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Abstract In this report we show the existence of a distinct
pool of fat body diacylglycerol (DG) that can be distin-
guished from the bulk DG. This is a dynamic pool of DG
that uses FA entering the fat body from the hemolymph,
whereas the bulk DG uses the fatty acids stored in the fat
body fat droplets. Using a dual labeling technique, it was
possible to compare the effect of hormone-stimulated DG
synthesis and secretion on the distribution of radiolabeled
FA among the lipids of the dynamic pool (short-term radio-
labeling), with the hormonal effect on the total complement
of fat body lipids (long-term radiolabeling). We observed
that, whereas DG represents 2% to 3% of the fat body lipid
mass, about 20% of the short-term radiolabeled lipids are
represented by DG. Stimulation of lipolysis produces a fast
decrease in the fraction of short-term radiolabeled DG,
whereas there is an increase in the mass of fat body DG.
The subcellular distribution of bulk DG showed that its ma-
jority (62%) was in the fat cake whereas only 2.9% was in
the cytosol.HR On lipolysis stimulation, the largest changes
in specific activities of newly synthesized DG were detected
in the cytosol and the fat cake, suggesting that newly synthe-
sized DG localized in the lipid droplets and the cytosol is
preferentially mobilized.—Arrese, E. L., J. L. Gazard, M. T.
Flowers, J. L. Soulages, and M. A. Wells. Diacylglycerol trans-
port in the insect fat body: evidence of involvement of lipid
droplets and the cytosolic fraction. J. Lipid Res. 2001. 42:
225-234.
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Many insects such as Manduca sexta, which rely on lipids
as the major fuel for flight, mobilize sn-1,2-diacylglycerol
(DG) into the circulation (1, 2). DG is derived from tri-
acylglycerol (TG) stores in the fat body and constitutes
the main form in which FA (FA) are mobilized to the site
of utilization, for example, flight muscle. Mobilization of
lipid stores is signaled by the release of a nonapeptide,
adipokinetic hormone (AKH), from the cephalic region (3).
We have shown in the M. sexta fat body that AKH rapidly

activates a cAMP-dependent protein kinase (4) as well as
the phosphorylatable TG lipase (5). Because the kinase
activation precedes the activation of the lipase, which in
turn precedes the appearance of DG in circulation, the
stimulation of lipolysis induced by AKH might be regu-
lated by phosphorylation reactions. In vertebrates, the
mechanisms of action of lipolytic hormones on fat cells
are believed to be mediated by the cAMP-dependent acti-
vation of hormone-sensitive lipase [reviewed in refs. (6
and 7)]. However, new evidence suggesting that the lipoly-
tic hormone acts on the endogenous lipid substrate rather
than on the lipase has been reported (8, 9). In addition,
we have also indicated that stored TG is the direct precur-
sor of the DG that is released from the fat body (2, 10). In
other words, direct stereospecific hydrolysis of TG cata-
lyzed by the TG lipase is the pathway for the synthesis of
DGs that are released into the hemolymph.

In the circulation, DG is transported by lipophorin, the
major insect lipoprotein (1, 11). A characteristic feature
of insect lipophorin is that it acts as a reusable lipid shut-
tle. The turnover of DG occurs at a much higher rate than
that of the protein component of lipophorin (12). Lipo-
phorin can load and unload lipid without internalization
of the lipoprotein. DG is transferred into preexisting high
density lipophorin at the surface of the fat body by a
mechanism that is facilitated by lipid transfer particle, but
that remains to be elucidated (13). As the DG content of
lipophorin increases, there is a concomitant association of
apolipoprotein III with these particles (11). The resulting
larger and less dense low density lipophorin has a greater
capacity to transport DG from the fat body to the flight

Abbreviations: AKH, adipokinetic hormone; DG, diacylglycerol;
FFA, free FA; MG, monoacylglycerol; PL, phospholipids; TG, triacyl-
glycerol; TLC, thin-layer chromatography
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muscle. The transport of DG by lipophorin has been the
focus of extensive studies. However, there is no informa-
tion about the intracellular transport of DG or the mecha-
nism by which DG is released from the intracellular com-
partment to the hemolymph.

As in vertebrate adipose tissue, TG is stored in the fat
body cell in cytoplasmic droplets (14). The intracellular
location of the fat body TG lipase seems to be the cytosol,
from where this enzyme has been purified (15). The se-
quence of events leading to the activation of lipolysis
could involve the translocation of the lipase to its sub-
strate, which is present in the fat droplets. After the stimu-
lation of lipid mobilization, the content of DG in the fat
body gradually increases and simultaneously an enormous
mobilization of DG into the hemolymph is observed (2).

As a part of our investigation of lipolysis in insects, we
are interested in examining the mechanism by which DG
is transported in the cell from the lipid droplets to the cell
surface. This information is required to achieve a com-
plete description of the lipolytic process that takes place
in the insect fat body. In this article we show the occur-
rence of a distinct pool of fat body DG that can be distin-
guished from the bulk DG in the fat body. This is a dy-
namic pool of DG that uses FA entering the fat body from
the hemolymph whereas the bulk DG uses the FA stored
in the fat droplets. We also report an investigation of the
intracellular location of bulk and newly synthesized DG
(formed from FA injected in the hemolymph), as well as
the effect of the lipolytic hormone AKH on that distri-
bution. We have found that the newly synthesized DG lo-
calized in the fat cake and particularly in the cytosol are
preferentially mobilized when lipid mobilization was
stimulated by AKH. No change was observed in the DG lo-
calized in the particulate fraction. We conclude that newly
synthesized DG pool could be used for studying the trans-
port of DG within the cell. This information provides a
starting point for future studies, which will focus on the
characterization of the cytosolic components that are in-
volved in intracellular DG transport.

MATERIALS AND METHODS

Materials

[2-14Clacetate was purchased from American Radiolabeled
Chemicals (St. Louis, MO) and [9,10-3H]palmitic acid and
[9,10(n)-*H]oleic acid were purchased from New England Nu-
clear (Boston, MA). Manduca sexta AKH was purchased from
Peninsula Laboratories (Belmont, CA). Silica gel G plates were
obtained from J. T. Baker (Phillipsburg, NJ) and Ficoll 400 from
Amersham-Pharmacia (Piscataway, NJ). All other chemicals were
of analytical grade.

Experimental insects

Two- or three-day old M. sexta adults from a colony main-
tained in the authors’ laboratory were used (4). Adults were kept
at 25°C without food. Animals were decapitated 24 h prior to
being used. Before use, the decapitated insects were injected
with 13 mg of trehalose dissolved in 20 ul of HyO (5). After an
additional 2 h, the insects were used for experiments. Typically,
the lipid content of fat body and hemolymph is 84.6 * 8.6 mg of
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lipid per fat body and 12.9 = 1.1 mg of lipid per insect, respec-
tively (16). The following amounts of TG, DG, monoacylglycerol
(MG), and free fatty acids (FFA) are found in the fat body: 82.70,
1.69, 0.05, and 0.18 mg per fat body, respectively; whereas the
amounts of TG, DG, MG, and FFA in the hemolymph are 0.44,
12.30, 0.08, and 0.015 mg per insect, respectively (2).

Radiolabeling of fat body lipids

Fat body lipids were radiolabeled according to two different
procedures: long and short term, respectively. A third proce-
dure, which is a combination of these two, was used to produce
dual-radiolabeled lipids.

Long-term procedure. Fat body lipids were radiolabeled follow-
ing the long-term procedure previously reported (2). Briefly,
during the fifth larval instar, insects were fed 20 wCi of [9,10-*H]-
palmitic acid. After completion of development (32 days), radio-
actively labeled adults, 2 or 3 days after emergence, were decapi-
tated and injected with trehalose as indicated above. After an
additional 2 h, insects were injected with 100 pmol of AKH. Fat
bodies were taken out 60 min after the hormone injection and
used for lipid extraction.

Short-term procedure. Experimental insects were injected with
20 pCi of either [9,10(n)-*H]oleic acid or [9,10-*H]palmitic
acid. Fat body was taken out at various times from 5 min up to
6 h, and subjected to lipid extraction. For the time point corre-
sponding to 240 min both the fat body and hemolymph were
collected and used for lipid analysis.

Dual radiolabeling of fat body lipids. During the fifth larval in-
star, insects were fed 20 nCi of [2-1*C]acetate. After completion
of development, adults were decapitated and subjected to short-
term labeling by injection of 20 pCi of [9,10-*H]palmitic acid as
indicated above. After 240 min, insects were injected with 100
pmol of AKH. Fat bodies were taken out at various times after
the hormone injection and used for lipid extraction.

Sample preparation and lipid extraction

Individual fat body was dissected and lipids were extracted
with chloroform-methanol (17). A small aliquot (50 wl) of the
lipid extract was used for determination of the total lipid radio-
activity by liquid scintillation counting.

Lipid separation

The lipids in the extracts were separated by thin-layer chroma-
tography (TLC) on silica gel G plates, using hexane —ethyl
ether—formic acid 70:30:3 (v/v/v) as the developing solvent.
The MG, DG, FFA, and TG fractions, along with material that re-
mained at the origin, the phospholipid fraction (PL), were visu-
alized with Iy vapor and scraped from the plate, and the radioac-
tivity was counted by liquid scintillation counting. The same
efficiency of counting was obtained for all the samples. Results
were expressed as a percentage of total radioactivity (mean *
SEM, n value as indicated below).

Distribution of radiolabel between the glycerol
backbone and FA in acylglycerols

TLC-separated TG and DG from dual-radiolabeled insects
were scraped from the plate and lipids were eluted from the sil-
ica gel with diethyl ether (18) and concentrated to dryness un-
der a stream of nitrogen. The distribution of radiolabel between
the backbone and the fatty acyl chains was analyzed as previously
reported (2).

Positional distribution of radiolabeled FA
in acylglycerols

TLC-separated TG and DG from dualradiolabeled insects
were scraped from the plate as indicated above and concen-
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trated to dryness under a stream of nitrogen. Lipid samples
were used to analyze the positional distribution of the radioac-
tively labeled FA according to Arrese and Wells (2) and Brock-
man (19).

Fat body subcellular fractionation

The fractionation was carried out according to the procedure
described for the subcellular fractionation of adipocytes (20).
Fat bodies obtained under the following conditions were sub-
jected to the subcellular fractionation: a) long-term radiolabel-
ing; b) long-term radiolabeling, AKH injected; ¢) short-term radio-
labeling; and d) short-term radiolabeling, AKH injected. In all
cases, lipids were radiolabeled by using 20 nCi of [3H]palmitic
acid per insect as indicated above.

Fat bodies dissected from 20 insects were pooled and homog-
enized at 3,000 rpm with a Potter-Elvehjem glass homogenizer
fitted with a Teflon pestle, using 20 ml of buffer A [10 mM Tris,
1 mM ethylenediaminetetraacetic acid (EDTA), 250 mM su-
crose, 0.1% (v/v) 2-mercaptoethanol, 0.05% (v/v) diisopropyl
fluorophosphate, pH 7.4]. The resulting homogenate was
placed in ice, and all subsequent steps were carried out at 4°C.
The homogenate was centrifuged (1,000 g for 10 min) to pellet
unbroken cells, cell debris, and nuclei, which were discarded.
The resulting supernatant (fraction 0) was centrifuged (20,000 g
for 25 min) and three different fractions were collected: fat
cake, infranatant, and 20,000 g pellet. The fat cake containing
the store lipid droplets (fraction 1) was collected into a separate
glass tube. The infranatant containing the microsomes and cyto-
sol was recentrifuged at 160,000 g for 80 min, yielding a superna-
tant (fraction 2, cytosol) and a pellet (fraction 4, microsomal
fraction).

The 20,000 g pellet (fraction 3, plasma membranes and mito-
chondria) was resuspended in 8 ml of buffer A and placed on a
discontinuous Ficoll gradient. This gradient consisted of two 10-
ml Ficoll layers, 15% (bottom) and 9% (top), respectively. After
centrifugation (21,200 rpm for 45 min) in an SW27 rotor, the Fi-
coll gradient fractionation yielded two distinct fractions: the
plasma membrane fraction (3-a) that formed a band on top of
the 9% layer and the mitochondria that were collected in the
pellet (fraction 3-b).

An aliquot of the cytosolic fraction was subjected to KBr den-
sity gradient separation. For this purpose, 7.2 g of KBr was dis-
solved in 16 ml of supernatant. This preparation was overlaid
with 23 ml of buffer [100 mM NayHPO,, 150 mM NaCl, 2 mM
EDTA, 0.002% (w/v) NagN, pH 6.5]. After centrifugation
(50,000 rpm for 16 h) in a VTi50 vertical rotor, the gradient was
fractionated from top to bottom into 1-ml fractions and the opti-
cal density at 280 nm and radioactivity were determined. Radio-
activity was counted in 100-pl aliquots by liquid scintillation
counting. Fractions 1-9, 10-18, 19-27, and 28-36 were pooled.
The density of each pool was measured. Pools were used for pro-
tein assays and lipid extracts.

The following determinations were carried out in each subcel-
lular fraction: a) total radioactivity, and b) distribution of radio-
activity among the lipids. Total radioactivity was determined by
counting an aliquot of each subcellular fraction, using liquid
scintillation counting. Results are expressed as percentage: [cpm
recovered in the subcellular fraction/cpm recovered from the
fat body homogenate (0)] X 100. Distribution of radioactivity
among the lipids was determined by TLC as indicated above. Re-
sults are expressed as a percentage of the counts per minute,
where the sum of counts per min obtained for TG, DG, FFA,
MG, and PL in each subcellular fraction represents 100%.

The percentage of DG in each subcellular fraction (y;) was ex-
pressed as a percentage of total counts per min: [(% of DG in
fraction y;) X (% of total radioactivity of fraction y;)]/100.

Other procedures

Protein concentration was determined by the Bradford dye-
binding assay, using bovine serum albumin as a standard (21).

Statistics

Results are presented as means * SEM. Statistical compari-
sons were made by the Student’s #test; P < 0.05 was considered
to be significant.

RESULTS

Newly synthesized fat body lipids

TG comprised the main fat body lipid, making up 94.3%
of total lipid mass (2). The FA composition of TG indi-
cated that palmitic acid (16:0), oleic acid (18:1), and li-
noleic acid (18:2) were the prevalent FA, comprising
28.2 = 1.1, 31.6 = 0.6, and 29.2 = 0.8 mol%, respectively
(E. L. Arrese and M. A. Wells, unpublished results). The
remaining fat body lipids were DG, MG, FFA, and PL,
which accounted for 2.6%, 0.2%, 0.5%, and 2.3% of the
total lipid mass, respectively (2).

To determine the composition of recently synthesized
fat body lipids, experimental insects were injected with 20
nCi of [*H]palmitic acid (16:0). At different times, fat
body lipid extracts were analyzed for distribution of radio-
activity as indicated in Materials and Methods. Figure 1A
shows the class composition of lipid radioactivity. Within
4 h the proportion of radioactive TG increased up to 70%.
PL and MG did not accumulate a significant proportion
of label, which represented about 4% and 0.5%, respec-
tively. However, a notable accumulation of radioactivity as
DG was found. Within 30 min the proportion of radioac-
tive DG leveled off at about 21% and remained nearly
constant for 5 h.

Figure 1B shows the class composition of lipid radioac-
tivity after the injection of 20 pCi of [*H]oleic acid (18:1).
As indicated above, oleic acid was also a relevant FA of the
insect fat body, comprising about 32% of the total content
of FA. The conversion of [?H]oleic acid into lipids was
somewhat faster than in the case of [3H]palmitic acid. For
example, 2 h after the injection, the radiolabeled FFA rep-
resented about 4% of the radiolabeled lipids instead of
the 20% detected in the case of [3H]palmitic acid (Fig.
1A). A similar proportion of newly synthesized TG that
reached 70% within 3 h was also observed. In the case of
PL, a slightly higher proportion of PL (10% to 11%) was
observed at earlier time points, but then this value de-
creased, remaining constant at about 5%. Similar to the
incorporation of [3H]palmitic acid, a small fraction of the
label was found as MG. Likewise, a high accumulation of
[PH]DG was also detected. Within 15 min after the injec-
tion of [3H]palmitic acid, the radioactivity found as DG
rapidly increased to 23% of total radioactive lipids and re-
mained constant during the course of the experiment.

The patterns of the distribution of radioactivity among
newly synthesized lipids obtained from labeled palmitic
acid and oleic acid were generally similar, with certain dif-
ferences observed over short periods of time. In these ex-
periments, a significant difference between the distribu-
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Fig. 1. A: Class composition of lipid radioactivity (% distribu-
tion) after the injection of 20 wCi of [3H]palmitic acid. Fat body
lipid extracts were separated by TLC. The distribution of radioac-
tivity was determined by liquid scintillation counting of silica gel
scrapings. Results are expressed as a percentage of total counts per
min = SEM (n = 6), where the sum of counts per min obtained
from TG (solid squares), DG (solid circles), FFA (open squares),
PL (asterisks), and MG (solid triangles) represents 100%. Total
counts per min recovered from the fat body of one insect was 4.6
(#£0.7) X 106. B: Class composition of lipid radioactivity (% distri-
bution) after the injection of 20 wCi of [®*H]oleic acid. Fat body
lipid extracts were separated by TLC. The distribution of radioac-
tivity was determined by liquid scintillation counting of silica gel
scrapings. Results are expressed as a percentage of total counts per
min = SEM (n = 6), where the sum of counts per minute obtained
from TG (solid squares), DG (solid circles), FFA (open squares),
PL (asterisks), and MG (solid triangles) represents 100%. Total
counts per min recovered from the fat body of one insect was 8.9
(*£1.7) X 106,

tion of radioactivity among newly synthesized lipids and
the distribution of mass of fat body lipids was found. As
can be seen in Fig. 1, with both labeled oleic and palmitic
acid, about 20% of the lipid radioactivity was in DG. Be-
cause less than 3% of the mass of total fat body lipids is
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DG (Materials and Methods) the accumulation of radioac-
tivity in newly synthesized DG indicates that this lipid
formed a separated pool in the fat body cell. This pool
does not equilibrate rapidly with the TG pool because, at
least 5 h after the incorporation of radioactive FA, the pro-
portion of newly synthesized DG remained unchanged,
representing about 20% of total radioactive lipids.
Preliminary results on the effect of AKH on newly syn-
thesized fat body DG showed that AKH induced a pro-
nounced decrease in the [?H]DG of the fat body. The per-
centage of total radioactivity found in newly synthesized
fat body DG after the stimulation of lipolysis by AKH de-
creased to 7.9% and 11.2% in the insects labeled with
[®*H]oleic acid and [*H]palmitic acid, respectively. Be-
cause we know that AKH induces an accumulation of DG
in both the hemolymph and the fat body (2), this result
was clearly unexpected. To investigate further the nature
of the AKH-induced changes in the composition of re-
cently synthesized lipids, particularly DG, we decided to
investigate this effect with insects in which the bulk lipids
were distinguishable from the newly synthesized lipids.

Effect of AKH on bulk and newly synthesized DG
by using dual-radiolabeled fat body lipids

Dual-radiolabeled fat body lipids were obtained after a
long- and short-term radiolabeling procedure with the
same group of insects, using [14C]acetate and [H]pal-
mitic acid for the long- and short-term procedures, re-
spectively. Thus, bulk lipids were radiolabeled with C
and newly synthesized lipids were radiolabeled with 3H.
Analysis of the distribution of the radiolabel in the TG
molecule showed that 98% of the radioactivity associated
with '“C was in the FA and 2% was in the glycerol backbone.
Similarly, 99% of the radioactivity associated with 3H was
in the FA. Analysis of the positional distribution of radio-
labeled FA in the fat body TG indicated that 90% of
1Cabeled FA and 87% of 3H-labeled FA were incorpo-
rated into the sn-1(3) position, whereas 10% and 13%, re-
spectively, were in the sn-2 position.

Using [*H]oleic acid and [3H]glycerol, we have previ-
ously shown that the long-term (32 days) radiolabeling
procedure leads to a homogeneous distribution of radio-
label in the lipid species in the fat body (2). The distribu-
tion of radioactivity among the acylglycerols is equivalent
to the content of acylglycerols in both the fat body and
hemolymph. Therefore, by using a different isotope to ob-
tain the short-term radiolabeling, it is possible to have in-
sects in which both bulk and newly synthesized lipids are
distinguishable.

Table 1 shows the distribution of radioactivity among the
fat body lipid classes before AKH injection in dual-labeled in-
sects. As expected, the distribution of “Clabeled (bulk) lip-
ids reflected the relative mass of the lipid species in the fat
body, whereas 3H-labeled (newly synthesized) lipids showed a
relative excess of label in DG. The specific activities of
['“C]DG and [*H]DG were 0.71 X 10° = 0.02 X 10° cpm/
mg and 1.21 X 10° + 0.04 X 105 cpm/mg, respectively.

Figure 2 shows the time course of the changes of radio-
active fat body DG after the injection of AKH into dual-
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TABLE 1. Class composition of lipid radioactivity of dual-radiolabeled insects

Lipid Class (%)

TG DG MG FFA PL
14Clabeled lipids
(long-term; n = 6) 95.45 = 0.35 2.45 +0.09 0.08 = 0.10 0.51 = 0.19 1.47 = 0.27
$H-labeled lipids
(short-term; n = 6) 60.73 + 2.26 22.52 = 1.51 0.40 = 0.15 8.03 £ 2.27 7.46 = 1.21

Insects were fed [*Clacetic acid at the larval stage, and after 32 days insects at the adult stage were injected with
[®*H]palmitic acid. Fat body lipid extracts were analyzed by TLC as indicated. Results are expressed as a percentage
of the counts per min, where the sum of the total classes of lipids (PL, MG, DG, FFA, and TG) for each isotope rep-
resents 100%. The total counts per min recovered from the fat body of one insect was 4.9 X 106 = 0.7 X 105 as *C-
labeled lipids and 9.1 X 105 = 1.1 X 10° as *H-labeled lipids. Values represent means * SEM of n experiments.

labeled insects. A gradual increase in the level of [1*C]DG,
which was significant after 60 min (P = 0.003), was ob-
served. The proportion of radioactivity as [*C]DG in-
creased from 2.5% to 4.5% in that period of time. Previ-
ously, we have shown that AKH-induced lipolysis produces
an accumulation of DG in the fat body (2). As in previous
experiments, the levels of FFA, MG, and PL remained
nearly constant during the progress of the experiment
(data not shown).

However, AKH treatment exhibited an opposite effect
on newly synthesized [*H]DG, eliciting a significant de-
crease in the proportion of [3H]DG (Fig. 2). [*H]DG de-

—e— 3H (Short-term)

—o— 14C (Long-term)

-
[4,]
PR T

Radioactivity as DG (%)
@3

1 L L L L L L
0 10 20 30 40 50 60
Time after AKH injection (min)

Fig. 2. Time course of the distribution of fat body radioactive DG
after the injection of AKH in insects in which the fat body lipids
were dual radiolabeled as indicated in Materials and Methods. Fat
body lipid extracts were separated by TLC. The distribution of ra-
dioactivity was determined by liquid scintillation assay of silica gel
scrapings. Results are expressed as a percentage of total counts per
min * SEM (n = 6), where the sum of counts per min obtained
from PL, MG, DG, FFA, and TG for each isotope, individually, rep-
resents 100%. Total counts per min recovered from the fat body of
one insect after 60 min of AKH injection was 8.1 = 1.7 of 3H-
labeled lipids and 4.4 (+0.7) X 10° of *C-labeled lipids.

creased from 22.5% to 12.1% 1 h after AKH injection.
This result confirmed our preliminary observations of the
effect on the newly synthesized fat body DG obtained with
[®*H]oleic acid and [*H]palmitic acid (see above). The
specific activity of [1*C]DG and [H]DG after 60 min of in-
duction of lipid mobilization was 0.70 X 10° and 0.35 X 106
cpm/mg, respectively. Therefore a 3.4fold decay was ob-
tained in the specific activity of [P H]DG, whereas the varia-
tion in the specific activity [1*C]DG was not significant.

In the hemolymph, after 1 h of stimulation of lipolysis
by AKH, the mass of DG increased from 12.3 to 21.4 mg
per insect. The specific activity of hemolymph [*HIDG
was 0.39 X 105 = 0.1 X 10% cpm/mg before the AKH
treatment (0 min) and 0.29 X 10° = 0.08 X 10° cpm/mg
after the AKH injection (60 min), showing that a 1.3-fold
decrease in [3H]DG was observed. The change in specific
activity being smaller than the change in mass (1.7-fold)
supports the notion that [*H]DG was mobilized to the
hemolymph. Moreover, the specific activity of hemolymph
[MCIDG was 0.41 X 105 = 0.04 X 10° cpm/mg and 0.54 X
105 + 0.02 X 10° cpm/mg before (0 min) and after (60
min) the stimulation of lipolysis by AKH, respectively.
These results are consistent with the fact that both
[*H]DG and [*C]DG were secreted from the fat body to
the hemolymph.

Subcellular distribution of newly synthesized
and bulk DG

We investigated the subcellular localization of fat body
DG (newly synthesized and bulk) in resting insects as well
as in insects in which lipolysis was stimulated by AKH. The
distribution of newly synthesized lipids (short term)
among the major subcellular components was investi-
gated in experimental insects that were injected with 20
wCi of [SH]palmitiC acid. Four hours later, half the insects
were treated with 100 pmol of AKH. After an additional
1 h, fat bodies were dissected and used for the subcellular
fractionation as indicated in Materials and Methods. Like-
wise, the same studies were carried out with insects whose
fat body lipids were long-term radiolabeled (bulk) by
feeding 20 pCi of [3H]palmitic acid at the larval stage.
Half these insects, in which the bulk lipids were radio-
labeled, were also treated with AKH and fat bodies used
for subcellular fractionation.

Arrese et al.  Diacylglycerol transport in the insect fat body 229
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TABLE 2. Distribution of radioactivity among fat body lipid classes in whole homo%enate from insects that
“H]

were short-term (newly synthesized) or long-term (bulk) radiolabeled with [*H

palmitic acid

Lipid Class (%)

TG DG MG FFA PL
Short-term (n = 4) 53.60 = 6.30 22.10 = 3.50 1.09 = 0.46 17.50 = 5.90 5.70 = 2.15
Long-term (n = 3) 93.04 = 1.24 3.25 £ 0.27 0.45 *0.23 1.83 = 0.33 1.48 = 0.77
Short-term /AKH (n = 3) 72.70 = 3.50 10.80 = 0.18 0.76 = 0.22 13.23 £ 2.11 3.93 £ 0.56
Long-term /AKH (n = 4) 91.40 = 0.42 5.11 = 0.32 0.51 = 0.26 1.88 = 0.31 1.10 = 0.16

Similar insects also were treated with AKH, respectively. Results are expressed as a percentage of the counts
per min, where the sum of classes of lipids (PL, MG, DG, FFA, and TG) represent 100%. The total counts per min
recovered from the fat body of one insect was 8.4 (£1.4) X 105, 6.2 (=1.2) X 105, 6.3 (£0.9) X 10°, and 5.6 (£0.8)
X 10° for short term, long term, short term/AKH, and long term/AKH, respectively. Values represent means *

SEM of n experiments.

Table 2 shows the distribution of radioactivity among
fat body lipid classes in whole fat body homogenate before
performing the subcellular fractionation. In agreement
with the previous results, the distribution of radioactivity
among the newly synthesized lipids differed from the dis-
tribution of radioactivity among the bulk lipids. Newly syn-
thesized lipids exhibited higher proportions of DG and
FFA (Table 2). Thus, the distribution of radioactivity ob-
tained in this case is consistent with the values obtained
with the dual-labeled insects (Table 1 and Fig. 2).

Table 3 shows the distribution of total radioactivity
among the four major subcellular components. Results
obtained with long-term radiolabeling indicate that the
vast majority of the bulk lipids (90.7%) is found in the fat
cake, whereas the cytosol contains the smallest portion
(0.9%) of total lipids. The distribution of total radioactiv-
ity in the case of newly synthesized lipids differs from the
distribution of radioactive bulk lipids. The portion of total
radioactive lipids in the fat cake is much lower (62.8%),
with a concomitant increase in total radioactive lipids in
the remaining fractions (Table 3).

TLC determination of the distribution of radioactivity
among the lipid classes in each subcellular fraction (data
not shown) combined with the distribution of total radio-
activity among subcellular fractions (Table 3) permits cal-
culation of the fraction of each lipid class present in each
subcellular fraction. Table 4 shows the distribution of DG

among the four major subcellular components. In resting
insects, the majority (62%) of bulk DG was located in the
fat cake fraction, whereas 3% of the DG was found in cyto-
sol. The remaining radioactive DG distributed between
the low and high speed pellets. The former contains the
plasma membranes and mitochondrial fractions and the
latter is the microsomal fraction (16). After AKH stimula-
tion, the proportion of DG in the whole fat body in-
creased from 3.21% to 5.47% (Table 4). This increased
DG was found only in the fat cake and the cytosol. The fat
cake DG increased 2.4-fold, whereas a 3.4-fold increase
was found in the cytosol.

On the other hand, newly synthesized DG under resting
conditions distributed as follows: 58% in the fat cake, 33%
between the low and high speed pellets, and 9% in the cy-
tosolic fraction (Table 4). After AKH treatment, the accu-
mulation of radioactivity in newly synthesized DG in the
fat body declined from 21.6% to 10.2% and all four sub-
cellular fractions exhibited a lower proportion of newly
synthesized DG (Table 4). Among them, the cytosolic and
microsomal fractions were the two fractions in which AKH
produced the biggest decrease in DG proportion. As a
control for the fractionation procedure, Table 4 shows
that the sum of the percentage of DG in each subcellular
fraction was similar to values obtained with the whole ho-
mogenate, proving that the fractionation did not produce
any significant loss of material.

TABLE 3. Distribution of total radioactivity among the subcellular fractions from insects that were
short-term or long-term radiolabeled with [SH]palmitic acid

Total Radioactivity (%)

Long Term Short Term
—AKH +AKH —AKH +AKH
Subcellular Fraction (n=3) (n =4) (n=4) (n = 3)
Fat cake (1) 90.73 = 3.38 92.68 = 2.11 62.85 £ 8.30 77.60 = 0.94
Cytosol (2) 0.90 = 0.04 1.73 = 0.45 8.72 = 1.83 4.03 = 0.12
20,000 g pellet (3) 5.15 = 2.19 1.11 £ 0.30 20.00 = 5.94 14.73 + 0.96
160,000 g pellet (4) 3.27 = 1.20 5.54 = 1.41 8.43 = 1.29 3.67 + 0.34

Similar insects also were treated with AKH, respectively. Distribution of total radioactivity among subcellular
fractions is expressed as a percentage of total counts per min = SEM of n experiments. Total counts per min rep-
resents the counts per min that were recovered from all the fractions after the subcellular fractionation for each
case separately. Values of total counts per min were as follows: 6.1 (£0.3) X 106, 5.8 (+0.2) X 105, 8.2 (+2.4) X
106, and 5.8 (+0.9) X 106 for long term, long term/AKH, short term, short term/AKH, respectively.
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TABLE 4. Distribution of radioactive DG among subcellular fractions from insects that were short-term
or long-term radiolabeled with [3H]palmitic acid.

Diacylglycerols (%)

Long Term

Short Term

Subcellular Fraction —AKH (n = 3)

+AKH (n = 4)

—AKH (n = 4) +AKH (n = 3)

Fat cake (1)

Cytosol (2)

20,000 g pellet (3)

160,000 g pellet (4)

2 % DG in fractions 1-4

% DG in whole homogenate®

2.00 + 0.17 (62.3%)
0.092 = 0.002 (2.9%)“
0.57 £ 0.01 (17.8%)
0.52 = 0.11 (16.2%)
3.21 £0.12
3.25 + 0.27

4.86 = 0.35 (88.9%)
0.3 = 0.06 (5.7%)¢

0.40 = 0.09 (7.3%)

0.25 = 0.06 (4.6%)

5.47 = 0.07

5.11 = 0.32

1 2.5 * 1.65 (57.9%)
2.04 = 0.69 (9.4%)°
4.70 = 1.00 (21.7%)
92.36 = 0.65 (9.6%)

21.61 + 2.76

992.10 + 8.50

7.20 = 0.17 (70.4%)
0.49 = 0.08 (4.8%)4
92.05 * 0.20 (20.0%)
0.49 *+ 0.17 (4.8%)
10.23 * 0.36
10.80 = 0.18

Similar insects also were treated with AKH, respectively. Radioactivity in DG is expressed as a percentage of total counts per min. Total counts
per min represents the sum of counts per min that were recovered in each subcellular fraction as indicated in the legend to Table 3. Values repre-

sent means * SEM of n experiments.
@b p=0.0161.
ot P =NS.

¢These values were determined in aliquots of fat body homogenate previous to the subcellular fractionation.

Ficoll fractionation

To leave the cell, DG might first have to accumulate in
the plasma membrane; therefore, it was of interest to in-
vestigate the presence of radioactive DG in the plasma
membrane. Plasma membranes were separated from the
mitochondrial fraction by means of a Ficoll gradient as in-
dicated in Materials and Methods. Again, the distribution
of total radioactivity and the lipid composition of each
fraction were determined (data not shown). Table 5 shows
the distribution of radioactive DG and total protein be-
tween the two Ficoll fractions: top (T), which corresponds
to the plasma membrane and bottom (B), which corre-
sponds to the mitochondrial fraction. As can be seen, acti-
vation of lipolysis did not alter the proportion of either
bulk or newly DG located in the plasma membrane (Table
5). This result shows that the intracellular transport and
secretion of DG did not involve an accumulation of DG in
the plasma membrane.

Unlike the proportion of DG in the plasma membrane,
the activation of lipolysis affected the DG located in the
mitochondrial fraction. Both bulk and newly synthesized
DG exhibited a 9-fold decrease after hormonal treatment.
At this time, we do not have an explanation for this result.
However, the fact that both mitochondrial pools of DG

were similarly affected by the activation of lipolysis could
be an indication that the origin of the bulk DG is the same
as the origin of newly synthesized DG. Consequently, bulk
DG present in the mitochondria could be (re)esterified
FFA that were taken from the hemolymph.

Density fractionation of the cytosol

KBr gradients were performed in order to investigate
whether the cytosolic lipids were associated with some
type of low density structure or particle. Table 6 shows the
distribution of cytosolic DG among the four density gradi-
ent fractions. An almost even distribution of DG along the
gradient was found, whereas a 5-fold increase in the pro-
tein concentration from the top toward the bottom of the
gradient was detected. The presence of DG at the top of
the gradient suggests that some DG-rich particles could be
present in the cytosolic fraction.

Apparent specific activities of newly synthesized DG
in the subcellular fractions

As mentioned above, the fact that the distribution of
radioactivity in long-term prelabeling coincides with the
distribution of the mass allows us to estimate an apparent
specific activity of newly synthesized DG. For this purpose,

TABLE 5. Distribution of radioactive DG among subcellular fractions from insects that were short-term
or long-term radiolabeled with [SH]palmitic acid

Diacylglycerols (%)

Long Term Short Term
—AKH +AKH —AKH +AKH
Ficoll Fractionation (n=3) (n=4) (n=4) (n=3)
Top (T): 0.39 = 0.01 mg protein/insect® 0.45 = 0.05 0.44 = 0.09 1.08 £ 0.26 1.24 = 0.11
Bottom (B): 1.63 = 0.09 mg protein/insect® 0.43 = 0.07 0.05 = 0.01 2.55 = 0.35 0.26 £ 0.04
3 % DG in fractions T + B 0.88 = 0.11 0.49 = 0.09 3.63 = 0.44 1.50 = 0.15
% DG in lowspeed pelletb 0.57 = 0.01 0.40 = 0.09 4.70 = 1.00 2.05 = 0.20

Similar insects were also treated with AKH, respectively. Radioactivity in DG is expressed as a percentage of
total counts per min. Total counts per min represents the sum of counts per min that was recovered in each sub-
cellular fraction as indicated above. Values represent means * SEM of n experiments.

“Total protein (mg) per insect.

’ These values were determined in aliquots of 20,000 g pellets before the Ficoll gradient.

Arrese et al.  Diacylglycerol transport in the insect fat body 231

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

TABLE 6. Distribution of radioactive DG found in the cytosol among the density gradient fractions from insects that were short-term
or long-term radiolabeled with [3H]palmitic acid

Diacylglycerols (%)

KBr Fractionation Long Term Short Term

Density (g/ml)/Total Protein —AKH +AKH —AKH +AKH
Fraction (mg/insect) (n=3) (n=4) n=4) (n=3)
a 1.096 * 0.005/1.47 = 0.09 0.026 = 0.002 0.100 = 0.050 0.23 = 0.07 0.110 = 0.020
b 1.121 = 0.003/2.92 = 0.16 0.037 + 0.007 0.102 = 0.030 0.52 = 0.17 0.177 = 0.024
¢ 1.153 * 0.006/4.57 * 0.27 0.023 = 0.007 0.093 = 0.030 0.58 £ 0.16 0.200 = 0.026
d 1.189 = 0.005/7.35 = 0.52 0.041 = 0.005 0.099 = 0.031 0.43 = 0.07 0.170 = 0.033
3, % DG in fractions a-d 0.127 = 0.010 0.380 = 0.120 1.50 £ 0.13 0.660 = 0.080
% DG in cytosol® 0.092 = 0.02 0.310 = 0.060 2.04 = 0.69 0.490 = 0.080

Similar insects also were treated with AKH, respectively. Radioactivity in DG is expressed as a percentage of total counts per min. Total counts
per min represents the sum of counts per min that was recovered in each subcellular fraction as indicated above. Values represent means * SEM of

n experiments.

“These values were determined in aliquots of cytosol previous to the KBr gradient.

and for each subcellular fraction, we obtained the ratio of
the percent radioactivity found in short-term labeled DG
to the corresponding value of percent radioactivity found
in long-term labeled DG (Table 3).

Figure 3A shows calculations that were done in the ab-
sence and presence of AKH. The fat cake and, particu-
larly, the cytosolic fraction were the two subcellular frac-
tions in which a significant change of DG-apparent
specific activity was observed after the hormonal stimula-
tion of lipolysis.

The apparent specific activity of the two Ficoll fractions
is shown in Fig. 3B. No significant change in the DG-
apparent specific activity between the absence and pres-
ence of AKH was observed in the plasma membrane or
mitochondrial fraction. As mentioned before, the activa-
tion of lipolysis promoted a decrease in the DG contained
in the mitochondria. However, given the fact that bulk
and newly synthesized DG decreased by the same extent,
the apparent specific activity of this fraction remained un-
changed (Fig. 3B). Figure 3C shows the apparent specific
activity of DG in the four density fractions after the KBr
fractionation of the cytosol. Large changes in DG-
apparent specific activity were observed in all the KBr frac-
tions, although the changes in fractions a and d were the
most statistically significant.

DISCUSSION

Lipid mobilization induced by injection of AKH into
resting insect resulted in a dramatic elevation of DG in
hemolymph (5). One hour after the injection of AKH, the
DG content of the hemolymph increased nearly 2-fold,
from 12 to 21 mg, at the expense of fat body TG. The in-
tracellular content DG in the fat body also increased from
1.7 to about 2.9 mg per fat body. However, the smaller
amount of DG accumulated in the fat body, compared
with the amount of secreted DG, clearly indicates that the
fat body cell is actively producing and, simultaneously, ex-
porting DG to the hemolymph. This machinery of DG
production and secretion constitutes a unique system with
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which to study the intracellular mechanisms of transport
and secretion of DG.

DG represents less than 3% of the lipid mass of the fat
body. However, 20% of the FA that enter the fat body are
rapidly converted into DG. The large fraction of FA con-
verted into DG is obtained with any of the two more abun-
dant FA, palmitic and oleic acid, of the insect. This dispro-
portion between new and bulk DG indicates that newly
synthesized DG does not equilibrate rapidly with the bulk
lipids and constitutes a different pool. This is the first re-
port showing this accumulation of DG in insect cells. In-
terestingly, a similar situation for newly synthesized DG
was found in adipose tissue from vertebrates, where accu-
mulation between 20% and 50% has been reported (22—
25). This is particularly interesting because these two tis-
sues mobilize lipids via different pathways. Even though
the secretion of DG has not been shown in vertebrates,
the fact that cells from both vertebrate and invertebrate
fat tissues accumulate newly synthesized DG points out
that this phenomenon is a common aspect of lipid biosyn-
thesis. It is also interesting to note that in both systems the
newly synthesized DG pool has a relatively long half-life;
the proportion of this pool remained quite constant for at
least 5 h in the fat body (Fig. 1A and B). Thus, newly syn-
thesized DG must somehow remain inaccessible to the TG
biosynthetic pathway for several hours.

The mechanism that prevents equilibration of the
newly synthesized DGsl with the bulk DG is unknown.

Stimulation of lipolysis by AKH produces a fast decrease
in the fraction of short-term radiolabeled DG, whereas,
concomitantly, there is an increase in the mass of fat-body
DG (Fig. 2 and text). This fact indicates that recently syn-
thesized DG are preferentially mobilized and secreted,
constituting part of a highly dynamic lipid pool.

Most of the bulk DG (62.3%) was found in the fat cake:
34% was distributed among mitochondria, plasma mem-
brane, and microsomes; whereas only 2.9% was found in
the cytosol (Table 4). When lipolysis was stimulated, the
fat cake and cytosol were the fractions that had the high-
est accumulation of DG (Table 4).

The majority (57.9%) of the newly synthesized DG was
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Fig. 3. Apparent specific activities (App spa) of newly synthesized
DG in the subcellular fractions before and after treatment with
AKH. Apparent specific activity was calculated by dividing the pro-
portion of DG obtained in the short-term labeling by the corre-
sponding value obtained in the long-term labeling. A: Fat cake (1),
cytosol (2), 20,000 g pellet (3), and 160,000 g pellet (4). B: Ficoll
fractions: plasma membrane fraction (top) and mitochondrial frac-
tion (bottom) as described in Table 6. C: KBr fractions of the cyto-
sol: a, b, ¢, and d fractions as described in Table 6.

also found in the fat cake, but a larger part (9.4%) was
present in the cytosolic fraction (Table 4). This subcellu-
lar distribution seems to be consistent with the fact that
DG to be secreted must be segregated from the last step of
the TG biosynthetic pathway, in which the microsomal

diacylglycerol-acyltransferase catalyzes the acylation of DG
to form TG (26). After hormonal stimulation of lipolysis, a
significant decrease in the apparent specific activity of
newly synthesized DG was observed only in the fat cake
and the cytosolic fractions, with the biggest decrease oc-
curring in the cytosolic fraction (Fig. 3). These results sug-
gest that the newly synthesized DG present in the fat cake
and the cytosol are the direct precursors of exported DG.
These results also indicate that bulk TG in the fat cake is
the major source of exported DG.

Because long-chain DGs are highly insoluble in the
aqueous media, they must be associated with other com-
ponents in the cytosol such as proteins and/or phospho-
lipids. In this regard, one report suggests that intracellular
stabilization of DG in a vertebrate system could occur in a
micellar form similar to the lipoprotein, lipophorin,
present in the insect hemolymph (27). That report
showed that in vitro incubation of rat liver cytosol with DG
resulted in the formation of stable DG-protein complexes
characterized as micelles according to the elution pattern
in gel-filtration chromatography (27). We found either
bulk or newly synthesized DGs distributed almost evenly
in all the fractions, after density gradient fractionation of
the cytosol (Table 6). However, a significant increase in
the proportion of DG expressed per milligram of protein
was observed as the density of the fractions decreased.
The occurrence of particles with increasing content of DG
and concomitantly decreasing densities could explain this
result. Further experiments are necessary to clarify this
observation.

The intracellular transport of DG is an aspect of lipid
mobilization in insects that remains to be elucidated. In
view of these results, it would appear that this process in-
volves two steps: first, TG would be converted into DG cat-
alyzed by the TG lipase on the surface of the lipid storage
droplet; afterward, DG would be transferred to a cytosolic
carrier, which in turn would target the delivery of DG
across the plasma membrane. Our results indicate that
the intracellular transport and secretion of DG did not in-
volve an accumulation of DG in the plasma membrane.
The cytosolic carrier could be a specialized protein that
binds DG, with properties similar to the adipocyte FA-
binding protein (A-FABP), which has been described as a
“membrane-interactive protein” because it interacts with
phospholipid bilayers (28). Likewise, it has been pro-
posed that A-FABP facilitate the intracellular trafficking of
hydrophobic lipids (29). Confirmation of the proposed
mechanism requires the isolation of the carrier. We con-
clude that the newly synthesized DG could be used for
studying the transport of DG within the cell and it could
facilitate the search for the putative carrier. Bl
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