with 196 kDa under both reduced and non-reduced conditions
(Fig. 28).

4-5B. Vitellogenin induction by cultured eel hepatocytes

Cultutred hepatocytes prepared from aquacultured immature eels induced a synthesis of
196 kDa protein by 10~ M estradiol-17, which was the same protein as that appearing in the
plasma of estradiol-17p injected eels. The synthesized protein with 196 kDa by cultured
hepatocytes seems a component of vitellogenin (Fig. 29). However, a pharmacological dose of
estradiol-17 was necessary for induction of vitellogenin (Komatsu and Hayashi 1997). The
hepatocytes cultured with 10~ M estradiol-17 contained many oily droplets in the cytoplasm,
but the control cells had only a few droplets.

The effect of coating with poly-L-lysine and fibronectin on culture dishes used for attach-
ment of hepatocytes were investigated for vitellogenin synthesis by 10~ M estradiol-174. At the
same time, the effects of cell densities of 3.5 x 10° and 7 x 10° cells cm~ were investigated. The
hepatocytes cultured on fibronectin-coated dishes and at low cell density synthesized vitellogenin
14 ug-protein (mg-cell protein)~ (Figs. 30 and 3 1) (Komatsu and Hayashi 1998). These condi-
tions were optimal for vitellogenin induction under tested conditions.

Hepatocytes prepared from preliminarily estradiol-17 injected eels induced a synthesis
of 196 kDa protein by 10° M estradiol-17f, a physiological concentration. After 3 days’ culture,
the vitellogenin was observed in the medium supplemented with 10 M estradiol-17f and its
amount was 0.66 and 1.32 ug-protein (mg-cell protein)~' at 9 and 11 days, respectively (Fig. 32),
but control cells without estradiol-17f did not synthesize vitellogenin (Komatsu and Hayashi 1997).
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Fig.28. SDS-PAGE of the purified vitellogenin (Vg) from eel plasma. The purified Vgs from estradiol-17 -treated eels (lanes
F and G) and female silver eel (lanes H and I) were prepared by a DEAE-Toyopearl 650S following density gradient
ultracentrifugation. The whole plasma of control eels (lane B), estradiol-17S-treated eels (lane C), wild eels (lane D) and a
female silver eel (lane E) were electrophoresed. Each sample of 15 ug (lanes B, C, D and E) or 3 ug (lanes F, G, H and I) was
loaded on an SDS polyacrylamide gradient (4.5-18%) slab gel. Lanes B, C, D, E, F and H were performed under reduced
conditions, and lanes G and I were performed under non-reduced conditions. Lane A, low molecular weight marker; Lane J,
high molecular marker. Reprinted with permission from Fish. Sci., 63, Komatsu and Hayashi, Pharmacological dose of estradiol-
17 induces vitellogenin synthesis in cultured hepatocytes of immature eel Anguilla japonica,989-994, 1997, the Japanese
Society of Fisheries Science.
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Fig. 29. SDS-PAGE of the plasma protein (lanes B, C, and D) prepared from control eels (lane B), estradiol-17S-treated eels
(lane C), and a female silver eel (lane D) and that of the secreted protein (lanes E, F, G, H, I, and J) by non-treated eel hepatocytes
cultured with 10 M estradiol-17§ (lanes H, I, and J) and without estradiol-17f (lanes E, F, and G). Aliquots (15 pg) of several
samples were loaded on an SDS polyacrylamide gradient (4.5-18%) slab gel. Lane A, molecular weight marker; VTG,
apolipoprotein of Vg. Reprinted with permission from Fish. Sci., 63, Komatsu and Hayashi, Pharmacological dose of estradiol-

17 induces vitellogenin synthesis in cultured hepatocytes of immature eel Anguilla japonica, 989-994, 1997, the Japanese
Society of Fisheries Science.
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Fig. 30. SDS-PAGE of plasma proteins and secreted
proteins by cultured eel hepatocytes. The hepatocytes were
cultured on plastic dishes precoated with poly-L-lysine (E
and C) or fibronectin (F and H). Aliquots (15 ug) of samples
were loaded on an SDS polyacrylamide gradient (4.5-18%)
slab gel. Lane A, molecular weight marker; lanes B, C,
and D, the plasma protein prepared from control, estradiol-
17B-treated, and a female silver eel, respectively; lanes E,
F, G, and H, the secreted protein by the eel hepatocytes
cultured with 10 M estradiol-17 (G and H) and without
estradiol-17f (E and F). Reprinted with permission from
Fish.Sci., 63, Komatsu and Hayashi, Pharmacological dose
of estradiol-17f induces vitellogenin synthesis in cultured
hepatocytes of immature eel Anguilla japonica, 989-994,
1997, the Japanese Society of Fisheries Science.

Fig. 31. Effects of materials for cell adhesion and cell density on the
levels of apolipoprotein of vitellogenin (VTG) secretion by cultured
eel hepatocytes. Hepatocytes were cultured under low cell density
(3.5 x 107 cells cm™) or high cell density (7 x 10° cells cm™) condition
on plastic dishes which were precoated with poly-L-lysine or
fibronectin in the presence or absence of 10~ M estradiol-17. After
4 days’ culture, the intracellular (A) and extracellular (B) proteins
were recovered. Several secreted proteins were loaded on SDS
polyacrylamide gradient (4.5-18%) gel. After electrophoresis, the
VTG content (C) in extracellular proteins was determined by a
densitometer. Percentage of the VTG to total secreted proteins is given
in parentheses in (C). Numbers of experiments are given in parentheses
in (A). Reprinted with permission from Fish. Sci., 64, Komatsu and
Hayashi, Optimal conditions for estradiol-17p induced vitellogenin
synthesis by cultured hepatocytes of eel Anguilla japonica,658-659,
1998, the Japanese Society of Fisheries Science.
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Fig. 32.SDS-PAGE of extracellular proteins of the cultured hepatocytes prepared from estradiol-17f3-treated eel. Hepatocytes
of 2 x 107 cells prepared from estradiol-17p-treated eel were cultured in the presence (estradiol-17p-treated) or absence
(control) of 10 M estradiol-17p. Cultured for 2,4, 6, 8,and 10 days, the medium was changed to FBS-, insulin-free Williams’
E medium supplemented with 10° M estradiol-17 (lanes A—E) or 10> M estradiol-178 (lane F) alone. After a further 24 h
[3 (lane A), 5 (lane B), 7 (lane C), 9 (lane D), and 11 days (lanes E and F)], the medium and the cells were recovered. Aliquots
(10 ug) of secreted proteins were loaded on SDS polyacrylamide gradient (4.5-18%) gels. After electrophoresis, proteins
stained with Coomassie Brilliant Blue R-250 (11 days: lane F) on a gel were scanned by a densitometer. VTG, apolipoprotein
of vitellogenin. Reprinted with permission from Fish. Sci., 64, Komatsu and Hayashi, Optimal conditions for estradiol-17f
induced vitellogenin synthesis by cultured hepatocytes of eel Anguilla japonica, 658—659, 1998, the Japanese Society of
Fisheries Science.

Why hepatocytes prepared from preliminarily estradiol-17p-injected eels can induce
vitellogenin at a physiological concentration of estradiol-17f (10 M) seems due to the in-
creased numbers of estrogen receptor in the hepatocytes. The K value of hepatic estrogen receptor
of Japanese eel is known to be in the nM range (Todo ez al. 1995, 1996). High concentrations of
estradiol-173, such as at 10 M, are not necessary for estradiol-17f to bind estrogen receptors.
Hepatocytes prepared from preliminarily estradiol-17S-injected eels seem to contain higher
numbers of the cytosolic estrogen receptor than that in the hepatocytes from eels without estradiol-
173 treatment.

4-5C. Stimulatory effect of HDL on vitellogenin synthesis and secretion

Hepatocytes prepared from immature eels were cultured in a WE medium containing 10%
FBS, and 0.16 uM insulin on 60 mm dishes precoated with 0.02% poly-L-lysine. HDL was
added at 400 ug protein per dish and estradiol-178 at 10, 10, or 10”7 M was also added. In the
presence of 10~ M estradiol-17, HDL stimulated the induction of vitellogenin synthesis which
in the presence of 1075 M estradiol-178 and HDL was three times higher than that in the presence
of 10 M estradiol-17p alone (Fig. 33) (Kumagai and Hayashi 2005). At concentrations of
10 and 107 M estradiol-17, vitellogenin induction in the absence of HDL was not detected by
the ELISA method. However, for the same concentrations of estradiol-17f vitellogenin induc-
tion was detected if HDL was present, although the amount of vitellogenin was about 1/4 com-
pared with that of vitellogenin induced in the presence of 10~ M estradiol-17 and HDL.

5. Discussion
5-1. Integrity of a perfused eel liver, isolated and cultured hepatocytes

The integrity of a perfused liver, isolated and cultured hepatocytes are checked by mor-
phological, biochemical, and physiological methods. Biochmical integrities are mainly checked
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Fig. 33. Effect of estradiol-17 and HDL on vitellogenesis in cultured hepatocytes. (A) Calibration curve of sandwich ELISA
for quantification of apolipoprotein of vitellogenin (VTG). VTG of 10°, 10!, 10, 10%, and 2 x 10° ng mL™" were used to make
calibration curve; (B) Secreted VTG by primary cultured hepatocytes in the presence of 10> M estradiol-17 (b), 10 M
estradiol-17p (c), 107 M estradiol-17p (d), 10~ M estradiol-17 + HDL (e), 10 M estradiol-17 + HDL (f), 10”7 M estradiol-
17 + HDL (g), and in the absence of estradiol-17 and HDL (a). HDL of 400 ug was added; VTG in cultured medium was
determined by sandwich ELISA. All values are mean = S.D. for three experiments. *** Significantly different from the control
value. p <0.05, +++ Significantly different from the 10 M E2 value. p <0.05. Reprinted from Comp. Biochem. Physiol. B, 140,
Kumagai and Hayashi, Participation of high-density lipoprotein in vitellogenesis in Japanese eel hepatocytes, 543-550,© 2005,
Elsevier Inc. with permission from Elsevier.

by synthetic abilities such as gluconeogenesis, protein synthesis, urea synthesis, bile acid syn-
thesis, and lipogenesis. Oxygen consumption and CO, production are used as indicators of physi-
ological integrity. In this section we focus on biochemical integrities.

Gluconeogenesis is a good indicator for biochemical integrity because gluconeogenesis
from pyruvate or lactate needs 4 ATP and 2 GTP per mole of glucose synthesis. Furthermore
enzymes necessary for gluconeogenesis are distributed in both cytosol and mitochondria. Namely,
having a gluconeogenetic ability reflects normal energy production and integrity of intracellular
compartments.

Perfused eel livers, isolated and cultured eel hepatocytes have the ability of gluconeogen-
esis. Table 20 shows a comparison of gluconeogenesis by perfused eel livers (Section 3-2A),
isolated eel hepatocytes (Section 3-2B) and cultured eel hepatocytes (Section 3-2B). The high-
est rate of gluconeogenesis was obtained by the perfused eel livers and the lowest was obtained
by the cultured eel hepatocytes. The values of 21 and 6.4 umol-glucose (g-cell) h™! for cultured
eel hepatocytes in Table 20 were the rates of gluconeogenesis from 10 mM pyruvate and
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Table 20. Comparison of gluconeogenesis between perfused eel livers, isolated eel hepatocytes, and cultured
eel hepatocytes.

Methods Gluconeogenesis

umole-glucose/(g-liver [or -cell]-h)

Perfused Eel Livers

5 mM Pyruvate 45

5 mM Lactate 54
Isolated Eel Hepatocytes

5 mM Pyruvate 19

5 mM Lactate 24

5 mM Alanine 11
Cultured Eel Hepatocytes

10 mM Pyruvate 21

10 mM Lactate 6.4

lactate, respectively. Therefore, when 5 mM pyruvate or lactate was used, gluconeogenesis by
cultured eel hepatocyes seems lower than 21 or 6.4 umol-glucose (g-cell)™! h™'. If only gluco-
neogenesis is used as an indicator of the integrity of an eel liver, perfused eel livers retain the
best liver functions. Certainly, perfused eel livers maintain tissues that consist of several kinds
of cells and to maintain liver tissue seems to be the best way of keeping the liver functions. But
perfused eel livers can retain liver functions only for 2 to 3 h and it is impossible to retain liver
functions of perfused eel livers for over 3 h at present. Whereas gluconeogenesis by isolated eel
hepatocytes was higher than that by cultured eel hepatocytes, as shown in Table 20. From this
result, postulating that the integrity of isolated eel hepatocytes is higher than that of cultured eel
hepatocytes is not reasonable. We then compared glycogen synthesis and intracellular protein
synthesis between isolated eel hepatocytes and cultured eel hepatocytes.

Isolated eel hepatocytes were suspended in Ringer solution or serum- and insulin-free WE
medium immediately after preparation and suspension of the isolated eel hepatocytes was used
for experiments. Eel hepatocytes were cultured in WE-5% FBS—-0.16 uM insulin for 4 to 5 days
and then washed with Ringer solution or serum- and insulin-free WE medium. After washing,
the cultured eel hepatocytes were used for experiments. Incubation time for experiments by
isolated eel hepatocyes and by cultured eel hepatocyes were 1 and 2 h, respectively.

As shown in Table 21, glycogen synthesis was the highest in the cultured eel hepatocytes
incubated in a serum- and insulin-free WE medium and then in the cultured eel hepatocytes
incubated in Ringer solution. Among the three substrates, glycogen synthesis from 5 mM
14C-glucose was the highest and that from 5 mM C-lactate was the lowest. Both isolated eel
hepatocytes suspended in Ringer solution and in a serum- and insulin-free WE medium synthe-
sized little glycogen.

Intracellular protein synthesis was the highest in the cultured eel heatocytes incubated in a
serum- and insulin-free WE medium as glycogen synthesis. Among the three substrates, intra-
cellular protein synthesis from 5 mM *C-pyruvate was the highest and that from 5 mM
1C-glucose was the lowest. Isolated eel hepatocytes synthesized about 1/30 to 1/230 of the
intracellular protein obtained by cultured eel hepatocytes.

These results show that judging the integrity of perfused eel livers or eel hepatocytes from
only the ability of gluconeogenesis is not reasonable. Putting all these results together, cultured
eel hepatocytes seem to retain the highest integrity. However, which method of the three is used
is due to the purpose of the experiment.

5-2. Gluconeogenesis and glycogen metabolisms in eel liver
5-2A. Gluconeogenesis

The main focus of the pathway for gluconeogenesis from pyruvate or lactate is the PEP
synthesis pathway. PEP synthesis is different among animals such as rat, eel, and pigeon, as
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Table 21. Comparison of glycogen synthesis, gluconeogenesis, and protein synthesis between isolated eel
hepatocytes and cultured eel hepatocytes.

A) Isolated eel hepatocytes

Substrate Glycogen Glucose Protein

cpm/(mg-protein-h)

5 mM "C-Lactate

Ringer 0 5.79 x 10° 89

Serum-free WE medium 0 2.70 x 10° 34
5 mM "“C-Pyruvate

Ringer 4 4.77 x 10° 134

Serum-free WE medium 6 2.33x10° 46
5 mM "*C-Glucose

Ringer 10 59

Serum-free WE medium 8 13

B) Cultured eel hepatocytes

Substrate Glycogen Glucose Protein

cpm/(mg-protein-2 h)

5 mM "*C-Lactate

Ringer 96 3.45x10° 2.44 x 10°

Serum-free WE medium 508 711 4.93 x 10°
5 mM "“C-Pyruvate

Ringer 120 5.02 x 10° 4.39 x 10°

Serum-free WE medium 1.47 x 10° 1.76 x 10° 10.6 x 10°
5 mM "*C-Glucose

Ringer 615 1.06 x 10°

Serum-free WE medium 6.02 x 10° 1.06 x 10°

The values of isolated eel hepatocytes and cultured eel hepatocytes are the means for three experiments
and for two experiments, respectively.

shown in Fig. 14. The reason why the PEP synthesis pathway is different is due to a different
type of LDH and to the difference of the subcellular distribution of PEP carboxykinase. The PEP
synthesis pathway was also clarified from the effects of some enzyme inhibitors and some amino
acids on gluconeogenesis.

The stoichiometric analysis of gluconeogenesis from 5 mM pyruvate by perfused eel liv-
ers suggests that the LDH type in eel liver is different from that in rat liver. Actually, the LDH of
the eel liver was found to be of the heart type by starch gel electrophoresis and not of the muscle
type as in rat liver (Fig. 9). An important characteristic of heart-type LDH was elucidated by
intense substrate inhibition. Namely, the ternary complex of LDH-pyruvate-NAD" inhibits LDH
reaction. While the muscle type of LDH hardly forms the ternary complex. Because rat liver
LDH is of the muscle type, the LDH reaction is little inhibited by pyruvate. Therefore, in rat
liver about half of the amount of consumed pyruvate is converted to lactate with consumption of
NADH in the cytosol, whereas when pyruvate is used for gluconeogenesis in eel liver no lactate
is produced, therefore NADH in the cytosol is not consumed.

The difference of LDH type between rat and eel liver brings about a different consumption
of cytosolic NADH. This seems to be the reason why a malate—oxaloacetate pathway for PEP
synthesis is required in rat liver and not in eel liver (Figs. 14A, B). The malate—oxaloacetate
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pathway is available to supply the cytosolic NADH through cytosolic malate dehydrogenase.
Cytosolic NADH is necessary for glyceraldehydes-3-phosphate dehydrogenase in gluconeo-
genesis.

PEP carboxykinase of rat, eel, and pigeon distributes in the cytosol, in both the mitochon-
dria and the cytosol, and in the mitochondria, respectively. Pyruvate carboxylase, which catalyzes
the conversion of pyruvate to oxaloacetate, localizes in the mitochondria of rat, eel, and pigeon
liver. Therefore, oxaloacetate is produced in the mitochondria and then the oxaloacetate is con-
verted to PEP by PEP carboxykinase. In pigeon liver PEP carboxykinase localizes in the mito-
chondria and PEP is synthesized in the mitochondria (Fig. 14C).

PEP can pass through the mitochondrial membrane, but oxaloacetate can not (Haslam and
Griffiths 1968). Therefore, in rat and eel liver, oxaloacetate must be transported from the mito-
chondria to the cytosol. The effects of some enzyme inhibitors on gluconeogenesis, such as
amino-oxyacetate (transaminase inhibitor), D-malate (malate dehydrogenase inhibitor), quinolinic
acid (PEP carboxykinase inhibitor), and tryptophan (PEP carboxykinase inhibitor), suggest two
PEP synthesis pathways in rat and eel liver, malate—oxaloacetate pathway and aspartate—
oxaloacetate pathway (Fig. 7). As eel liver LDH is of the heart type, when pyruvate is used for
gluconeogenesis, the malate—oxaloacetate pathway is not required because cytosolic NADH is
not consumed by LDH. In eel liver, only the aspartate—oxaloacetate pathway is necessary for
PEP synthesis, as shown in Fig. 14B, although about 30% of PEP is synthesized in the mitochon-
dria by mitochoncrial PEP-carboxykinase.

That the glutamate oxaloacetate transaminase reaction plays an important role in gluco-
neogenesis in eel liver, as shown in Fig. 12, is supported by the results of the effects of leucine
and oleic acid on gluconeogenesis. Gluconeogenesis in eel liver is controlled by the amount of
mitochondrial glutamate which is affected by glutamate dehydrogenase. When leucine was added
to the reaction mixture, gluconeogenesis from pyruvate increased 1.5 to 2-fold and the amount
of glutamate increased 3.7-fold. Increased glutamate seems to accelerate the transaminase reac-
tion from oxaloacetate to aspartate in the mitochondria. The glutamate dehydrogenase purified
from the mitochondrial fraction of the eel liver was stimulated 2.5-fold to the direction of gluta-
mate formation by leucine, but 1.4-fold to the deamination direction (Hayashi et al. 1982a).

Furthermore, eel liver glutamate dehydrogenase was completely inhibited by 10 uM oleic
acid or oleoyl-CoA. Addition of 2.5 mM oleic acid in the reaction mixture inhibited gluconeo-
genesis from lactate and pyruvate by over 95%. At the same time, the amount of glutamate in the
eel liver decreased significantly compared to that of the control. This decrease seems due to the
inhibitory effect of oleic acid on glutamate dehydrogenase. However, 2.5 mM oleic acid did not
inhibit O, consumption and CO, production in the eel hepatocytes.

Inui and Yokote (1975b) have reported that the hydrocortisone-administered eel stimulates
gluconeogenesis and the activity of glutamate oxaloacetate transaminase of the hydrocortisone-
administered eel increases. They suggest some significance of aspartate in the amino acid me-
tabolism of the eel. This seems to correspond to the important role of the aspartate—oxaloacetate
pathway in gluconeogenesis of the eel liver.

5-2B. Glycogen metabolisms

Glycogen stocked in eel liver is an important material as an energy source as well as lipid.
There are few quantitative investigations on glycogen synthesis in fish liver. Investigations have
become possible by using cultured eel hepatocyes incubated with a glucose-free MEM me-
dium—-0.5% BSA and the hepatocytes synthesized glycogen from 10 mM pyruvate and lactate at
the rates of 81 (n =4) and 33 (n = 2) umol-glucose (g-cell)™! h™!, respectively. Glycogen synthe-
sis from pyruvate and lactate by cultured eel hepatocytes is higher than gluconeogenesis from
pyruvate and lactate.

A remarkable characteristic on glycogen metabolism in eel liver is that the effect of gluca-
gon on glycogen metabolism in the presence of 10 mM pyruvate was different from that in the
presence of 10 mM lactate. In mammalian liver, it is well known that glucagon stimulates glyco-
gen degradation and gluconeogenesis, whereas insulin stimulates glycogen synthesis and inhib-
its gluconeogenesis (Darnell ez al. 1990). However, glucagon at 106 and 10”7 M in the presence
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of 10 mM pyruvate did not stimulate glycogen degradation, but the same concentrations of
glucagon in the presence of 10 mM lactate stimulated glycogen degradation. Glycogen synthe-
sis from 10 mM pyruvate was observed even if 10 and 10”7 M glucagon was present. Further-
more, glycogen synthesis from 5 mM “C-pyruvate by eel hepatocytes incubated with a serum-
and insulin-free WE medium, which contains 11 mM glucose, was stimulated by 2.5 x 107 M
glucagon 2.5-fold compared with glycogen synthesis without glucagon. As stimulatory effects
of glucose on glycogen synthesis have been reported by Ui and Tokumitsu (1979), glucose in a
WE medium also seems to stimulate glycogen synthesis in the eel hepatoctes.

In the presence of both glucagon and insulin at 2.5 x 10~ M, glycogen synthesis from 5 mM
HC-pyruvate was further stimulated 10 times higher than glycogen synthesis in the absence of
glucagon and insulin. In the presence of insulin alone, glycogen synthesis from 5 mM “C-pyruvate
was slightly stimulated by 18% compared with the control. These results show that glycogen
synthesis from pyruvate was enhanced by the addition of glucose and insulin. However, the
reason why glycogen synthesis from pyruvate, not from lactate, was stimulated by glucagon
remains to be clarified in future.

Inui and Yokote (1975a, b) reported that liver glycogen content increased in the alloxanized
eel and hydrocortisone-administered eel. Alloxan is well known for destroying the islet B cells
and the alloxan-treated eel induces insulin deficiency. The alloxanized eel increased blood glu-
cose and liver glycogen. They suggest that gluconeogenesis from amino acids was stimulated in
the alloxanized eel. Similarly, the administration of hydrocortisone to the eel stimulated gluco-
neogenesis. Both the alloxan-treated eel and the hydrocortisone-administered eel stimulated
gluconeogenesis and glucagon also stimulated gluconeogenesis in the cultured eel hepatocytes.
Therefore, the stimulation of gluconeogenesis may induce glycogen synthesis. The mechanism
of glucagon action on glycogen synthesis from pyruvate seems to be an interesting problem.

5-3. Lipoprotein metabolisms in eel liver

5-3A. Lipoprotein synthesized by cultured eel hepatocytes

There are three characteristics of lipoprotein synthesized by cultured eel hepatocyes. The
first one is that the synthesized and secreted lipoprotein is only one kind of lipoprotein and it is
a VLDL-like lipoprotein. As shown in Table 12, chemical compositions of the lipoprotein were
69.0% triglycerides, 14.7% phospholipid, 3.8% free cholesterol, 0.36% cholesterol ester, and
12.0% protein. The density of the lipoprotein is 1.06 g mL". These properties represent VLDL-
like lipoprotein and the rate of secretion of the lipoprotein was very high at 10.9 + 434 ug
protein per mg cell protein per 24 h, which was 39 times higher than that of rat (Bell-Quint and
Forte 1981). The high synthesis and secretion of the lipoprotein by eel hepatocytes seem to
reflect the high concentration of eel serum lipoproteins. Although HDL is a main lipoprotein in
eel serum, cultured eel hepatocytes do not synthesize and secrete HDL. The lipoprotein synthe-
sized by the hepatocytes may be converted to LDL and HDL after secretion. Experiments on the
conversion from secreted VLDL-like lipoprotein to HDL have not yet been performed, but apoAl
and All proteins of the secreted lipoprotein were easily transferred to artificial liposomes (Yu et
al. 1992). Furthermore, free apoAl and All in the secreted proteins were detected by anti apoAl
or AIl antibody (Katoh et al. 2000). These free apoAl and AIl seem to be converted to HDL
mediated through ABCA1 protein in plasma membranes of peripheral tissues (Tsujita ef al.
2005; Brunham et al. 2006).

The second characteristic is the components of apolipoproteins of the lipoprotein. In spite
of VLDL-like lipoprotein, it contains apoAl and AlI as the main components. Another main
component of the lipoprotein is apoB48, but apoB100 is not contained. These characteristics of
apolipoprotein components are the same in eel serum VLDL and LDL. Main apolipoprotein of
mammalian VLDL is apoB100, and apoAl and AIl are not contained in mammalian VLDL.
ApoAI and AII are the main components of mammalian HDL. Eel serum HDL also consists of
apoAl and AII but both consist of two isomers. The two apoAl have 28 kDa and different
N-terminal amino acid sequences and the two apoAll have 14 kDa and identical N-terminal
amino acid sequences (Kondo et al. 2001). Because protein in mammalian apoB48 is a component
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of chylomicron, the lipoprotein synthesized and secreted by cultured eel hepatocytes is also
characterized as chylomicron-like lipoprotein.

The third characteristic is that the lipoprotein synthesis and secretion are controlled by the
amounts of intracellular lipids of the hepatocytes in cooperation with external factors. Thyrox-
ine (10-* M) and HDL (2.6 mg mL™") stimulated the lipoprotein synthesis and secretion. Thyrox-
ine also stimulated lipogenesis in the hepatocytes and thereby the amounts of intracellular lipids
such as cholesterol, phospholipid, and triglycerides increased. At the same time, thyroxine stimu-
lated the efflux of lipids to extracellular medium. Almost all extracellular lipids are associated
with the lipoprotein in the medium. The effect of thyroxine on the incorporation of *H-leucine
and "“C-acetate into the secreted proteins including lipoprotein revealed that thyroxine specifi-
cally stimulated the incorporation of *H-leucine and '*C-acetate into the lipoprotein.

Addition of HDL to the hepatocytes induced an increase of intracellular phospholipid and
cholesterol ester, which are the main lipids of HDL. The amount of secreted lipoprotein in-
creased by 2-fold by the addition of HDL and the incorporation of '“C-leucine into the secreted
lipoprotein increased by the additon of HDL, but there was no change in the incorporation into
other secreted proteins. From the results of the effects of thyroxine and HDL on the synthesis
and secretion of lipoproein, it is concluded that stimulation of the synthesis and secretion of
lipoprotein is induced when the amount of intracellular lipids of hepatocytes increases. Eel liver,
different from cod liver, does not store lipids and excess liver lipids seem to transport immedi-
ately from a liver to serum through the secreted VLDL-like lipoprotein. Because eel muscle
contains high amounts of lipid, about 20% of wet weight, the lipid of eel muscle seems to be
transported through the secreted lipoprotein.

5-3B. HDL metabolism

We found that eel serum HDL functioned as stimulators of lipoprotein and vitellogenin
synthesis and secretion. Eel HDL is also believed to play a key role in the process of reverse
cholesterol transport. Excess cholesterol is transporated to the liver by HDL and metabolized to
bile acids in the liver to eliminate into the intestine. In any way, HDL binds specifically to eel
hepatocytes and probably binds to the HDL receptor of the hepatocytes. However, the ligand for
the HDL receptor have not been identified in fish. In mammals, the ligand for HDL receptors is
known to be apoAl (Acton et al. 1996). However, apoAl or All of eel serum HDL did not
function as the ligand for the HDL receptor, as shown in Fig. 24 and Table 19. This seems to be
due to a high concentration of HDL in eel serum, actually the HDL concentration was calculated
as 1.25 x 10 mol L. Whereas the K, value for the HDL receptor of eel hepatocytes was
determined to be 40 ug protein HDL mL-!, which corresponds to 1 x 10~" mol L. The HDL
concentration was calculated on the assumption that the concentration of eel serum HDL is about
500 mg dL-! and the molecular weight of HDL is 400,000. Each HDL molecule contains five
apoAl and AII molecules as described in Section 4-4C.

Ganglioside GM4 was purified from eel serum HDL and stimulated the binding of FITC-
HDL to hepatocytes and to plasma membrane proteins (Fig. 27, Table 19). GM1 inhibited bind-
ing of FITC-HDL to plasma membrane proteins (Fig. 27). Furthermore, in the presence of non-
labeled HDL incubated preliminarily with GM4, the binding of FITC-HDL to the eel hepatocytes
was inhibited (Table 19). These results show that GM4 in eel HDL is the ligand for the HDL
receptor. The molar ratio of apoAl to GM4 was calculated as 20. As 1 molecule of HDL contains
5 molecules of apoAl and AlIl, 1 molecule of HDL among 4 molecules of HDL contains 1 molecule
of GM4. If the hypothesis that 1 molecule of HDL contains 20 molecules of GM4 is acceptable,
the concentration of the HDL with GM4 is 1/80 of the HDL without GM4. Namely, the concen-
tration of HDL with GM4 is calculated as 1.56 x 10”7 mol L', which is comparable with K|
value of 1 x 10”7 mol L.

This is the first report that GM4 is the ligand for the HDL receptor. Further investigations
on the HDL receptor of fish including eel are necessary. Scavenger receptor BI (SR-BI) is the
most well investigated as the HDL receptor in mammals. Recently, SR-BI of Atlantic salmon
has been cloned (Kleveland et al. 2006). This has revealed that expressed salmon SR-BI has
approximately 80 kDa on reducing SDS-PAGE. Among eel plasma membrane proteins, 80 kDa
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protein was also detected by ligand blotting with FITC-HDL, but this 80 kDa protein has not yet
been cloned.

5-3C. Induction of vitellogenin synthesis by cultured eel hepatocytes

Characteristic of vitellogenin induction in cultured eel hepatocytes by estradiol-174 (E2)
is the necessity of a pharmacological dose of E2. If cultured hepatocytes were prepared from an
immature eel, 10 M E2 would be necessary for vitellogenin induction. However, if cultured
hepatocytes were prepared from the immature eel injected preliminarily with E2, vitellogenin
would be induced by 10° M E2, which is a physiological concentration, but in the absence of
10 M E2 vitellogenin would not be induced in the same hepatocytes. Todo ef al. (1995) have
reported that the K, value of E2 receptor is known to be of nM order. An E2 concentration such
as 10* M is not necessary to bind to an E2 receptor, perhaps the amount of E2 receptor in
immature eel hepatocytes seems to be too small to bind to E2. Cultured hepatocytes prepared
from an immature eel preliminarily injected E2 seems to be present in a large amount of E2
receptor. E2 probably not only induces vitellogenin but also the E2 receptor in vivo.

5-4. General Discussion

Glucose, glycogen, and lipids are important energy materials. These materials seem to
play important roles in the spawning migration of eel. Gluconeogenesis, glycogen synthesis,
and lipoprotein synthesis, therefore, also seem to play important roles.

Gluconeogenesis, glycogen synthesis, and lipoprotein synthesis also are all important liver
functions. Perfused eel liver, isolated eel hepatocytes, and cultured eel hepatocytes have made it
possible to quantitatively investigate all these important liver functions.

Gluconeogenesis was investigated by using perfused eel livers and isolated eel hepatocytes,
and a novel pathway for gluconeogenesis in eel liver has been clarified which is different from
those in rat and pigeon livers.

Glycogen synthesis and degradation was investigated by using cultured eel hepatocytes
and unique results were as follows: Glucagon at 10 and 10”7 M in the presence of 10 mM
pyruvate did not stimulate glycogen degradation but the same concentrations of glucagon in the
presence of 10 mM lactate stimulated glycogen degradation. Glycogen synthesis from 10 mM
pyruvate was observed, even if 10 and 10~” M glucagon was present. These results suggest that
the effect of glucagon on glycogen metabolism in eel liver is different from that in mammalian
liver.

Lipoprotein synthesis and secretion was investigated by using cultured eel hepatocytes. In
general, fish serums including eel serum contain high concentrations of lipoproteins. The pri-
mary function of lipoproteins is to transport lipids between tissues although the reason why eel
serum contains high concentrations of lipoproteins is uncertain. The lipoprotein secreted by
cultured eel hepatocytes was found to be VLDL-like lipoprotein. The rate of synthesis and se-
cretion of VLDL-like lipoprotein by cultured eel hepatocytes was over 30 times higher than that
of VLDL by cultured rat hepatocytes. This seems to reflect the high concentrations of eel serum
lipoproteins.

Perfused eel liver, isolated eel hepatocytes, and cultured eel hepatocytes are all useful
methods for investigating the metabolism of eel. However, some improvements in these meth-
ods are necessary. For example, the usefulness of eel serum instead of FBS for cultured eel
hepatocytes must be examined in future.
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