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Lipid transfer from insect fat body to lipophorin:
comparison between a mosquito triacylglycerol-rich
lipophorin and a sphinx moth diacylglycerol-rich

lipophorin
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Abstract Two insect lipoproteins, triacylglycerol-rich Aedes
aegypti lipophorin and diacylglycerol-rich Manduca sexta lipo-
phorin, were compared in their ability to load neutral lipid
from fat body. When fat body of M. sexta was incubated in
vitro with [*H]oleic acid, all radiolabeled fatty acids were
esterified, predominantly to triacylglycerol. In A. aegypti fat
body, however, half of the label remained as free fatty acids.
When A. aegypti fat body was radiolabeled with [3H]glycerol,
most of the radiolabel was incorporated in triacylglycerol.
When either A. aegypti or M. sexte lipophorin was incubated
with A. aegypti fat body, labeled with [*H]oleic acid, both
lipophorins incorporated mainly radiolabeled free fatty acids,
while almost no radiolabeled glycerides were transferred.
When the same experiment was performed with A. aegypti fat
body, radiolabeled with [*H]glycerol, very little transfer of
radiolabeled glycerides was detected. In contrast, when either
M. sexta or A. aegypti lipophorin was incubated with M. sexta
fat body, both lipophorins incorporated neutral lipids, pre-
dominantly diacylglycerol. A. aegypti lipophorin incorporated
half the amount of radiolabeled lipid, compared to M. sexta
lipophorin. Lipophorins from both species were treated with
triacylglycerol lipase of the yeast Candida cylindracea. Al-
though this lipase readily delipidated M. sexta HDLp, it was
not able to remove triacylglycerol from A. aegypti HDLp. BA
The data presented suggest that, under the conditions used,
lipid transfer from fat body to lipophorin in A. aegypti is not
as efficient as in M. sexta.—Pennington, J. E., R. H.
Nussenzveig, and M. C. Van Heusden. Lipid transfer from
insect fat body to lipophorin: comparison between a mos-
quito triacylglycerol-rich lipophorin and a sphinx moth diacyl-
glycerol-rich lipophorin. J. Lipid Res. 1996. 37: 1144-1152.
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In most insects studied so far, lipophorin is the major
lipoprotein in hemolymph responsible for lipid trans-
port (1-5). The typical insect lipophorin is a high density
lipoprotein (HDLp, 1.063 g/ml < d < 1.210 g/ml),
containing 30-50% lipid. It is composed of two apolipo-
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proteins, apolipophorin-I and -II, with molecular mass
of approximately 250 and 80 kDa, respectively. In cer-
tain’ insect species a third, smaller apolipoprotein
(apolipophorin III, =18 kDa) can associate in a reversible
manner with lipophorin. In general, the major neutral
lipid in insect lipophorin is diacylglycerol (DG). In ver-
tebrates, chylomicrons and very low density lipoproteins
(VLDL) are the main transport vehicles for neutral lipids
from the site of absorbance (the gut) and synthesis (the
liver), respectively. These two lipoproteins contain
triacylglycerol (TG) as the predominant neutral lipid (6).
A characteristic feature of insect lipophorin is that it
acts as a reusable lipid shuttle. The turnover rate of DG
in hemolymph is much higher than that of the protein
component of lipophorin (7). Lipophorin can load and
unload lipid without synthesis or degradation of the
lipoprotein (8). This is in contrast to vertebrate chylomi-
crons and VLDL, which are synthesized and secreted
with their full load of lipid (9). Because DG is less
hydrophobic than TG, the presence of DG in insect
lipophorin (versus TG in vertebrate lipoproteins) may
contribute to the ability of lipophorin to exchange lipid
with cells without internalization of the lipoprotein.
Recently a TG-rich lipophorin was isolated from the
yellow fever mosquito Aedes aegypti (10). This was the
first insect lipophorin reported to contain TG. A TG-
rich lipophorin has been isolated from four more blood-
feeding mosquito species (10; and M. C. Van Heusden,
unpublished data) as well as from the horseshoe crab
Limulus polyphemus (11). Thus, as far as lipid composi-
tion is concerned, the latter lipophorins resemble the

Abbreviations: HDLp, high density lipophorin; TG, triacylglycerol;
DG, diacylglycerol; MG, monoacylglycerol; FA, free fatty acid; PL,
phospholipid; LTP, lipid transfer particle.
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vertebrate lipoproteins more than the typical insect
lipophorin. In view of this difference in lipid composi-
tion, we investigated whether a TG-rich insect lipo-
phorin is able to function as a lipid shuttle, as does the
typical DG-rich insect lipophorin, or whether its meta-
bolism is different due to the presence of TG. We
analyzed the ability of lipophorin from the mosquito A.
aegypti to load lipid from fat body, and compared it to
the well-characterized DG-rich lipophorin of the sphinx
moth Manduca sexta.

MATERIALS AND METHODS

Insects

Manduca sexta eggs were obtained from USDA, Fargo
(ND), and insects were raised as described previously
(12). Aedes aegypti (NIH-Rockefeller strain) were raised
as described by Ford and Van Heusden (10).

Isolation of lipophorin

Hemolymph was collected from adult M. sexta as
described previously (8). High density lipophorin
(HDLp) was isolated from hemolymph as described by
Shapiro, Keim, and Law (13). HDLp from A. aegypti was
purified from total insect homogenate of 4th instars as
described by Ford and Van Heusden (10), with the
exception that a higher concentration of protease inhibi-
tors was used in the homogenization buffer (4 mM
diisopropyl fluorophosphate (DFP) and 4 mM phenyl-
methylsulfonyl fluoride (PMSF)). HDLp was also iso-
lated from hemolymph of adult female mosquitoes,
where indicated under Discussion. Mosquito
hemolymph was collected by making a small incision in
the cuticle at the penultimate abdominal segment. Sub-
sequently hemolymph was flushed out by injecting, be-
tween the head and the thorax, approximately 10 pl of
ice-cold Aedes saline (A-saline: 25 mM HEPES, 140 mM
NaCl, 4 mM KCl, 1.7 mM CaClg, 0.6 mM MgCly, 1.8 mM
NaHCOs, pH 7.0; according to Hagedorn et al.,, 14)
containing 20 mM glutathione, 10 mM EDTA, and the
protease inhibitors DFP (1 mMm), PMSF (1 mM), leupep-
tin (0.5 ug/ml), antipain (0.5 ug/ml), chymostatin (0.5
pug/ml), and pepstatin (0.1 pg/ml). The drop of
hemolymph with A-saline was collected from the tip of
the abdomen into a microfuge tube and kept on ice.
Hemocytes were removed by centrifugation at 4000 g
for 5 min.

Radiolabeling of fat body

To radiolabel the lipids in A. aegypti fat body, fat
bodies from adult female mosquitoes (3-7 days after
adult emergence) were dissected and incubated in A-sa-
line as described by Hagedorn et al. (14). Ten fat bodies

were incubated in 100 pl saline containing either 10 uCi
[9,10-3H]oleic acid (specific activity 9.2 Ci/mmol, Du-
Pont-New England Nuclear) or 15 pCi [1(3)-3H]glycerol
(specific activity 2.8 Ci/mmol, Amersham Life Science),
for 2 h at 28°C and 80% relative humidity (the mosquito
rearing conditions). Subsequently the fat bodies were
rinsed two times in A-saline and incubated for 1 h in
Assaline, followed by lipid analysis or further incuba-
tions.

Fat body from adult M. sexta was labeled according to
the method described by Van Heusden and Law (8),
using lepidopteran saline (L-saline: 5 mM KH2POy4, 110
mM KCI, 4 mM NaCl, 15 mM MgCly, 4 mM CaClg, pH
6.5; according to Jungreis, Jatlow, and Wyatt, 15). Fat
bodies from 1-day-old moths were dissected, rinsed in
L-saline containing 5 mM glutathione and divided in
half. A half fat body was incubated in 400 pl L-saline
containing 5 uCi [*H]Joleic acid, in a 24-well tissue cul-
ture plate. Labeling proceeded for 2 h at room tempera-
ture on an orbital shaker at 120 rpm. Fat bodies were
rinsed two times in L-saline and incubated for 1 h in
L-saline prior to lipid analysis or further incubations.

Incubation of fat body with lipophorin

Ten fat bodies of A. aegypti were incubated in 100 pl
of A-saline, with or without lipophorin, at 28°C and 80%
relative humidity. Four incubations of ten fat bodies
each were performed for each experiment. One-half fat
body of M. sexta was incubated in 400 pl of L-saline, with
or without lipophorin, at room temperature on an
orbital shaker at 120 rpm. Four incubations, with one-
half fat body each, were performed for each experiment
(unless otherwise stated under Results). Lipophorin,
which was dialyzed into the respective saline, was added
to the medium to a final concentration of 1 mg/ml or
4 mg/ml, as indicated under Results. Incubations lasted
for 3 h, after which the media were subjected to KBr
density gradient ultracentrifugation as follows: 8 g KBr
was added to the incubation media and the final volume
was adjusted to 20 ml with phosphate-buffered saline
(PBS, 0.1 M Na-phosphate, 0.15 M NaCl, pH 7.0). These
samples were overlayered with 20 ml of 0.9% NaCl
(containing 0.02% NaNs). Gradients were formed by
centrifugation for 16 h at 50,000 rpm and 4°C in a
vertical VTi50 rotor (Beckmann). Radioactivity in lipo-
phorin was quantified by liquid scintillation counting.
Density of lipophorin was determined by refractometry.

Lipid analysis

Total lipids were extracted either from the incubation
media containing lipophorin or from fat bodies after
homogenization in chloroform, following the method
described by Bligh and Dyer (16). Neutral lipids were
separated by thin-layer chromatography on silica gel
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TABLE 1. Lipid composition of fat body

Lipid

Fat Body PL DG FA TG

A. aegypti
ug/10 fat bodies 19%5 115 104 707 £ 194
% 2.6 1.4 1.4 94.6

M. sexta
ug/0.5 fatbody 533+45 100125 4771129 10609 +3199
% 4.5 0.9 4.1 90.5

Values represent the mean + SD of 8 determinations for A. aegypti
and of 4 determinations for M. sexta.

plates (5i250, Baker) using a solvent system consisting
of hexane-ethyl ether-acetic acid 60:40:1 (v/v/v) modi-
fied from Mangold (17). Mass and specific activity of
individual lipid classes were determined by scraping
lipids from the thin-layer plates (after visualizing with
iodine vapor) and extracting the silica with chloroform.
In the resulting sample, radioactivity was measured by
liquid scintillation counting. Glycerides and fatty acid
(FA) were quantified using the vanillin assay (18) with
diolein as a standard. Phospholipid (PL) was quantified
by phosphorus analysis according to Bartlett (19).

Lipase treatment of lipophorin

HDLp of both A. aegypti and M. sexta were treated with
triacylglycerol lipase (TG-lipase) under identical condi-
tions. HDLp was delipidated with TG-lipase from the
yeast Candida cylindracea as described by Kawooya et al.
(20). In short, 9.5 mg HDLp was incubated with 225
units of TG-lipase (Fluka, specific activity 36 U/mg) in
the presence of 200 mg fatty acid-free bovine serum
albumin (Boehringer Mannheim) in a total volume of 2
ml. Reactions proceeded for 3 h at 34°C and were
stopped by the addition of EDTA to a final concentra-
tion of 10 mM. The reaction media were subjected to
KBr density gradient ultracentrifugation as described
above (16 h at 50,000 rpm and 4°C). Gradients were
fractionated and lipophorins were identified by absor-

bance at 450 nm. Density of lipophorins was determined
by refractometry.

RESULTS

Radiolabeling of fat body

The lipid composition of fat body did not differ
significantly between A. aegypti and M. sexta (Table 1).
Upon incubation of M. sexta fat body with [3H]oleic acid,
radiolabel was incorporated mainly in TG (Table 2). In
A. aegypti fat body, however, the majority of the [*H]oleic
acid was divided equally among FA and TG. The same
result was obtained when A. aegypti fat body was radio-
labeled with [3H]palmitic acid (result not shown). Radi-
olabeling followed by a subsequent incubation with
glucose (40 mM), glycerol (40 mM) or trehalose (40 mM)
did not chase the radiolabeled FA into TG.

When A. aegypti fat body was radiolabeled with
[*H]glycerol (Table 3), most of the radiolabel was incor-
porated in TG. When A. aegypti fat body was incubated
in saline for 3 h prior to radiolabeling with [*Hlglycerol,
the extent of incorporation of radiolabel was similar to
that in fat bodies radiolabeled immediately after dissec-
tion. This result indicates that, as far as lipid synthesis is
concerned, the fat bodies were viable for at least 5 h.

Transfer of lipid from fat body to HDLp

To investigate whether neutral lipid is transferred
from fat body to HDLp, radiolabeled fat bodies were
incubated in vitro in medium containing HDLp from
either A. aegypti or M. sexta. The data in Fig. 1 show the
time course of transfer of radiolabeled lipid from fat
body to HDLp. For both species an equilibrium was
reached within 3 h of incubation, the time point chosen
for further incubations.

The data in Fig. 2A show that when A. aegypti fat body
was radiolabeled with [*H]oleic acid, radiolabeled lipid

TABLE 2. Radiolabeling of fat body

Lipid

Fat Body PL

DG FA TG

A. aegypti®, incubated in:

% radioactivity

A-saline 83+12 0.3+0.1 21+05 49.2+5.5 40.1£58

A-saline + 40 mwm glucose 7.9 . 39 52.9 34.9

A-saline + 40 mm glycerol 7.3 3.4 43.5 45.5

A-saline + 40 mum trehalose 6.3 3.0 44.8 45.7
M. sexta®, incubated in:

L-saline 109+4.2 0.2+0.1 7.8+2.1 7.8+5.3 73.3+£9.2

Fat bodies were homogenized and lipids were extracted, fractionated, and quantified as described in Materials and Methods . Values represent
single measurements or the mean + SD of 4 incubations of 10 fat bodies each for A. aegypti or of 10 incubations of one-half fat body each for M.

sexta.

“Fat bodies were radiolabeled by incubation for 2 h with [*H]oleic acid, rinsed in saline, and incubated 1 h with indicated additions.

1146  Journal of Lipid Research Volume 37, 1996

2102 ‘8T aunr uo ‘sanb Aq 610 4j:mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

TABLE 3. Radiolabeling of A. aegypti fat body with [*H]glycerol

Lipid
Incubation PL MG DG FA TG
2 h Radiolabeling with [*H]glycerol + 3 h incubation in A-saline
dpm x 103 35+9 03x0.1 26+ 12 0.7+£0.2 352 + 59
% Radioactivity 8.5 <0.1 6.2 0.2 85.1
3 h Incubation in A-saline + 2 h radiolabeling with [3H]glycerol
dpm x 103 47+ 15 0803 3916 1.7+£0.2 389+ 95
% Radioactivity 9.9 0.2 8.2 0.4 81.5

A. aegypti fat bodies were radiolabeled by incubation (for 2 h) in A-saline containing [*Hlglycerol either preceded or followed by 3 h incubation
in A-saline. After a total of 5 h of incubation, fat bodies were rinsed and homogenized; lipids were extracted, fractionated, and incorporation of
radioactivity was quantified as described in Materials and Methods. Values represent the mean £ SD of 4 incubations.

was transferred from fat body to HDLp of both A. aegypti
and M. sexta. M. sexta HDLp incorporated approximately
twice as much radiolabeled lipid (41 x 103 dpm, total
radioactivity in the peak) compared to A. aegypti HDLp
(18 x 103 dpm). In the absence of HDLp in the medium,
no radioactivity was released from the fat body (Fig. 2A),
indicating that there was no detectable synthesis and
secretion of radiolabeled HDLp by the fat body and that
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Fig. 1. Time course of transfer of radiolabeled lipid from fat body
to HDLp. Radiolabeled fat body was incubated with HDLp as de-
scribed under Materials and Methods. Incubation media were sub-
Jjected to KBr density gradient ultracentrifugation and gradients were
analyzed for radioactivity. Values represent the mean + SD for 4
determinations. A: A. aegypti fat body with A. aegypti HDLp (-); B: M.
sexta fat body with M. sexta HDLp (- -).

radioactivity recovered in HDLp was due to loading of
lipid from fat body by HDLp already present in the
medium. Analysis of radioactivity in the individual lipid
classes showed that most of the radioactivity in both
lipophorins was in FA, whereas very little radiolabeled
TG or DG was incorporated (Table 4),

When A. aegypti fat body was radiolabeled with
[*H]glycerol (so that most of the radioactivity was local-
ized in glycerides) and subsequently incubated with
HDLp from either species, very little radioactivity could
be detected in HDLp: 2.3 x 103 dpm and 1.6 x 103 dpm
for M. sexta and A. aegypti, respectively (Fig. 2B).

When M. sexta fat body (radiolabeled with [*H]oleic
acid) was incubated with M. sexta HDLp, transfer of
radiolabeled lipid to HDLp occurred (Fig. 2C) and
radioactivity in HDLp was localized mainly in DG (Table
4). When the same fat body was incubated with A. aegypti
HDLp, radiolabeled lipid was transferred to HDLp.
However, the amount of radiolabeled lipid transferred
was approximately half (35 x 102 dpm) compared to that
transferred to M. sexta HDLp (67 x 102 dpm). Also, in
A. aegypti HDLp the radiolabel was localized mainly in
DG (Table 4).

We investigated the possibility that the lack of TG
transfer between fat body and HDLp in A. aegypti could
be due to the physiological condition of the fat body. It
could be argued that in sugar-fed adult females the
overall need for lipid and thus the mobilization and
transport of TG are low. It may be that lipid transport,
and thus lipid transfer from fat body to HDLp, is more
prominent, for example, after ingestion of a blood meal
when egg development (requiring lipid accumulation)
isinitiated. A three-fold increase in HDLp concentration
in female A. aegypti 48 h after ingestion of a blood meal
has been described (21), indicating an increase in lipid
transport. We repeated the experiment shown in Fig.
2B with fat bodies dissected from females 24 h after
ingestion of a blood meal. However, the transfer of
radiolabeled lipid to HDLp was identical to that ob-
tained with fat bodies from females prior to blood
feeding (results not shown).
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Fig. 2. Transfer of radiolabeled lipid from fat body to HDLp. A: Ten A. aegypti fat bodies were radiolabeled with [3H]oleic acid and incubated
in 100 pl A-saline without (control) or with 100 ug HDLp. B: Ten A. aegypti fat bodies were radiolabeled with [*H]glycerol and incubated in 100
ul A-saline without (control) or with 400 ug HDLp. C: One-half fat body of M. sexta was radiolabeled with [*H]oleic acid and incubated in 400 ul
L-saline without (control) or with 400 pug HDLp. Incubation media were subjected to KBr density gradient ultracentrifugation. Gradients were
fractionated and analyzed for density and radioactivity. For each experiment 4 incubations were performed, of which one is shown in this figure;

(..) control, (--) M. sexta HDLp, (-) A. aegypti HDLp.

Density of lipophorin

In both fat body experiments (A. aegypti fat body in
Fig. 2A and M. sexta fat body in Fig. 2C) the density of
HDLp of the two species was identical at the end of the
incubation, even though the starting particles have dif-
ferent densities (Table 5). Because apolipophorin-I and
-II are integral components of HDLp that do not ex-
change, a change in density of HDLp implies a change
in lipid composition. When incubated with A. aegypti fat
body, M. sexta HDLp increased in density to that of A.
aegypti HDLp, indicating that there was a net transfer of
lipid from M. sexta HDLp to A. aegypti fat body. How-

ever, when incubated with M. sexta fat body, A. aegypti
HDLp decreased in density to that of M. sexta HDLp,
indicating that A. aegypti HDLp loaded lipid from M.
sexta fat body (Table 5).

Delipidation of lipophorin by treatment with lipase

Kawooya et al. (20) have described the removal of DG
from M. sexta HDLp with a TG-lipase from C. cylindracea,
resulting in a density shift from 1.103 g/ml to 1.187
g/ml. The results in Fig. 3 show that, under identical
conditions, TG was not removed from A. aegypti HDLp.
Lipid analysis of the lipase-treated A. aegypti HDLp

TABLE 4. Transfer of radiolabeled lipid from fat body to lipophorin

A. aegypti Fat Body Radiolabeled

M. sexta Fat Body Radiolabeled

A. aegypti Fat Body Radiolabeled

with [*H]Oleic Acid with [3H]Oleic Acid with [*H]Glycerol
Lipid AaHDLp MsHDLp Aa-HDLp Ms-HDLp Ag-HDLp
% radioactivity

PL 2.9+05 2.8+0.7 34+£1.0 1.5£04 85.0

MG 0.8+0.1 0.6+0.1 3.9+ 0.5 2.4£0.9 -

DG 1.5+0.2 1.3+04 79.6 £ 4.1 84.4+4.8 14.0

FA 92.2+ 1.0 93+0.9 11.9+4.6 104+ 4.4 -

TG 1.7£0.3 16+03 1.1+£0.2 05102 1.0

Fat bodies of A. aegypti or M. sexta were radiolabeled with [SH]oleic acid or [*H]glycerol and incubated with HDLp of A. aegypti (Aa-HDLp, 4
mg/ml) or of M. sexta (Ms-HDLp, 1 mg/ml). Values represent the mean + SD of 4 incubations for the first 4 rows. For the last row, the media
from 4 incubations were pooled. Isolation of HDLp and lipid analysis was performed on the pooled sample.
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TABLE 5. Densities of HDLp before and after incubation with fat
body
Fat Body HDLp Density
g/ml

- A. aegypti 1.117 £ 0.003

A. aegypti A. aegypti 1.113 + 0.002

M. sexta A. aegypti 1.098 + 0.003

- M. sexta 1.103 £ 0.003

A. aegypti M. sexta 1.111 £ 0.002

M. sexta M. sexta 1.100 £ 0.001

Fat bodies from A. aegypti and M. sexta were incubated with HDLp
from A. aegypti and M. sexta as described under Materials and Methods.
Incubation media were subjected to KBr density gradient ultracentri-
fugation and densities of lipophorins were determined. Values repre-
sent the mean + SD of 4 incubations.

revealed that TG was not hydrolyzed (results not
shown). It cannot be excluded that the inability of this
TG-lipase to hydrolyze TG is due to the substrate speci-
ficity of the enzyme. Using a different TG-lipase, from
the fungus Rhizopus arrkizus, TG could be removed
efficiently from A. aegypti HDLp (result not shown),
producing a particle with a density of 1.153 g/ml. How-
ever, compared to the delipidation of M. sexta HDLp
with R. arrhizus TG-lipase, b times more enzyme was
needed to delipidate A. aegypti HDLp, indicating that
TG in A. aegypti HDLp is removed less efficiently than
DG in M. sexta HDLp. The delipidated A. aegypti particle
was physiologically inactive: it did not reload lipid from
fat body of either A. aegypti or M. sexta. Similarly, M. sexta
HDLp, delipidated with R. arrhizus TG-lipase, was not
able to reload DG from M. sexta fat body (results not
shown).

DISCUSSION

M. sexta HDLp, in which DG is the major neutral lipid,
continuously exchanges DG with the fat body (8). We
investigated whether the TG-rich HDLp of A. aegypti is
able in a similar way to exchange TG with the fat body.
When A. aegypti fat body was radiolabeled with [3H]oleic
acid and subsequently incubated with A. aegypti HDLp,
transfer of lipid from fat body to HDLp occurred (Fig.
2A). However, radioactivity was found mainly in FA
(Table 4), even though fat body TG was labeled (Table
2). When M. sexta HDLp was incubated with A. aegypti
fat body (labeled with [3H]oleic acid), it also incorpo-
rated mainly radiolabeled FA (Table 4). These results do
not exclude the possible transfer of TG: because the
major form of storage of lipid in the fat body is TG, the
specific activity of TG in the fat body is much lower than
that of FA. To circumvent this problem, A. aegypti fat
body was radiolabeled with [3H]glycerol. When the lat-
ter fat body was incubated with A. aegypti HDLp, there

was little transfer of radiolabeled lipid to HDLp (Fig. 2B)
and most of the radiolabel was localized in PL (Table 4).

To confirm that A. aegypti HDLp does not exchange
TG as efficiently as M. sexta HDLp exchanges DG, we
calculated how many moles of DG were transferred
from fat body to HDLp in M. sexta and the amount of
transfer of radioactivity that would be expected if a
similar number of moles of TG would be transferred in
A. aegypti. The amount of radiolabeled lipid transferred
from fat body to HDLp in M. sexta amounted to 6.7 x
10* dpm (Fig. 2C); 84.4% of this radiolabel, or 5.6 x 10*
dpm, was localized in DG (Table 4). With a specific
activity of 4.7 x 106 dpm/mg DG (Table 6), this means
that 12 ug or 19.3 nmol DG was incorporated in HDLp.
If A. aegypti would transfer TG from fat body to HDLp
as efficiently as the transfer of DG in M. sexta, then 19.3
nmol or 17.1 pg of TG should be transferred. However,
the total amount of TG in 10 fat bodies of A. aegypti was
798 nmol, whereas the total amount of DG in one-half
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Fig. 3. Delipidation of HDLp with TG-lipase. HDLp from either A.
aegypti (A) or M. sexta (B) was incubated with TG-lipase from Candida
¢ylindracea under the conditions described under Materials and Meth-
ods. Incubation media were subjected to KBr density gradient ul-
tracentrifugation. Gradients were fractionated and analyzed for lipo-
phorin (Ass0) and density; (-) with TG-lipase, (- -) control without
TGlipase.
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TABLE 6. Specific activity of radiolabeled DG and TG in fat body

Specific Activity

Fat Body DG TG
dpm x 10%/mg

A. aegypti 5,247 + 440 892 £ 91

M. sexta 4,663 £ 572 84116

Fat body of A. aegypti was radiolabeled with [*H]glycerol and fat
body of M. sexta was radiolabeled with [*H]oleic acid for 2 h. Fat bodies
were rinsed and homogenized; lipids were extracted, fractionated, and
their specific activities were determined. Values represent the mean
+ SD of 4 incubations.

fat body of M. sexta was 161 nmol (based on Table 1).
Therefore, the incubation of A. aegypti fat body con-
tained 5 times more TG, compared to DG in the incu-
bation of M. sexta fat body. Thus, we could expect 5 times
more, or 85.5 ug TG, to be transferred out of A. aegypti
fat body. With a specific activity of 8.9 x 106 dpm/mg
for TG (Table 6), this means that 7.6 x 10* dpm could
be expected. The value observed, 1.6 x 10® dpm (Fig.
2B) is approximately 39 times lower than the expected
(calculated) value. Moreover, only 1% of the label in A.
aegypti HDLp was localized in TG (Table 4). Thus we
conclude that, under the conditions used, the transfer
of TG from A. aegypti fat body to HDLp is much less
cfficient or absent, compared to the transfer of DG in
M. sexta. In these calculations we assumed that the pool
of radiolabeled DG in M. sexta fat body is homogeneous.
If during the incubation the pool of DG is replenished
from TG (which has a lower specific activity than DG,
Table 6), the specific activity of DG would decrease.
Thus the amount of DG transferred would be underes-
timated, and therefore the calculated transfer of TG in
A. aegypti would even be higher than 85.5 pg. We also
assumed that the pool of TG in A. aeggypti fat body is
homogeneous. Two reasons for a non-homogeneous
distribution of radiolabeled TG in the fat body are
possible: First, TG could be replenished from DG (which
has a higher specific activity than TG, Table 6) during
the incubation period, which would result in an increase
of specific activity of TG. Second, the newly radiolabeled
TG could remain localized more closely to the surface
of the fat body and not partition equally over the entire
fat body, which would mean that the specific activity of
TG is underestimated. Because in both cases the specific
activity of TG would only increase, the amount of ex-
pected radiolabeled TG transferred to lipophorin would
only be higher. Thus, the two assumptions made do not
affect the validity of the conclusion.

Adult M. sexta HDLp has a lower density than larval
A. aegypti HDLp (Table 5). Upon incubation with A.
aegypti fat body, lipophorins from both species equili-
brated at identical density (Fig. 2A and B), which coin-
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cides with the density of A. aegypti HDLp (Table 5).
Because the protein content of lipophorin remains con-
stant, a net transfer of lipid from M. sexta HDLp to A.
aegypti fat body occurred. On the other hand, upon
incubation with M. sexta fat body (Fig. 2C), both lipo-
phorins equilibrated at the density of M. sexta HDLp
(Table 5). Therefore, A. aegypti HDLp had loaded lipid
from M. sexta fat body. However, the lipids incorporated
by A. aegypti HDLp were mainly DG and FA, but not TG.
The results show that upon incubation with fat body, the
final density of lipophorin (and thus the net transfer of
lipid) as well as the type of lipid that is transferred, is
dictated by the fat body.

When the two lipophorins are compared in their
capacity to exchange FA with A. aegypti fat body (Fig.
2A), it is clear that A. aegypt: HDLp has incorporated
half as much radiolabeled FA. Similarly, when compar-
ing their capacity to load DG from M. sexta fat body (Fig.
2C), A. aegypti HDLp incorporated half as much radio-
labeled DG. Although these results indicate that lipid
transfer to A. aegypti HDLp is less efficient than to M.
sexta HDLp, it is not possible to conclude, based on the
experiments presented here, what causes this differ-
ence.

If HDLp functions as a reusable shuttle, it should be
able not only to load, but also to unload lipid without
destruction of the particle. In support of its shuttle
function is the fact that both DG and PL can be removed
from HDLp by in vitro treatment with lipases (20, 22).
The delipidated lipophorin is able to reload DG or PL
at the fat body (22, 23). When A. aegypti HDLp was
treated with TG-lipase, no TG was removed. This result
suggests that TG cannot readily be removed from A.
aegypti HDLp and indicates that there are structural
differences between the lipophorins of the two species.

Insects store lipid in the form of TG in their fat body.
Although part of the lipid may be synthesized from
carbohydrate precursors, part is also synthesized from
FA originating in the hemolymph. Our results indicate
that, under the conditions used, there is a difference in
the utilization of FA and the incorporation into TG in
the fat body, between A. aegypti and M. sexta. When M.
sexta fat body was incubated with [*H]oleic acid, all FA
incorporated into the fat body was converted mainly
into TG. In A. aegypti, however, half of the [*H]oleic acid
that was taken up by the fat body was not esterified and
remained as FA (Table 2). This phenomenon of partial
incorporation of FA into glycerides is not understood
yet. Synthesis of glycerides may depend on the physi-
ological state of the fat body. In A. aegypti, lipid reserves
in the adult fat body are carried over from the larval
stage (24) and therefore synthesis of TG may be very low
in adult fat body. The presence of [*H]oleic acid in the
fat body also could be related to the relative abundance
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(214%) of FA in A. aegypti HDLp (10). However, because
the latter determination was performed on a lipophorin
preparation isolated from a homogenate of total insects
(“homogenate-HDLp”), the abundance of FA could be
an artifact introduced by the homogenization step. We
collected hemolymph from 500 adult female mosquitoes
and isolated HDLp. The lipid composition of this
“hemolymph-HDLp” was identical to that of “homogen-
ate-HDLp” (results not shown), indicating that homog-
enization of total mosquitoes does not affect the lipid
composition of HDLp. We did, however, measure a
lower content of FA (=7%), along with a lower content
of DG (=7%) and a higher content of TG (241%) com-
pared to the previously reported values (=14%, =14%,
and =32% for FA, DG, and TG, respectively; 10). This
shift in relative abundance of lipid classes can be ex-
plained by the lower concentrations of protease/lipase
inhibitors used in the first analysis (2 mM of DFP and 2
mM of PMSF; 10) compared to this study (4 mM of each
inhibitor).

In conclusion, the data presented here indicate that,
under the conditions used, transfer of neutral lipid from
fat body to HDLp is less efficient in A. aegypti than in M.
sexta. The fat body dictates the amount of net lipid
transfer, whereas HDLp influences the efficiency of lipid
exchange. Therefore, the inefficiency of lipid exchange
between fat body and HDLp in A. aegypti may be attrib-
uted to both fat body and lipophorin.

The inefficient lipid transfer in A. aegypti could be due
to the presence of TG in A. aegypti HDLp. It may be
more difficult to transfer TG between a cell membrane
and a lipoprotein. If this is the case, then it could be that
A. aegypti HDLp does not act as a reusable lipid shuttle,
but instead is synthesized and secreted from the fat body
with its full load of lipid, and is degraded after delivery
of the lipid to target tissues. Another explanation for the
inefficient lipid transfer in A. aegypti could be that a lipid
transfer particle (LTP; 25-28) is necessary to promote
transfer of TG from fat body to HDLp. In M. sexta, LTP
is present at the surface of the fat body and mediates
DG transfer from fat body to HDLp (8). Perhaps an
“LTP-like” molecule is present in A. aegypti that occurs
only in hemolymph. If it does not associate with the fat
body, it would be absent in the experimental conditions
used here. We are currently investigating this possibility.

i
This work was supported by National Institutes of Health grant
GM 44876 (to MCVH) and by the John D. and Catherine T.
MacArthur Foundation. We thank John Norem for excellent
large-scale rearing of Aedes asgypti. We thank Dr. Katia Gondim
and Dr. John Law for helpful discussions during the prepara-
tion of this manuscript.

Manuscript recerved 13 September 1995, in revised form 16 January 1996,
and in re-revised form 11 March 1996,

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

REFERENCES

. Beenakkers, A. M. T., D. J. Van der Horst, and W. J. A.

Van Marrewijk. 1985. Insect lipids and lipoproteins and
their role in physiological processes. Prog. Lipid Res. 24:
19-67.

. Shapiro, J. P., J. H. Law, and M. A. Wells. 1988. Lipid

transport in insects. Annu. Rev. Entomol. 33: 297-318.

. Van der Horst, D. J. 1990. Lipid transport function of

lipoproteins in flying insects. Biochim. Biophys. Acta. 1047:
195-211.

. Soulages, J. L., and M. A. Wells. 1994. Lipophorin: the

structure of an insect lipoprotein and its role in lipid
transport in insects. Adv. Prot. Chem. 45: 371-415.

. Blacklock, B. J., and R. O. Ryan. 1994. Hemolymph lipid

transport. Insect Biochem. Mol. Biol. 24: 855-873.

. Chapman, M. J. 1986. Comparative analysis of mammal-

ian plasma lipoproteins. Methods Enzymol. 128: 70-143.

. Downer, R. G. H,, and H. Chino. 1985. Turnover of

protein and diacylglycerol components of lipophorin in
insect hemolymph. Insect Biochem. 15: 627-630.

. Van Heusden, M. C,, and J. H. Law. 1989. An insect lipid

transfer particle promotes lipid loading from fat body to
lipoprotein. J. Biol. Chem. 264: 17287-17292.

. Gotto, A. M,, Jr., H. J. Pownall, and R. J. Havel. 1986.

Introduction to the plasma lipoproteins. Methods Enzymol.
128: 3-41.

Ford, P. §., and M. C. Van Heusden. 1994. Triglyceride-
rich lipophorin in Aedes aegypti (Diptera: Culicidae). J.
Med. Entomol. 31: 435-441.

Rehn, K. G, and R. F. Lee. 1994. Lipophorin as a lipid
carrier in the hemolymph of the horseshoe crab, Limulus
polyphemus. Braz. J. Med. Biol. Res. 27: 1135-1139.
Prasad, S. V.,R. O. Ryan, J. H. Law, and M. A. Wells. 1988.
Changes in lipoprotein composition during larval-pupal
metamorphosis of an insect, Manduca sexta. J. Biol. Chem.
261: 558-562.

Shapiro, J. P., P. S. Keim, and J. H. Law. 1984. Structural
studies on lipophorin, an insect lipoprotein. J. Biol. Chem.
259: 3680-3685.

Hagedorn, H. H., S. Turner, E. A. Hagedorn, D. Ponte-
corvo, P. Greenbaum, D. Pfeiffer, G. Wheelock, and T. R.
Flanagan. 1977. Postemergence growth of the ovarian
follicles of Aedes aegypti. J. Insect Physiol. 23: 203-206.
Jungreis, A. M., P. Jatlow, and G. R. Wyatt. 1973. Inor-
ganic ion composition of haemolymph of the cecropia
silkmoth: changes with diet and ontogeny. J. Insect Physiol.
19: 225-233.

Bligh, E. G., and W. J. Dyer. 1959. A rapid method of lipid
extraction and purification. Can. J. Biochem. Physiol. 37:
911-917.

Mangold, H. K. 1969. Aliphatic lipids. /» Thin-Layer
Chromatography. E. Stahl, editor. Springer-Verlag, New
York, NY. 363-421.

Holwerda, D. A.,]. Van Doorn, and A. M. Th. Beenakkers.
1977. Characterization of the adipokinetic and hypergly-
caemic substances from the locust corpus cardiacum.
Insect Biochem. 7: 151-157.

Bartlett, G. R. 1959. Phosphorus assay in column chroma-
tography. J. Biol. Chem. 234: 466-468.

Kawooya, . K., D. J. van der Horst, M. C. van Heusden,
B. L. J. Brigot, R. van Antwerpen, and J. H. Law. 1991,
Lipophorin structure analyzed by in vitro treatment with
lipases. J. Lipid Res. 32: 1781-1788.

Pennington, Nussenzveig, and Van Heusden Insect lipoprotein comparison 1151

2102 ‘8T aunr uo ‘sanb Aq 610 4j:mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

21.

22,

23.

24,

25.

Capurro, M. De L., A. G. De Bianchi, and O. Marinotti.
1994. Aedes aegypti lipophorin. Comp. Biochem. Physiol.
108B: 35-39.

Gondim, K. C,, G. C. Atell, ]. K. Kawooya, and H. Masuda.
1992. Role of phospholipids in the lipophorin particles of
Rhodnius prolixus. Arch. Insect Biochem. Physiol. 20: 303-314.
van Heusden, M. C,, D. J. van der Horst, J. K. Kawooya,
and J. H. Law. 1991. In vivo and in vitro loading of lipid
by artificially lipid-depleted lipophorins: evidence for the
role of lipophorin as a reusable lipid shuttle. /. Lipid Res.
32: 1789-1794.

Van Handel, E. 1965. The obese mosquito. J. Physiol. 181:
478-486.

Ryan, R. O,, K. R. Senthilathipan, M. A. Wells, and |. H.

1152  Journal of Lipid Research Volume 37, 1996

26.

27.

28.

Law. 1988. Facilitated diacylglycerol exchange between
insect hemolymph lipophorins. Properties of Manduca
sexta lipid transfer particle. J. Biol. Chem. 263:
14140-14145.

Capurro, M. De L., and A. G. De Bianchi. 1990. A lipid
transfer particle in Musca domestica haemolymph. Comp.
Biochem. Physiol. 97B: 649-653.

Hirayama, Y., and H. Chino. 1990. Lipid transfer particle
in locust hemolymph: purification and characterization.
J- Lipid Res. 31: 793-799.

Takeuchi, N., and H. Chino. 1993. Lipid transfer particle
in the hemolymph of the American cockroach: evidence
for its capacity to transfer hydrocarbons between lipo-
phorin particles. /. Lipid Res. 34: 543-551.

2102 ‘8T aunr uo ‘sanb Aq 610 4j:mmm woly papeojumoq


http://www.jlr.org/

