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ABSTRACT: Crustacean lipids are transported in the he-
molymph by an HDL. The hepatopancreas is the most impor-
tant and active organ regarding lipid metabolism, so we studied
the interchange of FA and acylglycerols between both compo-
nents of the hepatopancreas—hemolymph system in the deca-
pod crustacean Macrobrachium borellii. The hepatopancreas
and a sole plasma lipoprotein were labeled by in vivo incuba-
tions with '*C palmitic acid injected into the hemolymph. Then
they were incubated in vitro with unlabeled hepatopancreas
and hemolymph, and the transfer of lipids between them was
measured by radiochromatographic techniques. It was deter-
mined in vivo that more than 80% of the circulating palmitic
acid was taken up by the hepatopancreas and incorporated into
PC and TAG. Both classes of lipids, but mainly PC, were trans-
ferred back from tissues to the hemolymph. Lipid transfer was also
demonstrated in vitro. The transfer of PC (30% of labeling) as well
as that of FFA (48% of labeling) from hemolymph to hepatopan-
creas was determined. On the other hand, FFA were released
more efficiently than the acylglycerols from intact hepatopan-
creas to hemolymph, and they were the only lipid transferred
when the hepatopancreas had been previously washed.
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For several years, we have carried out certain metabolic stud-
ies using the hepatopancreas of the shrimp Macrobrachium
borellii as a model. We first reported that the seasonal distri-
bution of lipids was closely related to the diet (1). Afterward,
we explored the consumption of lipids under stressful condi-
tions (2), the effect of temperature upon the FA B-oxidation
system (3), and the metabolism of palmitic acid as a precur-
sor of TAG (4). We therefore postulated that the hepatopan-
creas is the main organ in M. borellii responsible for the syn-
thesis and the degradation of TAG. Liver and fat body are the
organs analogous to the hepatopancreas in vertebrates and in-
sects, respectively. The hepatopancreas also performs diges-
tive functions, enzyme secretion, and excretion of waste ma-
terials (5,6).

Although the occurrence of very high density lipoproteins
(VHDL) has been reported in hemolymph of some crab and
shrimp species (7,8), plasma lipid transport in crustaceans is
mainly carried out by HDL. These lipoproteins are struc-
turally much simpler than the ones present in vertebrates, and
up to now there has been no evidence for the presence of any
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LDL in crustacean plasma (9). Recently, we characterized the
plasma lipoproteins of M. borellii and found that their com-
positions are similar to those of other crustaceans (Garcia, F.,
unpublished results). We observed two different lipoproteins:
one HDL found in animals of both sexes, and another HDL,
found exclusively in the hemolymph of females during the re-
productive season, that is involved in vitellogenesis.

These studies led to the hypotheses that the hepatopan-
creas, as a biosynthetic organ, transfers lipids to the he-
molymph HDL for distribution among other tissues and that
the hemolymph transfers to the hepatopancreas the lipids re-
sulting from absorption across the digestive tract. In this way,
biochemical interactions must be involved. The mechanism
of interchange of lipids between hemolymph lipoproteins and
tissues in crustaceans is still unknown. The results reported
here deal with investigations performed in vitro on the trans-
fer of FFA and other lipids between plasma HDL and the he-
patopancreas of M. borellii, as well as between isolated
lipoprotein and artificial membranes.

MATERIALS AND METHODS

Biological and chemical materials. Male and nonovogenic
female adult specimens of M. borellii were collected in sum-
mer from a water course close to the Rio de la Plata, Ar-
gentina. They were kept in glass aquaria containing tap water
at room temperature (20-25°C) until used for the experi-
ments. 1-14C Palmitic acid (57.0 mCi/mmol, 99% radiochem-
ically pure) and PC, L-a--dipalmitoyl (dipalmitoyl-1-'4C, 111
mCi/mmol, 97% radiochemically pure) were purchased from
New England Nuclear Corp. (Boston, MA). All chemicals
were of analytical grade.

In vivo labeling with radioactive FA. Radioactive palmitic
acid was administered to groups of 4-8 shrimp. They were
maintained in aquaria at room temperature for 1, 4, 7, or 16 h.
The cephalic sinus of each animal was injected with 5 UL of an
aqueous solution containing 2 (Ci (35 nmol) radioactive FA as
the ammonium salt. A syringe with a needle designed for ani-
mal injection (Hamilton Co.) was used. After incubations, he-
patopancreas and hemolymph were separated. Labeled he-
patopancreas were used either for radioactive lipid analysis or
for the transference studies between hepatopancreas and he-
molymph. Hemolymph was obtained by puncturing the
cephalic sinus using a syringe containing 0.1 N sodium citrate
as anticoagulant. Hematic cells were separated by centrifuga-
tion at 100 x g for 10 min. Labeled plasma was used for lipid
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analysis in the experiments of transference between plasma and
hepatopancreas as well as for lipoprotein isolation.

Plasma lipoprotein isolation. Plasma lipoprotein was iso-
lated by density gradient ultracentrifugation. Aliquots of
plasma were overlayered on sodium bromide solutions (den-
sity 1.25 g/mL) containing 0.01% sodium azide and cen-
trifuged at 178,000 x g for 24 h in a Beckman L8 70M cen-
trifuge, using an SW 60 Ti rotor. The total volume of the tubes
was fractionated from top to bottom into 0.2-mL aliquots. The
protein content of each fraction was monitored spectrophoto-
metrically at 280 nm. Radioactivity in each fraction was mea-
sured by liquid scintillation counting in Wallac 1214 Rack Beta
equipment. One tube containing a NaCl solution (density 1.04
g/mL) instead of plasma was centrifuged simultaneously and
fractionated in order to determine the density of the fractions
by monitoring the refractive indices. Fractions corresponding
to densities of 1.10-1.14 g/mL and showing increases in ab-
sorbance at 280 nm and in radioactivity were pooled, and the
protein content was determined colorimetrically (10).

Lipid extraction and analysis. Lipids from hepatopancreas
and hemolymph plasma were extracted following the proce-
dure of Folch et al. (11), and the extracts were utilized for
lipid separation by TLC. Lipid classes were separated by
high-performance-TLC on Merck plates (Darmstadt, Ger-
many), using hexane/diethyl ether/acetic acid (80:20:1.5 by
vol) for neutral lipids and chloroform/methanol/acetic
acid/water (65:25:4:4 by vol) for phospholipids.

Radioactivity distribution in different lipid classes was de-
tected by scanning proportional counting using a Berthold
LB-2723 Dunnschicht Scanner II apparatus (Wildbad, Ger-
many). Appropriate standards, run simultaneously, were vi-
sualized by exposure to iodine vapors.

Lipid transfer assays between hepatopancreas and he-
molymph. To explore the transfer of lipids from the hepatopan-
creas to the hemolymph, the palmitic acid-labeled hepatopan-
creas (donor) was incubated with unlabeled hemolymph
plasma (acceptor). Incubations were done in 50 mM potassium
phosphate buffer pH 7.4, 0.25 M sucrose, with the addition of
5 UL aprotinin as protease inhibitor in a final volume of 330
UL. Assays were carried out at 27°C for 30 min, with shaking.
The donor/acceptor ratio was a whole hepatopancreas (70-90
mg) /125 uL hemolymph. On the other hand, palmitic acid-
labeled plasma (donor) was incubated under similar conditions
with unlabeled hepatopancreas (acceptor). In another series of
experiments, labeled hepatopancreas extensively rinsed with
3% albumin in 50 mM potassium phosphate buffer pH 7.4,
were incubated with unlabeled hemolymph. After incubations,
tissue and medium were separated, and lipids were extracted
and analyzed as described above. All transfer experiments were
done at least in triplicate.

Data collected from the transfer experiments were ana-
lyzed by a Mann—Witney nonparametric test. It was applied
to radioactivity values in original and remaining lipids. Dif-
ferences were considered with a significance level of 0.05.

Lipid transfer between liposomes and HDL. Liposome
(multilamellar vesicle) preparations were done basically as
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described previously (12). A stock solution of radioactive (45
nCi) and unlabeled (1 mg) PC in chloroform/methanol (2:1
vol/vol) was placed in round-bottomed flasks, and the solvent
was completely evaporated. Dry phospholipid was hydrated
with 1 mL 50 mM Tris-HCI buffer, pH 8.4, and thoroughly
vortexed for 30 s 10 times in a bath at 60°C. Liposomes
(donor) and isolated plasma lipoprotein (acceptor) in a ratio
of 500 ng phospholipid/450 pg protein were incubated in a
final volume of 1 mL at 27°C for 2 h. After incubation, the li-
posomes were pelleted by centrifuging the sample twice at
167,000 x g for 90 min in a 70.1 Ti rotor as above. Lipopro-
tein remained in the supernatant. A tube containing labeled
liposomes and buffer was centrifuged simultaneously as a
blank.

RESULTS

Palmitic acid uptake and incorporation into the hepatopan-
creas and hemolymph. Different classes of circulating radioac-
tive lipids in hemolymph were detected after having injected
labeled palmitic acid into the cephalic sinus and sacrificing the
animals after different incubation times. The results obtained
are shown in Figure 1. A marked decrease of the label detected
in FFA was observed that, after 16 h, reached less than 20% of
its initial values. At the same time, radioactivity in the PC frac-
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FIG. 1. Distribution of radioactivity into lipid classes after injection of
14C palmitate into the hemolymph of Macrobrachium borellii. Radioac-
tive palmitate as ammonium salt (2 pCi: 35 nmol) was injected into the
cephalic sinus and incubated in vivo for different times. Error bars indi-
cate SD of the mean (n = 3). @, PC; O, DAG; V¥, FFA; V/, TAG.
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FIG. 2. Total proteins (®, absorbance at 280 nm), radioactivity (l), and density (A) distribution in plasma fractions
of M. borellii. Shrimp were incubated in vivo with 2 uCi (35 nmol) 14C—palmitate for 5 h. Plasma was ultracen-
trifuged in a NaBr gradient and fractionated. For abbreviation see Figure 1.

tion increased with the incubation time, whereas the labeling in
neutral lipids remained nearly constant.

To elucidate the role of the plasma lipoprotein in the up-
take of lipids, the plasma was fractionated by ultracentrifuga-
tion in a density gradient. Radioactivity and protein content
were measured in each fraction. The results are shown in the
profiles in Figure 2, in which the highest labeling correlates
with a protein peak at a density of 1.10-1.14 g/mL. This cor-
responded to the sole plasma lipoprotein present in the he-
molymph of the specimens of M. borellii that we analyzed
and is consistent with the density of the HDL.

Palmitic acid injected into the hemolymph was rapidly
taken up by the hepatopancreas and then incorporated into
several acylglycerols. The percentage of the label incorpo-
rated into different lipid classes as a function of time is pre-
sented in Figure 3. An even distribution of radioactivity be-
tween the neutral and glycerophospholipids occurred with
short-time incubations, whereas at longer times, the label ac-
cumulated mainly in PC and to a lesser proportion in neutral
acylglycerols. It is evident that DAG, with the minimal label-
ing concentration, are only intermediates in the synthesis of
the other lipids.

Lipid transfer between the hemolymph and the hepatopan-
creas. When unlabeled hepatopancreas was incubated for 30
min with hemolymph labeled mainly in the FFA fraction,
around one-half of the radioactivity was transferred to the tis-
sue (Fig. 4A). At longer in vivo incubation times (16 h), the
hemolymph contained the label distributed in PC as well as
in FFA and TAG. When it was used as donor in incubations
with unlabeled hepatopancreas, only the transfer of PC was
observed (Fig. 4B).

Figure 5 shows the results from experiments in which ra-
dioactive hepatopancreas was incubated in vitro with unla-

beled hemolymph under two different experimental condi-
tions. After 30 min of incubation, a substantial amount of PC,
most of the labeled FFA, and a small amount of TAG were
transferred from intact hepatopancreas to hemolymph (Fig.
5A). In another set of experiments, labeled hepatopancreas
were washed prior to incubation with BSA, which removes
the FA associated with the external face of the hepatopancreas
membrane. Figure 5B shows that the FFA is the only lipid
transferred to hemolymph, whereas the total radioactivity of
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FIG. 3. The distribution of radioactivity into lipid classes in the hepatopan-
creas of M. borellii under the conditions indicated in Figure 1 (n = 3). Error
bars represent SD. For abbreviation and key for lipid classes see Figure 1.
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FIG. 4. In vitro transfer of labeled lipids from the hemolymph to the he-
patopancreas. Whole unlabeled hepatopancreas were exposed to la-
beled hemolymph for 30 min. (A) Transfer from hemolymph mainly la-
beled in the FFA (P < 0.05). (B) Transfer from hemolymph labeled in the
FFA and acylglycerols (PC: P < 0.05). 1, Labeled lipids in original he-
molymph. 2, Labeled lipids transferred to the hepatopancreas. 3, La-
beled lipids remaining in hemolymph. Error bars indicate SD of the
mean (n = 3).

phospholipids and neutral lipids remains in the tissue. In an-
other experimental model, an artificial liposome preparation
containing labeled PC was used as donor of lipids to the he-
molymph. Under these conditions, no transfer of phospho-
lipid from the liposomes to the lipoprotein was observed; in
fact when we reisolated the lipoprotein after the incubation
with labeled liposomes, no radioactivity was detected in the
lipoprotein fraction.

DISCUSSION

The decrease of the FFA circulating in the hemolymph dur-
ing the incubation, together with an increase of phospholipids
and neutral lipids, clearly indicates that the precursor injected
into hemolymph is rapidly incorporated into tissues that syn-
thesize acylglycerols, which then release them back to circu-
lation. The increase in total circulating lipids is mainly attrib-
utable to PC, whereas the content of TAG and DAG remains
unaltered. It may be inferred that the phospholipid synthesis
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FIG. 5. In vitro transfer of labeled lipids from the hepatopancreas to the
hemolymph. Whole labeled hepatopancreas were exposed to unlabeled
hemolymph for 30 min. (A) Transfer from hepatopancreas without treat-
ment (FFA and PC: P < 0.05). (B) Transfer from hepatopancreas exten-
sively rinsed with albumin-buffer solution (FFA: P < 0.05). For key see
Figure 4. Error bars represent SD of the mean (n = 3).

in tissues is more active than that of neutral lipids. However,
the radioactivity distribution among hepatopancreas lipids
after in vivo FFA incorporation suggests that this organ is ac-
tive in PC synthesis at longer times, although at shorter times
it is able to synthesize both lipids. A similar observation was
previously reported when we studied the lipid metabolism of
M. borellii hepatopancreas (4). Also, the tissues are likely to
retain the TAG synthesized, preferentially transferring PC to
hemolymph. This fact is coincident with the results obtained
from studies on the lipid composition of this and some other
crustaceans, where PC was found to be the predominant cir-
culating lipid (13) and TAG are accumulated by the he-
patopancreas (1). These observations led us to suggest that
those phospholipids synthesized in the hepatopancreas could
be easily transferred to hemolymph. The presence of the cir-
culating label only in the high-density plasma fraction
demonstrated the role of HDL in taking up lipids from tissues.
All the animals used in these experiments were males and
nonvitellogenic females; thus, plasma did not contain any
vitellogenin, but only the HDL common to both sexes (14).
The study of the in vitro transfer of lipids from hemolymph
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to the hepatopancreas showed a clear trend of hemolymph to
supply the tissue with FFA as well as PC, depending on their
relative labeling in hemolymph. The transfer of FFA corrobo-
rates the preceding observations dealing with the components
of the hemolymph-hepatopancreas system, where he-
molymph is likely to provide the FA necessary for the syn-
thesis of acylglycerols, a task that is performed by a tissue of
greater activity like the hepatopancreas. In vitro experiments
were carried out for short times in order to avoid the possibil-
ity of lipid synthesis within the hepatopancreas masking the
transfer results. In other organisms, the release of the circu-
lating FFA to tissues is produced by HDL structures that are
poor in lipids. This is the case of the albumin—FFA complex
in vertebrates or the VHDL in certain molluscs (15) and in in-
sects (16). It is evident that this role in M. borellii is done by
the HDL since it is the only circulating lipoprotein.

In vivo-labeled hepatopancreas, where radioactivity was
mainly accumulated in PC and also in smaller amounts in
TAG and FFA, were used for in vitro experiments. The trans-
fer of these lipids to the hemolymph was demonstrated. In this
case, the FFA were comparatively the most efficiently trans-
ferred lipid group. Even though PC was highly labeled, it was
less efficiently transferred than FFA, whereas the transference
of TAG was slight. This also shows a markedly different be-
havior between glycerophospholipids and neutral lipids, co-
incident with a large amount of PC in the circulating lipopro-
tein and an accumulation of TAG in the hepatopancreas under
natural conditions. There is a marked change when the exper-
iments are performed using washed hepatopancreas since
only the FFA are transferred. As a consequence, it appeared
that no carrier would be involved in the FFA transfer, whereas
that of glycerophospholipids could be mediated by a transfer
factor. If this is the case, this factor could be associated with
the hepatopancreas membrane, and it could be removed by
the albumin buffer used for washing the tissue. These results
led us to another experiment using an artificial membrane as
donor. Thus, we tried to transfer labeled PC from liposomes
to hemolymph; we found plasma HDL was not able to take
up the phospholipid under our experimental conditions. This
result reinforces the above assumption about the occurrence
of a carrier that would transport lipids from tissue membranes
to circulation.
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